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Analise de solucoes de reforco para melhoria do comportamento sismico de

ligacoes de alvenaria a madeira em construcoes histdricas

RESUMO

A modelacao e interpretacao de solucdes de reforco em edificios sismicamente vulneraveis € uma tarefa
complexa e incerta, mas fundamental para compreender a sua influéncia no desempenho sismico global
e local de edificios. Os edificios historicos sdo vulneraveis a sismos, especialmente ao desenvolvimento
de mecanismos locais para fora do plano. Esta tendéncia é devida a debilidade das ligacdes parede-
parede e parede-diafragma horizontal (W-D), essencialmente concebidas para cargas graviticas.

A analise global de edificios de alvenaria nao reforcada é convencionalmente realizada negligenciando as
propriedades nao lineares das ligacoes estruturais, enquanto a analise local é habitualmente realizada
através de modelos de ligacao simplificados, conduzindo possivelmente a resultados muito conservativos.
Nesta tese estuda-se a influéncia das ligacoes W-D através de analises numéricas avancadas de um
edificio de referéncia, com base numa revisao bibliografica abrangente e dados experimentais
disponiveis. Os modelos numeéricos histéricos, calibrados com base em curvas experimentais ciclicas,
conseguem reproduzir adequadamente as curvas for¢a-deslocamento envolventes, a degradacao de forca
e a capacidade de dissipacao de energia. A analise global é realizada através de analises estaticas e
dindmicas nao-lineares, capazes de incluir ligacdes W-D, obtendo-se a capacidade global do edificio e os
correspondentes padrdes de dano. Por outro lado, a analise local, baseada no principio dos trabalhos
virtuais, é aplicada como um procedimento eficiente, rapido e simples para a avaliacao das ligacoes W-
D reforcadas. Uma abordagem mais avancada, baseada na estabilidade dinamica de blocos rigidos é
ainda adotada para realcar os possiveis efeitos dinamicos de mecanismos de colapso para fora do plano,
incluindo ligacdes W-D néao lineares.

A solucédo da ligacao reforcada em estudo revela ser uma solucao eficaz e pouco invasiva, capaz de
aumentar claramente a seguranca sismica de mecanismos de colapso para fora do plano. A avaliacédo
baseada em deslocamentos, através da analise cinematica e considerando a possivel amplificacao
dindmica da carga sismica, revela ser um procedimento de dimensionamento dos mais simples e
basicos, capaz de fornecer o conhecimento necessario do estado atual a mesma e os parametros de

dimensionamento da solucao reforcada

Palavras-chave: edificios de alvenaria nao reforcada; engenharia sismica; ligacdes parede-diafragma

horizontal; modelacdo numérica; reforco de ligacoes.




Analysis of retrofitting solutions to enhance the seismic behavior of

masonry-to-timber connections in historical constructions

ABSTRACT

The modelling and interpretation of retrofitting solutions in seismically vulnerable buildings is complex
and uncertain but fundamental for understanding their actual influence in the global and local seismic
performance of buildings. Historical buildings are frequently prone to earthquakes, especially developing
out of plane local mechanisms of structural elements. This tendency is due to weak wall-to-wall and wall-
to-horizontal diaphragm (WD) connections, mainly solely designed for gravitational loads.

Global analysis of unreinforced masonry buildings is conventionally carried out neglecting the nonlinear
properties of structural connections, while local analysis is commonly performed through simplified
connection models, possibly leading to overconservative results.

In this thesis, the influence of WD connections is studied through simplified and advanced numerical
analyses on a benchmark building, on the bases of a comprehensive literature review and available
experimental data. Hysteretic numerical models, calibrated upon cyclic experimental curves, carefully fit
the force-displacement backbone curves, the strength degradation and the energy dissipation capacity.
Global analysis is performed through nonlinear-static and nonlinear dynamic analyses, capable of
including WD connections, and providing the overall capacity of the building and the corresponding
damage pattern. On the other hand, local analysis, based on the virtual work principle, is applied as an
efficient, rapid and simple procedure for the assessment of existing and strengthened WD connections.
A more advanced approach, based on the dynamic stability of rigid block is further adopted to better
highlight the possible dynamic effects of out-of-plane mechanisms including nonlinear WD connections.
The strengthened solution under study reveals to be a prominent and low-invasive solution capable of
strongly increasing the seismic safety index of out-of-plane mechanisms. Displacement-based
assessment, through kinematic analysis, accounting for possible dynamic amplification of the seismic
load reveals to be one of the most simple and basic design procedures capable of providing the necessary

knowledge of the current state and the design parameters of the strengthened solution.

Keywords: earthquake engineering; numerical modeling; strengthening connections; unreinforced
masonry buildings; wall-to-diaphragm connections;.
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CHAPTER 1

INTRODUCTION

Overview

In this opening chapter, a general overview of the thesis is given presenting the motivation that
drove the research work, focus, and main goals to be attained. The research methodology is
also shown considering the main tools used to reach the main objectives. The structure of the

thesis is finally illustrated, briefly describing the content of each chapter.
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1.1 Motivation

Historical buildings weakly resist to seismic actions mainly due to their poor material quality,
irregular geometry and reduced strength-to-weight ratio (Lang and Bachmann 2003). Structural
connections reveal to be fundamental for tying the walls together making the construction to
behave like a box (Bothara and Brzev 2011). The structural connections enable a more
convenient load transfer of the inertial forces to the foundation through seismically-resisting
walls. Weak wall-to-wall (WW) or wall-to-horizontal diaphragm (WD) connections can involve
large relative displacements among structural elements, sometimes leading to dangerous
collapses. Local mechanisms, mainly involving partial overturning of walls out of their plane,
should be prevented as a priority (Tomazevi¢ 1999). To this aim, the strengthening of WD
connections is one of the most promising retrofitting solutions, enabling global equilibrated
mechanisms through sufficiently resistant and ductile components, necessary for a proper

dissipation of seismic energy.

Only in Italy more than 5,800 urban centres exist counting about 6.9 million residential
buildings made of unreinforced masonry (URM) walls (Istat 2004) and commonly built with
timber floors and roofs. This building stock represents about 61.5% of the total number of
buildings, 81.5% of which was built before 1991. Similar percentages are present in the rest of
Europe (Figure 1.1), which is known to be a high seismic area, especially in the south-eastern
area, such as Greece, ltaly, Romania, but also south of Portugal, where stonework is the typical

masonry in structural heritage buildings.

1o

il

(b)
Figure 1.1 (a) Distribution of URM buildings with respect to the total number of buildings, (b) Hazard
map of the European and Middle-Eastern countries. Source: (Shabani, Kioumarsi, and Zucconi 2021).

Typical examples of weak WD connections consist in a timber beam partially embedded (or

placed) into the masonry wall, and the pull-out resistance is solely based on friction (Emi
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1856). During the last century, the increasing seismic culture and the relevant losses of
human life and built heritage after earthquake events, motivated the development of
strengthening solutions to enhance the seismic behavior of existing structures. Indeed, new
masonry buildings address seismic engineer concepts since the early design stages; the same
approach was not adopted for existing buildings, often constructed following the so-called “rule

of thumb”.

Strengthening WD solutions often consist in steel ties and plates anchoring the beams to the
wall or tying the parallel walls each other (Tomazevi¢ 1999). Such a solution is often designed
and verified through simple force-based procedures, suggested by code standards (ASCE 2017;
C.S.LL.PP. 2019; FEMA 2006b). These formulations are, however, uncertain, and are not able

to account for the dynamic interaction between the WD interface.

Conventional analysis of URM buildings allow for the presence of different types of diaphragms
and walls, while WD connections are usually treated as full rigid links or simply neglected
(Mendes 2012). Recently, few authors (Ferreira Freitas Araujo 2014; Ortega et al. 2018)
developed simplified and advanced models accounting the influence of structural connections,

thanks to the increasing technological development and the large availability of advanced tools.

Unfortunately, the actual behavior of WD connections is uncertain and too complex models are
hardly accepted among practitioners and engineers. Strengthening solutions are, therefore
designed based on the experience with no adequate analysis. This often leads to overestimated
invasive and costly solutions, strongly impacting the original aspect and structure of the

building.

The influence of the quality of WD connection in the seismic behavior of the overall building is
crucial and should properly be studied. Finally, clear and simple guidelines are necessary for
the adequate seismic assessment of WD connections in URM buildings, easily available among
seismic engineers and practitioners. Moreover, a high number of existing buildings and
monuments was built under absent seismic prescriptions and is still present in medium-high

seismic risk areas (Menon and Magenes 2008; Polidoro 2010).
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1.2 Objectives and methodology

The research work seeks to reach two main objectives: (i) understanding the influence of
different types of WD connections, and (ii) developing design procedures capable to evaluate
the WD connections in URM buildings in a simple and effective manner. The achievement of

the overall goals requires the pursuing of the following detailed objectives:

e Acquiring a full knowledge about typical WD connections from the experimental and
numerical point of view, as well as from design practice. A comprehensive state of art
is carried out for this purpose, also considering current code standard guidelines;

e Sensitivity numerical analysis based on both global and local approaches capable of
studying the influence of the connection quality on the overall system. Advanced
detailed WD connection models are firstly developed based on available experimental
data. Then, numerical studies are carried out on finite element, kinematic and rocking
approaches;

e Development of the suggested design procedure for the seismic assessment of WD

strengthened connections;

1.3 Thesis outline

The document is divided into six chapters. The first is an introductory chapter presenting the
motivation that drove the research, the main objectives and the followed methodology. In
chapter 2, a comprehensive state of the art discusses the role of WD connections in historical
constructions, with the aim of understanding the current issues and the main gaps between
experimental research, numerical tools, available standard codes and current practice. A model
strategy of nonlinear WD connections useful for further static and dynamic nonlinear analyses
is proposed in Chapter 3, while Chapter 4 is dedicated to a sensitivity analysis with the aim of
understanding the influence of different WD connections through three different numerical
approaches: (i) finite element analysis; (ii) kinematic analysis and (iii) dynamics of rigid block.
An innovative design procedure is defined in Chapter 5. Conclusions and further works are

finally presented in Chapter 6.
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CHAPTER 2

THE ROLE OF WALL-DIAPHRAGM CONNECTIONS
IN HISTORICAL CONSTRUCTIONS

Overview

This chapter presents a comprehensive state-of-the-art review of wall-to-horizontal diaphragm
connections in historical constructions. The role of the structural connections in the seismic
behavior of historical buildings is firstly presented, focusing on wall-to-horizontal diaphragm
connections. The discussion is critically set upon typical adopted solutions, experimental, and
numerical studies, taking into account the point of view of research, code standards and

practice, in order to better understand the relationship between them and the missing gaps.
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2.1 Introduction

Overturning of the perimeter out-of-plane (OOP) walls is considered the first-mode of failure and
the last desirable in historical buildings (Brignola, Podesta, and Pampanin 2008; Rondelet
1802) cause of dramatic consequences, as shown in past seismic events in New Zealand
(1931 M7.8 Hawke's Bay earthquake), California (1933 M6.4 Long Beach earthquake), San
Francisco (1989 M6.9 Loma Prieta earthquake), Australia (1989 M5.6 Newcastle earthquake),
or in Nepal (1988 M6.9 East Nepal earthquake) (Russell, Ingham, and Griffith 2006), among
others. Old masonry buildings are most susceptible to seismic motions not only because they
were built following the “rules of art”, but also because of lacking anti-seismic criteria and poor

quality of the materials (Menon and Magenes 2008).

Besides the in plane (IP) stiffness of the floor, the connection quality between floors and
vertical elements strongly influences the seismic response of existing URM building. Without
proper connections, the walls behave like a tall unrestrained cantilever vibrating laterally,
highly vulnerable to flexural OOP action (Bothara and Brzev 2011; Lang and Bachmann 2003)
Figure 2.1a. Moreover, diaphragms play a key role in the transmission of the seismic actions

through the shear connections to the lateral resisting wall (Figure 2.1b).
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Figure 2.1 OOP failures of masonry walls due to the lack of wall-to-roof connections (Bothara and Brzev
2011): (a) collapse of a long wall in the 1988 East Nepal earthquake,; (b) Inertia forces causing local
failure mechanism.

Vertical seismic actions can also make the weak supports ineffective, causing the partial or
total collapse of the structure. Effective solutions, together with the adoption of general seismic
criteria, lower the vulnerability of the URM buildings ensuring the “box-behavior” and activating
global equilibrated mechanisms (Tomazevi¢ 1999) (Figure 2.2(a) On the other hand,

inappropriate use of retrofit techniques can increase the seismic risk in existing constructions,
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as observed in failures during the 1997 Umbria-Marche earthquake (Figure 2.2(b)) where the
increased seismic forces due to the new heavy roof caused the separation from the supporting

walls.
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Figure 2.2 URM buildings seismically damaged: (a) global damage pattern embraced by TomaZevi¢
(1999), (b) stiff diaphragm disconnected from walls (Brignola et al. 2008).

Researchers mainly aim at understanding the global seismic behavior of the building neglecting
the influence of connections, and strengthening solutions are suggested for the solely primary
structural elements (Ismail and Ingham 2016; Scotta et al. 2018). The importance to account
for OOP loading of the walls and to guarantee proper connections is highlighted in design
codes and guidelines, yet it is not clear how to account for these effects in analytical models.
Eurocode 8, part 3 (EC (Eurocode) 8 2005) gives general technical criteria specifically for
masonry structures, for which inadequate connections between floors and walls or between
roofs and walls should be improved and OOP horizontal thrusts against walls should be
eliminated, but no assessment equations can be found to verify the quality of the current
connections. The 2008 ltalian code (C.S.LL.PP. 2009; DMI 2008) allows to perform kinematic
analysis to assess local mechanisms of masonry structures constituted by macro-elements with
a displacement-based approach. No suggestions can be found, however, on the value of
stiffness of the connections between the OOP wall and the possible diaphragm. Circolare n. 26
(Presidenza del Consiglio dei Ministri 2011), aligned with NTC08, highlights the importance of
reducing lacks in connections proposing the use of tie rods, external bounding and ring beams.
It is worthy to notice that this code only mentions some connection details for existing
constructions (e.g. use of steel elements to anchor the timber beam to the masonry wall al
floor level) without giving clear guidelines on how to account for them in the numerical models.
Few details and recommendations can be found in NTC2018 (DMI 2018) suggesting
mechanical or injected anchor elements to increase the pull-out resistance. However, no

analytical formulation is indicated for the design and assessment of those connections.
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2.2 Typical wall diaphragm connections

Investigating the actual type and characteristics of the connections between vertical and
horizontal structures is a complex but fundamental task, influencing the accuracy of
assessment models to evaluate the building vulnerability and to design the optimum
strengthening solution. Moreover, details are not on sight and no drawings are available for

ancient buildings. Post-earthquake surveys from the inside are often risky.

The great variability of connections mainly relies on the typology of structural elements (single,
multi-leaf or cavity walls, columns, floors, roofs, arches and vaults), and on their materials
(bricks, stone, timber, steel and reinforced concrete), but similarities can be found among
construction systems in different countries worldwide. Either one- or two-way timber floors are
typically used in masonry buildings, while timber truss is the most common type of roofing
system. Traditional examples of connection details are summarized and discussed below. A
brief description about construction details typically found in older URM buildings in the USA
was given by Lin and LaFave (Lin and LaFave 2012), citing the Architectural Graphic Standards
(Ramsey and Sleeper 1932) and the I[.T.B Company (Company 1923), indicating some
methods by which wooden floor joists were connected to brick masonry walls. Suggestions
about how to perform proper connections were also summarized by Cestari and Lucchio
(2001) or Russel et al. (2006), who analyzed different construction typologies in Italy and other

countries all over the world.

Certain rudimentary arrangements of stones or bricks could serve as corbel support for the
joist as shown in Figure 2.3, providing a flat and stable support for the timber beams (Alberti
1452; Maresta 2018; Milizia 1785; Scali 2011). The simplest and oldest practice was to fix the
joist directly in a slot inside the wall for a depth equal to the same thickness of the wall or to
the half, for thin or thick walls respectively (Scamozzi 1615; Valadier 1831). Other authors
indicated a fixing depth of 0.25-0.30 m according to the masonry walls thickness; for
considerable timber sections and for walls with a thickness of more than 0.50 m, Emi (1856)

suggested 0.32-0-33 m depth.
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Figure 2.3 Timber beams on corbels: (a) Connection detail inside Castello d’Albertis, Genova, ltaly
(Maresta 2018), (b) example of bricks arranged as corbels to support timber beams (Scali 2011).

The beam was simply supported by the walls, commonly constructed around the beam itself,
either tightly filling with masonry the recessed support or by using weak grout to fill an
oversized rectangular cavity housing the support for the beams (Bruneau 1994). Historical
treatises proposed solutions to avoid the decay of headpieces of the timber beams infixed in
the masonry, such as, leaving a gap between the timber and the masonry allowing airing
(Alberti 1452; Emi 1856), sometimes including a hole on the outer wall covered with a grid
(Pareto and Sacheri 1889). Formenti (1893), Donghi (1923) and Chevalley (1924) suggested
to form a box around the headpiece through air bricks or insert hardwood or stone brackets
under the headpieces of the floor beams. Further solutions comprised timber wall-plate (0.12-
0.15 m thick) fixed in 3/4 or in the entire thickness of the wall linked to the joists through
mortise and tenon joint type (Breymann 1880). Another way to better distribute the load on the
wall was the adoption of wrought timber beams as shown in Figure 2.4a. The peripheral beam
could also be supported on stone corbels to avoid reduction of wall thickness of upper floor

(Figure 2.4c). Timber struts were often adopted to reduce the span (Figure 2.4d).
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Figure 2.4 Examples of typical floor-to-wall connections (Maresta 2018).

Common New Zealand URM constructions built up until the 1931 Napier earthquake were

typically cavity walls, with no rubble fill, supposed to be linked with steel ties. Details of such
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buildings were described by Russel et al. (2006) highlighting that the floor/roof diaphragms
were just carried from the inner wythe of the cavity wall without any proper connection to the
outer wall. Moreover, the gables in the upper end part of the walls were highly vulnerable

because of the complete absence of effective connection with timber members.

All the above-mentioned solutions are mainly friction-based providing poor or absent linkage
between the structural elements, causing weak load transmission. Sometimes, the reduced
thickness at upper story led the timber floor system to simply bearing on the top of the lower
wall with no embedment at all. Later solutions, studied by Lin and LaFave (2012) and Peralta
et al. (Peralta, Bracci, and Hueste 2004), provided the use of iron straps to anchor timber
joists or main beams to the masonry perpendicularly or in parallel (Figure 2.5a). Typical fish-
tail iron anchors, where the strap was nailed to the timber joist and infixed into a pocket
created in the masonry, in the other end, were shown by Céias (2007) and used to link the
new timber headpiece in place of the degraded one (Figure 2.6a). Post-1755 Lisbon
earthquake Pombalino buildings presented a much complex detailing if compared to other
constructions of the same period: the timber floor joist would be connected to a top and
bottom timber wall-plates embedded in the masonry wall, through carefully done cross lap
joints and the use of nails (Appleton 2003). Metal straps were nailed to the timber joists and
going through or into the wall. Effective floor to wall connection could be obtained making use
of a 1 m long steel bar anchored to the masonry fixed diagonally to the timber joists in contact
with it. The bar was usually embedded in the timber joists covered by the timber plank (Figure

2.5b).

It was common to cover large span using timber roof because of the availability of the material
and easy manufacturing. A good rule to improve the mechanical characteristic of its connection
to the masonry was to use steel strap infixed inside the wall and connected to the bottom
horizontal member (Figure 2.5c). The steel strap could also be fixed to a bended bar which
was used also to improve the connection between the chain and the rafter. A timber truss

seated on a concrete padstone was shown in NZSEE, part C8 (NZSEE 2016).
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straight sheathing
1x6 or 1x8 (nominal)

2 nails

)

wall\ anchor approx.
every 4th joist

timber joist (2x12 nominal min.) bridging (2x4 nominal)
2 or 3 wythe brick wall approx. 2.4 m spacing

Figure 2.5 Metal anchorages between timber beams and masonry wall: (a) connections between the
parallel or perpendicular joist and the wall (Peralta et al. 2004), (b) diagonal bar embedded into the
transversal joists (Appleton 2003);, (c) roof-to-wall connection (Coias 2007).

Before  Cutting area for
/ remotion

Degraded area

[4*~—4J Deteriorated area

1 Restored roof lining

(a) (b)
Figure 2.6 Timber to masonry anchors (Coias 2007). (a) Replacement of degraded timber joist
headpiece, (b) iron strip from the inside.

The use of horizontal metal tie-bars is common in heritage buildings to control the horizontal

thrust exerted by vaults and arches or by wooden truss roof, but it is also one of the simplest
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and widespread solution on new and retrofitted constructions ensuring the box-type behavior
connecting the walls at floor levels (Calderini et al. 2016; Spina, Ramundo, and Mandara
2005; Tomazevi¢, Lutman, and Weiss 1996). Metal tie-rods in the pre-industrial age were
forged steel bars in pseudo-circular or quadrangular sections anchored to the bearing structure
and inserted with minimum tensile action. Usually, anchor plates or simply bars, forced into
the eye-end of the tie rod with the help of metal wedges, restrained the bar, acting on the outer

surface of the wall.

A typical Mediterranean early 20th century floor, known as jack arch system (Figure 2.7),
comprised iron beams supporting shallow brick masonry arches (Bothara and Brzev 2011).
Here the metal beams were simply infixed in masonry slots and, sometimes, steel bars were

present to reduce horizontal forces.
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Figure 2.7 . Jack arch roof: 1. M.S. plate 10 mm thick; 2. Brick arch, 3 Plaster; 4. M.S. Tie rod; 5.
R.S.J.; 6. Cement concrete; 7. Flooring; 8. Lime concrete (Bothara and Brzev 2011).

The arrival of reinforced concrete (RC) almost totally substituted masonry as main structural
material for constructions, the latter being used merely for infill walls or non-structural
components, such as partitions or aesthetic facades. The presence of RC bond-beams (tie
beams) in newly masonry buildings at floor levels allowed the requested connection between
the slab (usually made of RC) and the walls. This allowed the transfer of horizontal forces from
the floor to the cross walls and improved the IP rigidity of horizontal floor diaphragms

(Tomazevi¢ 1999).

Among the general technical criteria for a successful strengthening of masonry buildings in
seismic areas, there is proper geometrical layout of structural walls, their sufficient load
bearing capacity, regularity and symmetry, adequate foundation capable to transfer loads to
the soil. In addition, it is well recognized that the walls should be adequately tied and
connected to each other, and the floors should be well anchored to the walls preventing OOP

collapses (Tomazevi¢ 1999). The latter criterion provides the structural continuity between
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different components and improves the capability of the building to dissipate energy through
the introduction of newer ductile elements, which can improve the seismic response. In
addition, not only the joist slipping is avoided, but anchoring the diaphragm to the wall
prevents hammering, typical in historical constructions where the vertical and horizontal
elements natural frequencies are uncoupled. Moreover, the selected solutions should be simple
and economic, experimentally characterized and should fulfil the basic requirements of
restoration and conservation of cultural heritage ( in the case of historical monuments)

(Andreini et al. 2013; de Falco, Giresini, and Sassu 2013).

Steel tie ¢ 16-20 mm

Anchor plate

S

[

N

Steel tie ¢ 16-20 mm Anchor plate
4

(a)
Figure 2.8 Tying URM walls for a seismic reinforcement: (a) steel tie rods retrofitting (Tomazevi¢
1999), (b) CFRP laminates retrofitting (Tomazevi¢, Klemenc, and Weiss 2009).

The use of metal tie-bars is a very simple and widespread intervention technique for the
seismic upgrade of the URM building improving its structural integrity (TomaZevi¢ et al. 1996),
useful both for semi-rigid and flexible floors such as vaults (Giresini et al. 2017). Typically, 16-
22 mm diameter reinforcing steel slightly prestressed bars are placed at the floor levels on
each side of the walls, anchored at the ends to steel anchor bars or plate (Figure 2.8a).
However, as highlighted by Tomazevi¢ (2009), typing the walls is sometimes not sufficient for
providing adequate structural integrity, and existing wooden floor structures should be
strengthened, anchored and connected with masonry walls. Furthermore, the prestressed force
must be conceived, designed and executed carefully: despite the masonry shear force
increases with the compression level, the pre-tension induces alterations in the equilibrium of
the structure and modifies the tension state of the masonry (Appleton 2003). Recent
suggestions for tying the masonry walls include the possibility to replace the steel ties with
reinforced polymer laminates (Figure 2.8b), significantly improving the resistance and the
lateral capacity, confining the building with vertically and horizontally placed strips (Alecci et al.

2017; Alecci, Briccoli Bati, and Ranocchiai 2009, 2014; Tomazevi¢ 2011). For the latter
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solutions, precautions must be undertaken to face the great difference in strength and
deformability between traditional masonry and innovative polymer, adopting compatible

technologies for the bond and the anchoring system.

One of the firs solutions used to improve the connection of the joists to the wall makes use of
iron straps nailed to the timber joist and fixed into or through the wall, anchoring on the
exterior face with simple iron bar, squared, star shaped, or circular plates (Coias 2007), as
shown in Figure 2.9a. Figure 2.9b illustrates a strengthening solution proposed by Tomazevic¢

(1999) with double steel anchors aligned with the axis of the floor joist avoiding eccentricity.

SECTION

(a) (b)
Figure 2.9 Wall-to-floor strengthening solutions: (a) wrought iron straps (Cdias 2007), (b) double
anchor system (Tomazevi¢ 1999).

Blaikie and Spurr (Blaikie and Spurr 1992) described some retrofitting practices adopted after
the 1931 Hawke's Bay earthquake, in New Zealand. Many of them include the installation of
wall-floor and wall-roof connections, mainly through bolt anchors, used in conjunction with a
steel bearing plate located on the exterior of the building and a bolted connection on the timber
diaphragm joist, usually interconnecting a steel angle plate (Figure 2.10a). The bolted
connections increase the shear resistance and improve the pull-out behavior of the solution.
Newer interventions, studied by Moreira (2015) contemplate hinges at both ends of the anchor
allowing for a diagonal fixing of the tie directly from the top of the floor (Figure 2.11), reducing
the eccentricity and acquiring a more cost-effective solution. Coéias (2007) proposed different
strengthening solutions including injection anchors, where the grout injection controls the bond
behavior between the steel tie and the surrounded masonry. Such a solution (Figure 2.10b)
requires access only from one side of the wall, facilitating the possible interventions on the
facade or party walls. The connection to the timber joist is usually ensured by a bolted steel

angle.
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(a) (b)
Figure 2. 10 Wall-to-diaphragm bolt anchorages. steel rods bolted to steel angles (Blaikie and Spurr
1992); (b) Strengthening solution with injected anchors proposed for Pombalino buildings (Cdias
2007).
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Figure 2.11. Innovative solution studied by Moreira (2015).

With respect to traditional steel anchors, dissipative passive systems may be integrated to
improve the energy dissipation capability of the connections and may be based on the plasticity

of the steel or on friction (NIKER 2010; Paganoni, D’Ayala, and D'Ayala 2010).

Horizontal diaphragm action on floors or roofs is usually very poor in existing URM buildings
because of the high flexibility of the diaphragm in comparison with the lateral resistant
masonry walls. To increase their IP stiffness, timber floors or roofs are often replaced by RC or
precast slabs with perimeter bond-beams similarly to the modern masonry constructions where
the RC ring beams provide the connection between the RC slab and the wall so that the
structural system performs as a monolithic unit during an earthquake. If the bond-beams are
not completely embedded in the masonry, the slabs should be adequately anchored to the
walls as shown by Tomazevi¢ (1999) (see Figure 2.12). However, using RC slabs and ring

beams should be considered as the last option as the increasing mass could lead to
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unfavourable high seismic inertia forces, which can cause OOP modes and produce torsional

effects.
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Figure 2.12 Connection between new RC bond beam and existing floor (Tomazevi¢ 1999).
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Effective solutions can be achieved by overlapping a second timber deck anchored to the
existing one and providing proper connections between the joists and the walls, with or without

steel tie rods (Senaldi et al. 2014; Valluzzi et al. 2013).

The ring beam also increases the IP stiffness of the floor behaving as diaphragm chords
(International Code Council 2009) (Figure 2.13a) whose force can be computed considering
the system considering the system (chords + diaphragm) as an |-beam under bending and
shear in the direction of the earthquake (Figure 2.13b). Solutions shown in Figure 2.9 Figure
2.10 Figure 2.11 are not usually able to perform as a diaphragm chord element, as they were
designed mainly for the prevention of the shear and axial failure caused by IP and OOP forces,
respectively. A chord strengthening solution is proposed by Hsiao and Tezcan (Hsiao and
Tezcan 2012) on the basis of FEMA (FEMA 1992). The retrofitting strategy considers the
strengthening of the shear and axial connections between wood diaphragms and URM bearing

walls, maintaining the original figure of the historic building (Figure 2.14).
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(a) (b)
Figure 2.13 Chords and diaphragm corresponding to flanges and web (Hsiao and Tezcan 2012).
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Figure 2. 14 Chord strengthening connections (Hsiao and Tezcan 2012): (a) OOP bolted connection
parallel to wall; (b) injected connection with joists perpendicular to the wall.

A seismic strengthening solution applied on an old and damaged church timber roof structure
is shown in (Figure 2.15a). The main aim was to increase the diaphragm behavior without
destroying the original inner aspect of the church. The solution included the replacement of old
timber with new timber beams and the insertion of a stell truss. Particular attention was given
to the connection of beams to the perimeter walls (Figure 2.15b). A lattice girder lying along

the bearing walls functions as lower tie beam.
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(a) (b)
Figure 2.15 Seismic strengthening of a monumental building timber roof (Quagliarini et al. 2014): (a)
Drawing of the new truss system, (b) details of timber beam-to-wall links.

Figure 2.16 shows a solution called “Perimetro Forte” (strong perimeter), where steel anchors
are injected to the perimeter walls and bolted to the floor in special steel clamps (LECA 2021).
Reinforcing bars are seated onto the clamps longitudinally to the walls, and a reinforced
cementitious slab of minimum 6 cm is laid over and anchored to the existing floor through
steel bolted connectors. Such solution can be easily installed over a steel or RC floor achieving

a reasonable weight-to-stifness ratio.

Figure 2.16 Strengthening solution recently developed by Leca Laterlite S.P.A. (LECA 2021)
2.3 Experimental studies

Various experimental researchers have been dedicated to the study of the global behavior of

URM buildings, e.g. (Magenes, Penna, and Galasco 2010), or to characterize the solely timber
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floor/roof or IP/OOP walls, not paying much attention to the connection between vertical and
horizontal components. Not only it is essential to understand the shear and pull-out behavior of
the connection, but it is also important to study the influence of the links on the overall global
system. Moreover, even if retrofitting solutions comprise newly material, this is not true for the

existing ones, which should be experimentally characterized.
2.3.1 Shake table tests

An experimental investigation on the dynamic behavior of reduced-scale URM buildings,
including OOP walls with flexible diaphragms, was conducted by Costley and Abrams (Costley
and Abrams 1996), where a steel bars framed system was developed to reflect a timber
diaphragm flexible enough to have a natural frequency well separated (£ 1/3) from that of the
equivalent masonry structure with a rigid diaphragm. The steel beams were pinned at their
ends to the shear walls (IP walls) making use of washers and long steel box sections (Figure
2.17a), while the floor system was tied to the transverse walls through bolted threated rods
and anchor plates set in the inner and outer faces of the wall (Figure 2.17b). Test results
showed that substantial strength and deformation capacity still existed after the walls cracked
during the experiments, indicating residual ductility within the structure. It was suggested the
story drift to define different performance levels for URM buildings in performance-based

design approaches.
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Figure 2.17 Shake table tests on reduced-scale URM building (Costley and Abrams 1996). (a) front
view of floor beam-to-IP wall connection, (b) section of floor beam-to OOP wall connection.

Type M mortar Whashers (2) Brick wall

Bothara et al. (Bothara, Dhakal, and Mander 2010) and Magenes et al. (Magenes et al. 2010)
performed shake table tests on half-scale and full-scale brick and stone masonry buildings,
respectively, with conventional timber floor and roof, representative of existing URM dwellings.

The incremental dynamic motions in both experimental campaigns indicated OOP response of
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portions of the walls perpendicular to the shaking direction, especially in top story zones, in

agreement with observations on similar buildings stroke by real seismic events.

A shake table experimental program carried out at EUCENTRE aimed at studying the
effectiveness of improved wall-to-floor and wall-to-roof connections through comparison with the
unreinforced homologous prototype (Magenes et al. 2014; Senaldi et al. 2014). Strengthening
interventions included, among the others, the activation of steel tie-rods; the use of L-shaped
steel beams at floor levels bolted to external steel plates; the adoption of steel through bars
connected to the perimeter masonry walls and embedded into a lightweight RC slab cast above
the existing floor; reinforced masonry ring beams employed at roof level. As shown in Figure
2.18, the applied strengthening techniques have clearly improved the behavior of the buildings
activating IP mechanism of lateral resisting walls, typical of effective box-type buildings.
However, from global experiments, the detailed mechanical characteristic of the connections
was difficult to identify, therefore, local tests were needed. Further numerical analyses were

recommended to evaluate different scenarios through calibrated models.

(a) (b)
Figure 2. 18 Shake table tests on full-scale URM buildings performed at EUCENTRE (Magenes et al.
2014). (a) illustration of OOP mechanism on unreinforced building under nominal PGA of 0.4 g; (b)
ilustration of shear failure modes on reinforced prototype under nominal PGA of 0.7 g.

Three-leaf URM building models have been studied by Vintzileou et al (2015) through half-scale
shake table tests. After initial shake, the damaged model was retrofitted (the timber floor was
stiffened and accurately linked to the wall, reinforced through hydraulic lime based grout
injections) to study the effect of widely applied intervention techniques. The wall-to-floor

reinforcement was made by connecting the stiffened deck to the masonry with stell plates and

20



Chapter 2 - The role of wall-diaphragm connections in historical constructions

grouted bar bolted each other. The selected scheme of interventions was very efficient, and it
made the model able to sustain strong input motion, relying on the injections to enhance the

OOP resistance of the external masonry leaf and its mechanical properties.

Dazio (2008) investigated the effect of different top and bottom boundary conditions ranging
from fully fixed to simply supported, on the OOP behavior of the URM brick wall, applying
different levels of initial axial load and varying the wall slenderness. Shaking table test results
showed that boundary conditions could have larger effect on the lateral stability of a URM wall
then its slenderness, and it was observed that simply supported walls could reach higher

displacement capacity in comparison to the restrained one.

Simsir et al (2004) performed a shake table test set-up to investigate the response of OOP wall
component as an integral part of the building system, where the floor mass was supported on
the walls by means of a pin connection, while timber diaphragm (floor or roof) was simulated
using different steel profiles connected to the walls through almost perfect pin connections.
Mid-height collapses of the wall resulted only for low level of axial load and significant mass of
the wall, corresponding to upper floors in real buildings. The authors measured peak
accelerations values at the top and mid-height of the wall up to 4.5 times the peak base
accelerations. In this study, the influence of adjacent IP walls and the deformability of the

diaphragm-to-wall connection are neglected.
2.3.2 Wall-diaphragm anchor test

Accurate accounting for the connections into the numerical model requires their mechanical
static and dynamic characterization and this is not usually obtained or addressed after shake
table test on building or local wall scale. Detail-scale experiments (pull-out or shear tests) can
be useful to address this problem aiming at force-displacement curves of existing or

improved/repaired prototype connections.

In New Zealand the dynamic behavior of two types or URM walls anchors was performed by
Jacks and Beattie (Jacks and Beattie 1990). Both through-bolt and epoxied-in anchors were
investigated through pull-out tests. From the dynamic and static tests of the through-bolt
anchors, no pull-out failure of the URM panel was observed even under high load levels (96 kN
of dynamic and 200 kN of static loads) indicating the effectiveness of the practice for
anchoring URM walls. From the static tests of the epoxied-in anchors, the anchorage failure

was related to the crack occurred across the full width of the test panels.
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Lin and LaFave (Lin and LaFave 2012) conducted static monotonic, as well as static and
dynamic cyclic tests on two different types of typical brick wall to wood diaphragm connection
specimens, with and without nailed strap anchors (Figure 2.19a). The authors considered the
contribution of friction and of strap anchors nails loaded in shear separately and together. A
value of friction coefficient was suggested as the average measured, well compared with
historically published values. The behavior under dynamic cyclic loading was more brittle than
behavior under monotonic or quasi-static cyclic loading, for the case of connections with nails
and friction (Figure 2.19b). Results obtained from those tests can be used to calibrate

nonlinear finite element models of these types of connections.
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Figure 2.19 Experimental campaign performed by Lin and LaFave (2012). (a) test specimens of wall-
diaphragm connections, (b) experimental curves. NF: nails and friction, SM. static monotonic, SC:
static cyclic, DC: dynamic cyclic.

Campbell et al. (2012) studied typical existing wall-diaphragm anchor plate connections,
extracted post-earthquake by sorting through the demolition debris from URM buildings
damaged in the 2010 M7.1 Darfield (Christchurch) earthquake. The connections consisted of
long, roughly 25mm diameter rod, with a rectangular or circular steel plate (about 5mm thick)
attached to the wall end that is about 5mm wide x 450 mm long and fastened to the rod and
positioned either inside the brick wall or in the center of a masonry pier or wall (Figure 2.20a).
The authors established at least seven plausible failure modes associated with the wall-
diaphragm anchor plate connections that were axially loaded to rupture (Figure 2.20b) (A
Punching shear failure of masonry; B. Yield or rupture of connector rod; C. Rupture at join
between connector rod and joist plate; D. Splitting of joist or stringer; E. Failure of fixing at joist
plate; F. Splitting or fracture of anchor plate; G. Yield or rupture at threaded nut), based on
2010/11 Canterbury earthquake sequence damage observations and on a small amount of
anchor samples tested (only six anchor plate connections). A lower 5 percentile characteristic

ultimate tensile strength of 63.9kN was suggested for connections having anchor plates of
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approximately 200 mm diameter and connector rods of approximately 17 mm diameter. For
degraded connections a 5% percentile characteristic ultimate stress of 269.5 MPa was

recommended, but further testing to be undertaken was suggested to increase the test dataset.

Karim et al (2013) studied experimentally the WD connection focusing on the failure of the
timber joist bolted connection. They recommended a set of design equations to assess the
strength of the connection related to the minimum strength value that will govern the capacity
of the whole connections. This procedure could quantitatively and quickly assess the

performance level of wall-diaphragm connection, which could be reinforced, if necessary.
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Figure 2.20 Typical New Zealand wall-diaphragm anchor plate connections (2012): (a) connection
assembly; (b) location of failure modes.

Moreira (2015) carried out an experimental campaign on both un-strengthened and
strengthened wall-to-floor connections typical of late 19% century in Lisbon. The strengthened
connection relied on anchoring the timber floor to the masonry wall through the use of steel tie-
rods with anchor plates. Hinges at both ends reduced the bending force induced by the timber
beam to the anchor, diagonally infixed into the masonry (Figure 2.10b). Both quasi-static
monotonic and cyclic pull-out tests were carried out. In all unstrengthened specimens
monotonic tests were performed and the two nails connecting the joists to the wall-plate failed
causing clear sliding (Figure 2.21a,b) and the capacity was highly influenced by the rotation of
the joist. For the strengthened connections, yielding of the steel angle, crushing and shearing
of the timber was observed (Figure 2.21d), and the tensile capacity of the connections was
approximately 19 times greater than the one of the unstrengthened ones and the ultimate
displacements were much larger by comparison. However, a decrease in ductility could be
observed due to increase of the elastic limit and cyclic tests degradation (Figure 2.21c,e). A

retrofit design proposal was recommended for design at component level and future works are
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necessary to establish hysteretic rules useful to implement the connection as an element in
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Figure 2.21 Experimental campaign performed by Moreira (2015): (a) and (b) sliding of the timber joist
caused by failing of nails before and after; (c) monotonic force-displacement curve of unstrengthened
specimen, (d) cyclic curves for strengthened tests. (e) and (f) deformation of pulled-out strengthened

specimen before and after; Curve label: WF.TT.S.NL.: where WF:wall-to-floor connection, TT: wall
thickness, S: Unstrengthened (U) or Strengthened (A) configuration, NL: sample number;

Ismail (2016) tested 40 grouted/epoxied anchors for pull-out-capacity (POC) of which 30 were
installed in salvaged heritage material assemblages and 10 in-situ at a heritage URM building.
Two types of anchors were considered in this study: (1) helically shaped stainless steel 10 mm
anchors; and (2) self-cutting stainless steel anchors with 12 mm diameter. The author
investigated the influence of embedment length, installation quality, anchor location, condition

of masonry and condition of substrate materials on anchor performance. The highest
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probability of failure during an earthquake is associated to the failure of anchor-diaphragm
connection and thus limits the achievable POC of the wall to diaphragm anchorage system.

However, this type of failure was observed to be reasonably ductile.

A consistent experimental campaign (almost 400 specimens) was undertaken by Dizhur et al.
(2016) on adhesive anchor connections between unreinforced clay brick URM walls and roof or

floor diaphragms. No conical masonry failure surface was observed in any of the tests.

Cementitious grout was a suitable anchor adhesive and 16 mm anchor rod diameter was
considered to be the optimum rod size for the POC of the adhesive anchor. Low overburden
weight negatively influences the POC and accurate installation process is critical to achieving
adequate POC. The authors proposed a design equation of the POC of adhesive anchors
considering relevant parameters and based on the concrete breakout strength of an anchor in
tension as proposed by Fuchs et al. (1995). No strength reduction factor is required, except

when ultra-weak masonry, or particularly low overburden loads, are encountered.

Recently, Dizhur et al (2018) undertook experimental tests on original vintage wall-to
diaphragm plate anchor connections installed in an URM buildings, built in 1913. Two different
types of anchorages between the masonry anchor and the timber diaphragm were studied: (i)
metal connector directly fixed to the timber joist through a bolted joist plate (Figure 2.22a),
and (ii) connections making use of timber blocking (vertical or horizontal timber elements
interconnected between the joists) (Figure 2.22c). Failure modes and force- displacement
curves were provided for the plate anchor, while ultimate capacity was established for the
timber blocking systems with different configurations (Figure 2.22b, d). Among the main
outcomes from the experimental campaign results, authors highlighted that timber joist
splitting was the most commonly observed failure mode for joist plate anchor connections.
While positioning the timber blocking horizontally allowed the highest performance to be
achieved. Finally, when a small washer was used, timber bearing failure was observed in

timber blocking systems.

25



Analysis of retrofitting solutions to enhance the seismic behavior of masonry-to-timber connections in historical constructions

Force [kN]
S

30 ;r !
A ,( |
0+ 4 f
. URM wall / {"/ /“/
10 / ,’I
0 / / ‘ . flﬂ ‘
0 5 10 15

Displacement [mm]

(b)

25.0
_ 20.0
Connection i
bracket e
j v-.- - g 15.0
ertica| timber biogk: « =
Nackinges g 100 - [ _
= \f/ —Mid-span
x g ol it - Side 1
. Masonry anchor o Side 2
@ ‘ 0.0 ? L L | 1 1 1 1
3 ‘ 05 00 05 1.0 15 20 25 30 35 40
Timber jo: Displacement - A (mm)
(d)

Figure 2.22 Wall-to-diaphragm experimental tests by Dizhur et al (2018) : (a) joist plate connection, (b)
Joist plate connection exhibiting anchor rod rupture; (c) timber blocking connection, (d) vertical timber
blocking connection exhibiting screw withdrawal.

2.4 Numerical studies and code standards

Basically, an existing URM building can ben seismically assessed comparing its capacity (C) to

the seismic demand (D) through the following inequality:
cC >D 21

Different definitions of both the capacity and the demand lead to several approaches, which
can be mainly grouped into two big families: force- based approaches (FBA), and displacement-
based-approaches (DBA) (Casapulla, Giresini, and Lourenco 2017; Ferreira, Costa, and Costa
2015; Sorrentino et al. 2017). Energy-based-approaches (EBA) were also recently proposed by
Sorrentino et al. (2017) and Giresini (2016) as a promising tool, but still less conservative
procedure for assess the seismic response of local OOP masonry walls, if compared to current
code verifications. A considerable number of modelling techniques have been developed for the
seismic analysis and assessment of URM constructions in a building scale (e.g. de Felice et al.
2017; Penna 2015) and local scale (i.e. OOP mechanism) (e.g. Ferreira et al. 2015; Sorrentino
et al. 2017), but only few included the behavior of the connections between vertical and

horizontal members interfaces (e.g. Ewing and Kariotis 1981; Landi, Gabellieri, and Diotallevi
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2015; Simsir et al. 2004). Moreover, authors often considered the connection assuming
simplified hypothesis (i.e. perfect hinges or linear elastic springs), neglecting the cyclic
nonlinear behavior, typical for many typologies of links and reducing the number of the degrees

of complexity of the dynamic problem.

The most common modelling techniques comprise rigid block approaches, numerical finite
elements models (FEM), and distinct (or discrete) elements models (DEM). For rigid block
approaches, the capacity can be computed through static or kinematic analysis, while the
demand is usually derived from the displacement response spectrum, based on the period of
the equivalent SDOF system. When NLTH analysis is used, however, the demand can be
related to the PGA or other Intensity Measures (IMs) of the ground motion leading to a certain
level of damage or collapse. Static pushover and dynamic analysis with time step integration
under artificial or real accelerograms are common tools when FEM or DEM techniques are
adopted (Lemos 2007; Pantd et al. 2017). For the former analysis the capacity can be defined
as the peak of the response curve, while for the latter the maximum response value in terms of
acceleration can be considered. It must be noted that FBA are preferred by practitioners as
simple and direct methods, in spite of high conservative results, while DBA appears to be

adequate for cracked walls falling into the nonlinear range (Sorrentino et al. 2017).
2.4.1 Global scale approaches

Priestly (1985) proposed a DBA for the assessment of URM buildings, for which the author
identified a seismic-load path: the earthquake excitation at the footing was filtered by the IP
response of shear walls and floor diaphragms and reached OOP walls (Figure 2.23). The
acceleration capacity was based on an “equal energy” criterion, while the acceleration demand
was based on the height of the building, ratio of the period of the floor and shear walls. The
analyses produced expected results, but assumptions were made, such as that the walls were

properly connected to floor and roof (even if generally this was not the case).
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Figure 2.23 Seismic load path in URM according to Priestly (1985).

The influence of the floor on the seismic response of URM structures was studied by Tena-
Colunga and Abrams (1996) through discrete MDOF dynamic models, based on linear masonry
behavior and flexible and linear diaphragms (elastic springs). Mainly two structures served as
case-study (Figure 2.24), and result demonstrated that, in some cases, diaphragm and shear-
wall accelerations can increase with the flexibility of the diaphragm. Moreover, torsional forces
could reduce considerably as diaphragm flexibility increased. Finally, the authors stated that
the period of vibration of systems with flexible diaphragms could be underestimated if

calculated through approximate expressions prescribed in current seismic codes.

(a) (b)
Figure 2.24 Modelling of buildings through discrete dynamic models by Tena-Colunga and Abrams
(1996): (a) firehouse, (b) office building.

An unconventional procedure for the simulation of the OOP dynamic behavior of URM
buildings, considering the stiffness of the roof, was performed by Costa (2012), where the local
mechanisms were modelled as kinematic chains of masonry portions (normally assumed as
infinitely rigid bodies) whose nonlinear behavior is concentrated at the contact regions (Figure
2.25). the author considered a Coulomb-type sliding friction law and energy dissipation through

the restitution coefficient at the impacts. Springs simulated the IP stiffness of the horizontal
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diaphragm. Lumped mass located at the ridge and top spreader beams represented the roof
mass. Similarities of the method can be found in the modelling technique used by Oliveira et al
(2002) based on DEM method for the interpretation of the post-seismic damage in URM
structures. This methodology was adopted to simulate the experimental behavior of a full scale
URM unstrengthened building tested at EUCENTRE (described in Section 2.3.1), for which
elastic springs were placed at the top of each roof pitch (with a stiffness of 1.49 MN/m defined
according to results obtained by Brignola et al (2008). The adopted numerical approach
allowed simulating the experimental failure mode with sufficient accuracy, but further studies
were suggested to obtain an adequate and suitable method for the simulation of the OOP
behavior of masonry walls. As highlighted by Ferreira et al (2015), the main advantages of
such methodology rely on the time efficiency and the mechanical parameters (using only
geometric parameters, mass, friction coefficient and restitution coefficient), while the
predefinition of the formed local mechanisms need further analysis or judgement to define a

realist overturning mechanism, setting the limits and the drawback of the method.
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Figure 2.25 Schematic representation of the equivalent Multi-body dynamics-based approach (Costa
2012).

Ortega et al (2018) developed a parametric study through a detailed FEM and pushover
analyses aiming at the evaluation and quantification of the influence of the type of diaphragm
in the seismic behavior of vernacular buildings (Figure 2.26a). Among the different parameters
that have been analysed, the connection between the timber beams and the walls, and the
connection between the timber deck and the masonry were studied, considering different
embedment and connection conditions. Results clearly showed the important increase in
seismic resistance of the building if proper connections were adopted ( i.e. timber beams fully
embedded inside the whole thickness of the wall, and cross-board sheathing infixed in the
walls), see Figure 2.26b, avoiding the prematurely cone failure on the masonry and a better

redistribution of the forces to the IP walls. The adoption of rigid diaphragms with low levels of
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connections between the timber beams and the walls resulted to be ineffective. Besides FE
approaches is rarely adopted from practitioners for masonry constructions, several examples
demonstrate its capabilities also for large complex structures (Formisano, Ciccone, and Mele
2017). Nonlinear mechanical characteristics of the masonry and flexibility of the floor are few
of the important parameters playing a crucial role on the vulnerability index, usually obtained
through pushover analyses (Clementi et al. 2016, 2018). Because of the local behavior of
structural elements, frequently observed in historical buildings due to the poor connections
between each other, timber roofs of floors are often neglected as structural elements (included
only as additional masses on top of the walls) (Formisano et al. 2018). When a good quality of
the connection may be justified, the diaphragm timber beams can be included in the global 3d

model, but the connection is usually perfect (acceptable only for properly retrofitted

connections or new buildings).
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Figure 2.26 Detailed FEM developed by Ortega et al (2018) in order to evaluate the influence of beam-
to-wall connection: (a) one of the three case study buildings, (b) positive influence of proper beams -to-
walls connections. Labels: REIF: one-floor rammed earth building; Ref: reference model with no
diaphragm, kcl,2,3,4,5,6.: beams-to-wall connection increasing quality (from 0 to full thickness
embedment). Y: load direction.

Senaldi et al (2014) simulated the experimental results by using an Equivalent Frame (EF)
approach implemented in the program TREMURI (Lagomarsino et al. 2013). The macro-
element model (Figure 2.27a) allowed for the shear-sliding damage evolution and rocking
mechanism, with toe-crushing effect. Nonlinear beam elements have been introduced to
account for the presence of the RC ring beam and of the wall to diaphragm connections at floor
level. Pushover curves were compared to the experimental resistance curve, showing well
similarities (Figure 2.27b). The equivalent frame modelling may be considered as a simplified
approach, preferred by professional, for a first conservative approach for the seismic

assessment of existing URM buildings. This approach, however, is not recommended for
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buildings with irregular opening patterns, high flexible floors and poor wall-to-floor and wall-to-

connection (Quagliarini, Maracchini, and Clementi 2017).
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Figure 2.27 Experimental model implemented in TREMURI program (2014): (a) geometry of the model;
(b) experimental vs. numerical pushover curves.

A simplilfied modeling approach was presented based on three dimensional discrete elements
as an extension of a plane macro-element (Pantd et al. 2016). The proposed approach lies in
between the more complex, computationally cumbersome and more detailed nonlinear FE
method and the classical limit approach and shows the capability of simulating the nonlinear
response of monumental structures. The dynamic behavior of the structural connections is not

usually taken into account.
2.4.2 Local scale approaches

Cross et al. (1994) provided a useful tool for the design of seismic retrofit details developing a
FEM that accounts for friction and impact behavior at the diaphragm-to-wall interface. The
effectiveness of the model was demonstrated through comparison to some MDOF systems and
applying this approach to a historic brick building shaken during the Loma Prieta 1989

earthquake.

The influence of strengthening techniques (e.g., insertion of tie-rods, of rigid diaphragms, etc)
was studied by Giuffré (1994) through a rigid-body limit analysis on a comparative basis. The
safety check was given between the maximum horizontal load multipliers causing OOP
mechanisms, and an expected PGA normalized to gravity. A response spectrum for the bilinear
non-dissipative model was proposed allowing to evaluate the maximum displacement expected
as function of the PGA and several parameters concerning the static strength of the model to
horizontal forces. On the same bases, D'Ayala and Speranza (2003) developed a simple but
realistic mechanical model, based on post-earth-quake damage observations, capable of

handling a large number of buildings and performing statical analysis. The model allowed to
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consider the influence of seismic strengthening (insertion of ring beams and ties), proving their
efficiency, especially for slender vulnerable buildings. Several load factor equations were giver
for each over-turning mechanisms (e.g. Figure 2.28) without and with the presence of
strengthening devices (for which the arch effect was taken into account), and implemented in
the FaMIVE (Failure Mechanism Identification and Vulnerability Evaluation) procedure for the

online evaluation of a facade or building seismic vulnerability.

(b) (c)
Figure 2.28 Mechanisms for overturning failures studied by D’Ayala and Speranza (2003)

Lawrence and Marshall (2000) proposed a new approach for the design of masonry OOP
panels based on the knowledge of the likely crack lines, through application of virtual work
principles. A design equation was given for different boundary conditions (the top of the
masonry panel was considered either free or simply supported) and results were compared
with several tests available in literature providing closer estimates with low variability. The

method also allowed for the presence of door and window openings.

A two-degree-of-freedom model was introduced by Simsir et al (2004) as an assemblage of two
rigid bars interconnected by rotational springs, simulating the cracked wall tested
experimentally. The connection on the top was modelled as elastic spring representing the
stiffness of the IP wall and the diaphragm connected in series (Figure 2.29b). The authors also
compared a SDOF (Figure 2.29a) to a MDOF (Figure 2.29¢c) model to study the influence of
OOP bending caused by cracks at the bed joints. The SDOF model seemed to be inaccurate if
compared to MDOF, as could not capture higher mode response observed experimentally (i.e.
it could not model the formation of the mid-height wall crack as shown in the experimental test

result in Figure 2.29d, while the two-degree-of-freedom model revealed to be a simple and
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efficient tool for the evaluation of the seismic vulnerability of OOP walls showing sufficient

experimental validation.
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Figure 2.29 Numerical and experimental studies carried out by Simsir et al (2004). (a) SDOF model,
(b) 2DOF model, (c) MDOF model,; (d) damaged specimen after tests.

When a monolithic behavior is a reliable assumption for the walls in OOP, they can be regarded
as rigid blocks, and possible reliable approaches can be rocking and kinematic dynamics

analysis simulating the local behavior.

Basis on rocking blocks can be found on the pioneering work of Housner (1963), who
considered the motion of a SDOF free rigid block, a rigid prism with longitudinal rectangular
cross section, rocking about the two corners O and O’ (Figure 2.30a) subjected to free
vibrations, constant and sinusoidal acceleration, and earthquake motion. Important
contribution was given by Aslam et al. (1980) who considered the rocking vibrations of the free
rigid block under ground motions through a computer program. Considering the rotation 8 (> O
if counter-clockwise) as a Lagrangian coordinate, the equation of motion takes the from: The

energy dissipation is accounted for through the “restitution coefficient” ey =1 —zsinz(a),

where a is the arctangent of the thickness to height ratio and is valid for slender and
rectangular blocks. Giresini et al. (2018, 2016) modified the equation of motion to consider the
influence of possible roof mass, thrust and horizontal restraint through single or bed spring
with stiffness K, or K’, respectively, simulating a tie-rod, a flexible diaphragm or transverse
walls (Figure 2.30b). Comparison with experimental results demonstrated the accuracy of the
method, contrary to the non-linear kinematic approach suggested by the Italian code for OOP
mechanism. An improvement of the approach was performed by AlShawa et al. (2019) who

considered the plasticity of tie rod. The model is used to investigate the response to variations
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of wall geometry and tie characteristics. The most relevant parameter was the steel strength,
whereas other characteristics play minor roles allowing to recommend reduced values for pre-

tensioning forces.
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Figure 2.30 Rocking rigid block: (a) Housner free block model; (b) restrained rocking block (Giresini et
al. 2016).

In cases when the degree of freedom cannot be assimilated to one (flexural bending failure
modes), a MDOF dynamics could be a more realistic representation. Studies on 2DOF system
consisting of two blocks, one placed on the top of other, and free to rock without sliding (Figure
2.31a), were developed by Psycharis (1990), who derived the equation of motion for each
mode of vibration and analysed the redistribution of kinetic energy of the system in the blocks.
Kounadis and Papadopoulos (2016) extended the study to a 3DOF system (Figure 2.31b),
neglecting sliding, aiming at assessing the overturning instability with or without impact either

between blocks or between the lower block and the ground.

All possible configuration patterns that may lead to rocking instability through an escaped
motion were properly discussed. None of the latter studies took into consideration lateral
boundary conditions. Landi et al. (2015) simulated the behavior of slender facades of URM
buildings with flexible diaphragms subjected to OOP bending by means of a 2DOF model
assembled as two rigid bodies connected by an intermediate hinge and restrained at the top by

a spring (Figure 2.32a), while the damping has been modelled through the introduction of the

coefficient of restitution.
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Figure 2.31 MDOF configurations of rigid blocks (Kounadis and Papadopoulos 2016): (a) 2 DOF system
with 4+4 possible configurations; (b) 3DOF system.

The calibrated model was used for parametric analyses (Figure 2.32b) and compared to simple
models confirming its effectiveness. NLTH analyses of a set of walls subjected to recorded
ground motions have been performed in order to compare the response of the simply
supported wall with that of the restrained wall. Four different geometric conditions described by
four corresponding sets of equations were studied, and the results compared to a simple 1DOF
model, showing that with the increase of the spring stiffness, the response of the 2DOF model

tended to reproduce well the response of the 1DOF model.

2DOF model
(o} Wa 01 ' '
,l‘A I p i i g(t) Ka= 50 kKN/m R
192 S Ak ka ' .lﬂ'ﬁ s2
w2 e /o,
i = j 5\‘ ft AN -;"\..‘ A
>4ic g 1 | "Ill-l 1 J/ 1' { 1/ (‘ll- Al Ao e
e § 0 FLNATRY VLA 1 02000000
\ 8 VALY RNA
‘\q‘. Wi © 005 Y
\ 0.1 ; : : '
A \s . 0 1 2 3 4 5
.Y b ) P .
= ., U9 time [s]

(a)

(b)

Figure 2.32 2DOF model analysis of the wall in OOP bending (Landi et al. 2015). (a) illustration of the
model, (b) mid-height (s1) and top (s2) displacements results for K; = 50kN /m.

On the contrary, with the decrease of the spring stiffness, the top displacement increased and

tended to be larger than the mid-height displacement.

A general settlement of the rocking procedure for the vulnerability of the OOP masonry wall, is
still far from the professional practise. Currently for masonry structures, standard response
spectra are used. A simple design method for assessing the maximum rocking displacement,
using equivalent elastic characteristics and equivalent response spectrum was presented by

Priestley et al. (1978)and compared to results from simulated seismic excitation of the model
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using an electro-hydraulic shake-table. Doherty et al (2002) presented a simplified linearized
DB procedure based on a trilinear force-displacement relationship of the URM walls (Figure
2.33a). The authors considered both the free and simply supported condition on top (Figure
2.33b) and compared the procedure with NLTH analyses results and with quasi-static analysis
showing that less scatter could be reached through DB approach rather than FB procedures.
The selection of a proper substitute structure was recommended for each case and the secant
stiffness was defined, which was found to correlate well with the predominant natural

frequencies observed during experimental testing.

However, distinct differences were noted between rocking spectrum and the classic design
response spectrum. Makris and Konstantinidis (2003) concluded that the rocking structures

cannot be replaced by “equivalent” SDOF oscillators.
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Figure 2.33 Linearized DB approached proposed by Doherty et al. (2002): (a) force-displacement
relationship of URM walls; (b) simply supported masonry wall on top.

4

2.4.3 Code standards

The seismic capacity of a local mechanism (i.e. OOP wall failure) can be assessed in terms of
ultimate displacement through a non-linear kinematic analysis, considering forces given by
possible restrains (steel tie rods, beam, etc) as recommended in the Italian code (C.S.LL.PP.
2019; DMI 2018), if the monolithic behavior of the block is reasonably assumed. This
approach is based on the equilibrium limit analysis and allows for the calculation of the
horizontal force which the structure is able to resist, during the evolution of the mechanism.
This force-displacement curve can be transformed into the equivalent single Degree of Freedom
(DOF) system capacity curve (Figure 2.34a) where the Ultimate Limit State (ULS) capacity, d;,

is defined in terms of spectral displacement d* and compared to the spectral seismic

displacement demand, Sp.(T,) based on the secant period, obtained from the capacity curve:

d;, = Spe(T) 2.2
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The ltalian code standard also allows for the Damage Limit State (DLS) assessment through

the following:
ay = a,S 2.3

Where s accounts for the type of soil and geographic conditions, while a4 is the reference

acceleration for the specific geographic coordinates, and ay is the spectral acceleration that
activates the mechanism (Figure 2.34a). Moreover, the normative was found to be too
conservative for some case studies (Giresini 2016b). On the bases of recent research works
(Degli Abbati, Cattari, and Lagomarsino 2018; Degli Abbati and Lagomarsino 2017;
Lagomarsino 2014) the new ltalian standard (DMl 2018) allows to consider the amplified floor
Response Spectrum in case of local mechanisms placed at higher levels of the structure. The
seismic demand is defined in terms of overdamped elastic Acceleration Displacement
Response spectrum (ADRS), to be compared to the multi-linear capacity curve, accounting for

the initial dynamic elastic response (Figure 2.34b).
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Figure 2.34 ULS assessment through the kinematic approach of a masonry wall restrained by a elastic-
perfectly plastic spring on top, according to Italian code. (a) NTC2008 (C.S.LL.PP. 2009); (b) NTC2018
(DM/] 2018).

The previous standard (C.S.LL.PP. 2009) considers the amplification assessing simplified

expressions, (e.g. C8A.4.12 for ULS),

dy = Spz(T1,Ts) = Spe(T1) - W(Z) -y 24
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Where Sp, is the elastic displacement response spectrum; T; is the period of the first mode
shape of the structure in the interested direction: ¥ (Z) is the normalized mode shape
assumed as Z/H, where Z is the level of the locale mechanism, while H is the total height of
the structure; v is the coefficient of modal participation and can be assumed as 3N/(2N + 1),
where N is the number of floors of the building. The spectral demand based on floor spectra

may be significantly higher if compared to the previous guideline.

The evaluation of load factors through the kinematic method of limit analysis was recently
updated by using rigid-block modelling. An original criterion to account for the frictional
resistance in the rocking-sliding failures of URM walls was proposed to assess their in-plane
and out-of-plane behavior (C. Casapulla; L. U. Argiento 2018). This criterion was validated and
applied e.g. to the analysis of the local failure of masonry corners accounting for the role of

thrusting timber roofs (Casapulla et al. 2018).

If compared to FBA, DBA provide a more rational means of determining seismic design actions
for unreinforced masonry walls, avoiding inevitable material mechanical characterization
(Ferreira et al. 2015). The limitation of such formulations relies on the quantification of the

displacement limit parameters which are calibrated based only on experimental data.

FEMA 547 (FEMA 2006b) addresses inadequate or missing wall-to-diaphragm tie deficiencies
suggesting the use of tension and shear ties. Such anchors should transfer OOP inertial loads
perpendicular to the face of the masonry back into the diaphragm or shear loads from the
diaphragm into the wall where they are resisted by IP action. For tension anchors the use of
through bolt anchored to an external steel plate and welded to an internal steel strap, nailed to
the joists and timber blockings is suggested in the case of connections with joists parallel to
wall. On the other hand, a steel angle connection is suggested for connections where joists are
perpendicular to the wall. Adhesive anchors are also recommended for aesthetic reasons giving
details of the connection procedure and material to use. A threaded rod is commonly
suggested as ATSM A36 all-thread rod, relatively ductile material with high strength capacity.
As highlighted from the guideline, holes need to be drilled with a rotary drill with the
percussion setting turned off to limit vibration into the wall. The use of a diamond tipped blade
is suggested. Eccentricity issues, together with other aspects are discussed and some

examples are shown of different types of anchorages.
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The ASCE/SEI 41-13 guidelines (American Society of Civil Engineers (ASCE) 2013) covers both
analysis for the evaluation of existing buildings and design of retrofit measures. Tier 3
systematic procedure is suggested as the most reliable and complete, for with the analysis
must include the entire structural system. Four analysis procedures are proposed: linear static
procedure (LSP), linear dynamic procedure (LDP), nonlinear static procedure (NSP), or
nonlinear dynamic procedure (NDP). Adoption of linear procedures is limited to regular and
simple buildings, while nonlinear procedures are encouraged to account for non linearities,
usually present in existing constructions. The guidelines set forth analysis requirement in
7.2.11.1 regarding the OOP wall anchorage to diaphragms. Walls shall be anchored to
diaphragms at horizontal distances not exceeding 8 ft (2.44 m) and anchorage shall positively

transmit the seismic forces generated into the OOP wall to the diaphragm:
Fp=0-4SXSKaKhXWp 2.5

where Syg is the spectral response acceleration for the selected hazard level and damping,
adjusted for the site class; K, is a factor accounting for the flexibility of the floor (not
exceeding 2.0), for different Structural Performance Level (SPL); K}, is a factor accounting for
the variation in force over the height when all diaphragms are rigid; x is a factor accounting for

different SPL and W, is the weight of the wall tributary to the wall anchor. According to this

standard the pull-out and shear strength of expansion anchors and adhesive anchors shall be
verified by approved test procedures, while for other types of anchors, the lower-bound values
for strengths with respect to pull-out, shear and combination of both shall be calculated
according to approved building code and analysed as force-controlled action. The guideline
refers to ACI (ACI 2008) TMS 402 and FEMA (FEMA 2009) for the design and analysis of
anchors. New Zealand guidelines recently published (NZSEE 2016) allow for both force-based
and displacement-based procedures for the assessment of existing retrofitted URM building.
The evaluation is based on the value of the earthquake rating for the building expressed das
%NBS (Percentage of new building standard as assessed by application of these guidelines)
obtained by dividing the calculated ultimate seismic capacity of the component by the ULS

seismic demand with the following expression:

Capacity
WNBS = 5o mana X100 26
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A building is defined as earthquake risk building (ERB) if < 67% NBS. These standards define
the probable capacity of diaphragm to wall connections as the lowest among 7 different failure
modes. These latter failure modes are based on damage observations during 2010/11
Canterbury earthquake sequence and on studies conducted by Campbell et al. (2012)
(ilustrated in Section 2.3). Probable failure mechanisms are also reported for adhesive
anchorages, based on Canterbury earthquake sequence, too. These include, among the others:
brick work cracking of the masonry in the proximity of the anchorages loaded in flexural
tension; incorrect installation; bed-joint shear failure of the brick around its perimeter. Based
on the above considerations, these standards provide tables in lieu of specific testing showing
probable shear strength capacity and tension pull-out capacity for different anchorage details.
The demand is calculated as the support reactions of the seismic inertial forces generated
from the tributary OOP walls. Retrofitted connections are recommended to be stronger than the

walls.

2.5 Conclusive remarks

This chapter presented a literature review on wall-to-horizontal diaphragm (WD) connections in
URM buildings, considering the typical connections found in traditional buildings and the main
solutions to enhance the seismic behavior of such connections. Both experimental and
numerical research studies aimed at mechanically characterizing these connections are
reported and discussed. This study reveals the necessity of accounting for wall-to-floor or wall-
to-roof connections in the seismic analysis of existing URM buildings and stresses the need of
simple but clear guidelines for their assessment and recommendations on their numerical

modelling.

Considering the peculiarity of the connections, the calibration of numerical models based on
experimental data is necessary for a reliable evaluation of the seismic capacity of historical
constructions. Despite pull-out monotonic and cyclic tests on detailed connections for the axial
and shear capacity are appropriate for this scope, they are costly and complex to set-up.
Failure mechanisms and ultimate dynamic capacity can be assessed through shaking table test
on building-scale and wall-scale specimens to understand the influence of the strengthening

strategy on the original poor building.

Complex and detailed finite element models reveal to accurately simulate the global behavior of

the URM building but they are hardly used from professionals who look for simpler procedure
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(equivalent frame or macro models). Uncertainties can be found on the definition of the
mechanical characteristics of masonry elements and diaphragm are aether not-considered as
structural elements or they are modelled as rigidly connected to the perimeter walls. From the
literature review, it is clear how the structural nonlinearities are important, especially when
dealing with connections. They affect the energy dissipation of the system, and therefore they
influence the assessment of both global and local mechanisms. Pushover curves are widely
used in the field of masonry constructions to evaluate the ultimate force/displacement capacity
taking into account those nonlinearities. Non-linear time-his-tory analysis is also considered to
be a valid tool able to better simulate the structural response under real seismic input.
Selection of appropriate input motions, essential for predicting reliable results is, however, a

topic requiring clearly further research.

Many code standards still indicate force-based approaches for the assessment of local failure
mechanism and only few refer to displacement-based approaches, in many cases more reliable
in presence of local URM wall mechanisms. Currently, kinematic analysis proposed in the
Italian code is the only one recognized as completely reliable in European Standards, and it
can be performed in nonlinear range. Indeed, no indications are given in EC8-3 (EN 1998-3

2005) about the analysis of local mechanisms.

Furthermore, the rocking approach considers the evolution of motion during time and
dissipation properties at the plastic hinge around which the masonry wall rotates are not
neglected. Limitations of such approach rely on the monolithic characteristic of the block,
modelled as rigid, not always true for masonry walls or facades. However, improvements of the
equation of motion have been done to account for the formation of an intermediate hinge,

frequently developed during OOP bending of the walls horizontally restrained on top.

In literature, only few experimental data at connection level are available involving uncertainties
on the seismic evaluation of the original or reinforced buildings. Common practise is to
perform parametric analyses based on the calibrated model, in order to investigate a large set
of the interesting parameters. This study reveals the necessity of clear and simple ready-to-use
research-based procedures grounded on experimental and numerical approaches useful for
professionals to assess existing wall-to-horizontal diaphragm connections and design

strengthening solutions in historical constructions.
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CHAPTER 3

IMODELING OF WALL-TO-HORIZONTAL
DIAPHRAGM CONNECTIONS

Overview

This chapter deals with the numerical simulation of wall-to-diaphragm connections, useful for a
proper assessment of the connection and subsequent seismic evaluation of the building as a
whole. The available experimental results are used to confirm and support the proposed
analytical formulation and numerical modelling. The connection models here proposed are
useful for being applied to conventional seismic assessment procedures and even to more

advanced systems.
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3.1 Experimental background

An accurate definition of nonlinear constitutive law valid for structural connections is only
possible after proper numerical calibration of hysteretic models based upon experimental data.
Only few experimental works were devoted to the detailed mechanical characterization of WD
connections (Abdul Karim et al. 2013; Campbell et al. 2012; Jacks and Beattie 1990; Lin and
LaFave 2012). The numerical development carried out herein was encouraged by the

considerable experimental campaign done by Moreira (2015) on typical late 19th century
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Figure 3.1 Drawings of WD connections experimentally tested by Moreira (2015) . (a) unstrengthened
configuration; (b) strengthened configuration.
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connections of Lisbon assets representative of weak existing WD connections and restrained

configuration (Section 2.3). The experimental configurations are displayed in Figure 3.1.

A total of twenty quasi-static tests was carried out, twelve of which can be considered valid
(Table 3.1). Two wall thickness values with different vertical stress levels were considered
simulating connections at different floor levels. Strengthened configurations were tested in both
monotonic and cyclic procedures, whilst only monotonic experimental curves are available for
the unstrengthened configurations. It must be highlighted that every test was carried out on
undamaged samples. The reinforced connection was seen to be promising for the seismic
improvement of existing buildings, showing an increased strength of about 17 times with
respect to the unstrengthened configurations. The experimental curves are shown in Figure 3.2
in terms of reaction force against joist slip (simply denoted as slip hereinafter), representative

of the relative displacement between the wall and the timber joist.

Table 3.1 Summary of experimental tests developed by Moreira (2015);, test are labelled using the
following criterium. TT.R.NL, where TT is the wall thickness, R is the type of connection (U =
unreinforced or A = reinforced), N is the number of the wall and L the location of the connection within
the wall (Figure 3.1).

floor level stress level wall thickness connection type monotonic cyclic

40.U.1A
unstrengthened 40.U 1B
upper level 0.2 MPa 40 cm 40.A.3A
strengthened 40.A.1A 40.A.4A
40.A.4B
60.U.1A
unstrengthened 60.U.1B
lower level 0.4 MPa 60 cm 60.A.2B
strengthened 60.A.1A 60.A.3A
60.A.3B
120 : , :
—40.A.1A
—~ 80
Z Z
& &
3 g 60T
3 3
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Figure 3.2 WD force-slip experimental curves (Moreira 2015), (@) monotonic unstrengthened, (b)
monotonic strengthened, (c) cyclic strengthened - upper level, (d) cyclic strengthened - lower level.

Although the experimental campaign cannot be statistically representative of all the possible
WD joints, a common trend was observed among the typologies of the connections. Figure 3.2a
clearly shows that the 40.U.1A specimen is out of the average envelope. This was due to the
considerable rotation of the beam during the pull-out test. Therefore, a vertical support under
the timber joist was used to limit the rotation of the next specimen to test, 40.U.1B.
Specimens with 60 cm thick walls did not require the use of a support, since the rotation was
minimal. For the remaining specimens, force-displacement curves are almost coincident.
Indeed, there is not evident difference between lower and upper connections levels. For the
specimen 60.U.1B, the acquisition system recorded only "noise" up to a force of 2 kN,
possibly related with the small values measured. As a consequence, its mechanical

characterization could not be possible.

Strengthened specimens were tested in both monotonic and cyclic load protocols (Figure
3.2b,c,d). The higher strength capacity of monotonic curve is physically justified by the damage
accumulation within the cycles. Unfortunately, the results of 40.A.1A could not have been
considered as corrupted by malfunction of data acquisition through LVTD. Among the cyclic
curves, 60.A.3A resulted to have about half of the ultimate displacement capacity as the others

and is not considered to be a reliable result for characterizing the connection.

Therefore, a total of eight experimental curves can be considered valid for analytical and
numerical development, two of which for the unstrengthened specimen (monotonic), and six for

the strengthened specimen (one monotonic and five cyclic), as summarized in Table 3.2.
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Although it is well known that the vertical stress level may influence the behavior of some
connections in terms of strength and axial displacement capacity, such experimental data

reveal no evident difference, whether for the unstrengthened or the strengthened specimens.

Table 3.2 Valid experimental tests used for the numerical/analytical development.

connection type monotonic cyclic tot

40.U.1B
unstrengthened 60 U 1A - 2
40.A.3A
40.A.4A
strengthened 60.A.1A 40.A.4B 5
60.A.2B
60.A.3B
tot 3 5 7

Figure 3.4 supports this assumption as it shows that for strengthened samples the highest
amount of energy is dissipated by failure modes associated to steel and timber elements,
rather than masonry regardless of the stress level. Moreover, as also explained by Moreira
(2015) the failure of the connection is governed by nails pull-out in unstrengthened
connections and by bolted connection in strengthened connections (Figure 3.3), thus

demonstrating the negligible influence of different stress levels and wall thickness.

Masonry cone
breakout:

Steel tie
failure - 160.8 kN

WE.A40-113.9kN
WF.A.60- 167.6 kN Steel angle

failure - > 93.1 kKN

Failure of the

Dbolted connection
328KN + Fp,
i

FM3 - Failure of
the connection

FM?2 - Crushing L
/ steel angle/joist
¥

of the masonry

| Crushing of the
~. FM4 - Yielding mortar - 122.5 kKN
“~ of the steel tie

FMI - Masonry /
cone breakout \

(a) (b)

Figure 3.3 (a) Failure mode definition: FM1. Conical masonry breakout; FMZ2: Masonry crushing below
the anchor plates; FM3. Yielding of the tie rod;, FM4: Failure of the bolted connection between the steel
angle and the timber joist; (b) estimated capacity of each failure mode. (Retrieved from
Moreira (2015)).

46



Chapter 3 - Modeling of wallto-horizontal diaphragm connections

I N A RS N RS

100
F T F \
/ 1.1% 2% .9 %

100 =

(53
=1
o

804 |17 % e b 70,

s (%)

60

¢ failure mode

50 4

=
1
Contribution of the failure modes (%)

2 AL 865 % St 98.9% 98.8% 99.1%
E 25
£ 204
o
0 T T T 0 . . :
WF.40.A3A WF.40.A4A WF.40.A4B WF.60.A.2B WF.60.A.3A WF.60.A.3B
Specimens Specimens

(a) (b)
Figure 3.4 Energy dissipated by each failure mode, (a) upper level specimens, (b) lower level
specimens.(retrieved from Moreira 2015).

Based on these considerations, one single connection per type is defined and developed
hereinafter. Furthermore, such connection models can be representative of a large variety of

existing WD links that present similar characteristics.
3.2 Ideal bilinear curves

Within the framework of performance-based assessment procedures, suitable for highly
nonlinear systems and currently used by practitioners for the increased computational capacity
of calculators, bilinear curves can be constructed equivalent to the actual system in order to
reflect the yielding limit and the ultimate displacement capacity, as well as the maximum

resistance of the system.

Different criteria can be found in literature ((ASCE 2017; NTC2018; EC8-1 2004; Fema-445

2006)). They usually refer to the seismic capacity of the masonry buildings as a whole.

Aligned with multilinear simplification performed by Moreira (2015), the procedure adopted
herein aims at defining simplified bilinear curves of both strengthened and unstrengthened
structural WD connections of the type described in the previous section. The whole method can

be summarized through the following steps:

1. Definition of the backbone curve;
2. Definition of the equivalent bilinear curve;

3. Definition of average bilinear curve;

For unstrengthened specimens, only monotonic curves are available, therefore step n.1 is not

necessary, and it is possible to directly jump to step n.2. Moreover, as a single monotonic test
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is not representative of the behavior of the strengthened sample, this connection is
characterized based only on cyclic curves. In this case, envelope curves are firstly built over
each cyclic curve; a simplified bilinear curve is then computed based on the previously defined
backbone; and the final equivalent bilinear curve is developed as the average of the previous

bilinear curves.
3.2.1 Definition of the backbone curve

In case of cyclic experimental tests, the first step is to define multi-linear envelopes (also
denoted as backbone curves). The methodology adopted here is the one suggested by
ASCE/SEl 41-06 (ASCE 2007) allowing for strength degradation due to cyclic loading and
giving more conservative results in comparison with the recently-published ASCE/SEl 41-17

(ASCE 2017).

The backbone curve is defined by multi-linear segments connecting the intersections between
the first cycle curve for the it" deformation level and the second cycle curve of the (i — 1)t

deformation level for all i levels (Figure 3.5).

100 -
Ist cycle
i-th deformation level

90 - 2nd cycle
(i-1)-th deformation level

Force (kN)
Force (kN)

experimental cyclic curve| |
= backbone curve
%f’/%/ 70

0 26 46 6‘0 8‘0 100 2‘0 2‘5 30 3‘5 46 4‘5
Slip (mm) Slip (mm)
(a) (b)
Figure 3.5 Backbone curve definition according to ASCE/SEI 41-06 (ASCE 2007): (a) backbone curve
over experimental cyclic curve, (b) backbone intersections.

It must be noted that according to the new ASCE/SEI 41-17 (ASCE 2017) the backbone curve
is simply defined as the intersection of the peak displacement of the first cycle of the it"
deformation level, leading to a less conservative estimation with respect to the previous
standard in terms of stiffness and strength, and thus is not considered in this work.
Furthermore, the backbone curves according to ASCE/SEI 41-17 (similarly as done in previous

ASCE/SEl 41-13) do not account for strength and stiffness degradation (Figure 3.6), aspect
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included in the considered ASCE/SEI 41-06 through the intersection of unloading branch with

reloading of successive displacement level.

100
80 r
. 60r
Z - .
4 experimental cyclic curve
3 40 —e— ASCE/SEI 41.06
5 —8— ASCE/SEI 41.17
&
20 1
o
_20 L 1 1 1
0 20 40 60 80 100
Slip (mm)

Figure 3.6 Comparison between definition criteria of backbone curves.
3.2.2 Definition of the equivalent bilinear curve

According to Tomazevi¢ (1999) the bilinear curve corresponds to an elastic-perfectly plastic
mechanical model expressed by an initial idealized elastic branch and successive horizontal

branch connecting the elastic limit to the ultimate limit (Figure 3.7), and reads:

_ (ke-d, if 0<d<d,
FO={p " i g zazd, 31
where k, is the effective stiffness, d, is the elastic displacement, and d, the ultimate
displacement. The corresponding ultimate force F, is evaluated by equating the energy

dissipation capacity of the idealised curve to the experimental one:

3.2

where Agn, is the area below the experimental envelope, and dpq, is the maximum
displacement attained in the experimental test. k, is calculated as the ratio between the

resistance and displacement at crack limit:

k. =F./d. 3.3
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where F.,. corresponds to the force at crack limit state equal to 0.7F,,,,, as also suggested by

the Italian code (DMI 2018) and by other code standards.

Fll

Equivalent

Bilinear “".‘
FIH(J'\ 777777777777 \

Fi!

( ychc envelope

Figure 3.7 Definition of bilinear idealisation of experimental curve (retrieved from Moreira 2015).
3.2.3 Unstrengthened connection
Bilinearisation of unstrengthened specimen is solely based on two monotonic curves (40.U.1B

and 60.U.1A) as only two are the reliable tests. The bilinear parameters are summarized in

Table 3.3, and bilinear curves are shown in Figure 3.8. Note that ductility index is calculated

asu=d,/d,.

Table 3.3 Ideal bilinear curves parameters for unstrengthened connection

de du Fy ke 4
[mm] [mm] [kN] [kN/mm] [-]
40.U.1B 4.8 379 50 1.0 7.9
60.U.1A 3.3 2666 36 1.1 8.1
average 4.0 322 43 1.1 7.9
6
5,
/-\47
z \\—
<!
o 3r
2
i ——40.U.1B \
2] ——60.U.1A
—e—cquivalent bilinear
1
O L 1 L Il
0 10 20 30 40 50

Slip (mm)

Figure 3.8 Bilinear idealisation of unstrengthened experimental curve.

50



Chapter 3 - Modeling of wallto-horizontal diaphragm connections

3.2.4 Strengthened connection

For what concerns the strengthened connection, the backbone curves are firstly computed after
each cyclic curve (Figure 3.9) according to ASCE/SEI 41-06 (2007) as illustrated in Section

3.2.1. Ideal bilinear parameters are summarized in Table 3.4.

100 T T T T 100

80 ] 80

Z 60t Z 60
S =
o Py N experimental envelope
& 2 —a—40.A3A
g 407 ——40.A3A] | g 407 ——40.A4A
—e—40.A4A —=—40.A4B
40.A.4B —<—60.A2B
201 ——60.A.2B 201 ——60.A.3B
3“ —+—60.A3B —©— equivalent bilinear
0 | ‘ ‘ | od ! | ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Slip (mm) Slip (mm)

(a) (b)
Figure 3.9 Bilinear idealisation of strengthened experimental curves. (a) backbone curves; (b) ideal
bilinear curves.

Table 3.4 ldeal bilinear curves parameters for strengthened connections

d, d, Fy k. u
[mm] [mm] [kN] [kN/mm] [-]

40.A.3A 8.7 8l1.5 73.8 12.7 9.3
40.A.4A 246 76.1 705 5.2 3.1
40.A.4B 19.3 78.9 723 4.0 4.1
60.A.2B 20.3 68.7 71.1 45 3.4
60.A.3B 31.9 785 76.0 3.7 2.8
average 21.0 76.7 728 3.5 3.7
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3.3 Hysteretic models

Although Finite Element (FE) analysis with homogeneous masonry elements is rarely performed
by practitioners, the growing computational capabilities of calculators and continuous updating
of material models, set forth the bases for larger range of users. Moreover, the FE modeling
approach is widely used and common for the seismic vulnerability assessment among civil
engineers. In addition, nowadays a large variety of softwares is equipped with simple graphical
user interface facilitating modeling and analysis process, even for complex systems (Formisano
et al. 2017). However, often simplified equivalent frame (Lagomarsino et al. 2013) or macro

element (Panto et al. 2016) models are preferable over more complicated approaches.

Whatever modeling approach, the nonlinear mechanical characteristics of masonry and the
horizontal diaphragm flexibility play a crucial role on the seismic capacity of the building.
Furthermore, depending on the quality of the WD connections, roofs or horizontal diaphragms
are included or not within the model. When present, the connection is usually considered as
perfect constraint; however, this assumption is solely acceptable for retrofitted connections or

new buildings.

Examples of modeling hysteretical structural connections calibrated on experimental bases can
be found for instance in (Collins et al. 2005; Isoda and Tesfamariam 2016; Rinaldin, Amadio,
and Fragiacomo 2013) mainly for Cross Laminated Timber connections members. To the
author’s knowledge, no similar work has been done so far on WD connections in historical
buildings. Araujo (2014) carried out a detailed FE model of timber wall-to-masonry injected
anchors calibrated upon experimental tests. Accurate models are also possible, but not
recommended on global analysis of entire buildings with large number of degrees of freedom

for which the higher computational effort would be unacceptable.

On the bases of the experimental work done by Moreira (2015) and of the bilinear idealisation
presented above, a simple yet versatile model of the WD connection is proposed, capable of

reproducing the axial hysteretic law so to allow its implementation on global scale FE models.

Bearing in mind that no information is available about the shear or rotational behavior of the
connection, the numerical model strategy only focuses on the axial behavior of the joint.
Moreover, tests were only performed in pull-out and are only representative of tensile behavior,
thus the axial-compression mode of the timber crushing to the masonry is uncertain and must

be assumed.

52



Chapter 3 - Modeling of wallto-horizontal diaphragm connections

The proposed model simulates the force-displacement behavior of the entire connection, from
the timber joist end to the masonry surrounding the structural joint. Within a FE environment,
this is possible through spring-like elements placed between the beam ends and the wall

(Figure 3.10).

F ¥ F F F F §F ¥

T § 5 T F .5 %
¥ ¥ F F F F F ¥

ﬂoorbeam\
T £ F 5 % 5§ % 3

Figure 3.10 Nonlinear spring-like connection elements within a typical building floor plan.

Considering a local coordinate system with X axis parallel to the beam axis, and Z axis in
vertical direction (Figure 3.11a), the nonlinear behavior is only represented along the axial X
direction (Tx), while translational DOF in Y and Z (Ty and Tz, respectively) are simply assumed
as rigid. Except for the torsional DOF, Rx, all the others (Ry and Rz) are free, forming a hinge-
type constraint (Table 3.5). Such a connection is developed in OpenSees (McKenna et al.
2000) using a Zerolength element, a non-geometrical finite element where two nodes at the
same location are interconnected by a set of springs (Figure 3.11a), providing the force
displacement relationship for a specified DOF. The nonlinear hysteretic model is simulated
using Pinching4 material model (Figure 3.11b) available in the OpenSees library and capable

of degradation and pinching.
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Figure 3.11 WD connection model, (a) ZerolLength element DOF, (b) Pinching4 material model (Fmk
and Nilinjan 2003).
Table 3.5 Characteristics of 3D Zerolength DOF
DOF Tx Ty T, R, Ry R,
Type axial shear shear torsional bending bending
Note nonlinear rigid rigid rigid free free

The finite element connection model is based on experimental data in such a way to better

estimate:

e yielding limit;
e strength capacity;
e ultimate displacement capacity;

e energy dissipation capacity;

Four couples of coordinates define the backbone curve in the positive (tension) and negative
(compression) direction, while cyclic degradation of strength and stiffness occurs in three
ways: (i) unloading stiffness degradation; (ii) reloading stiffness degradation; (iii) strength
degradation. Hysteretic rules, defining points a, b, ¢, d, e, f (Figure 3.11b) are governed by
additional parameters (three per sign). Cyclic degradation is controlled by five parameters per
type and can be based on deformation history or on energy. 39 parameters, summarized in

Table 3.6, are necessary for a complete definition of the material model.

Table 3.6 Description of Pinching4 parameters

Parameter Description

Backbone coordinates
ePfl, ePf2, ePf3, ePf4
ePd1, ePd2, ePd3, ePd4
eNfl, eNf2, eNf3, eNf4
eNd1, eNd2, eNd3, eNd4
Hysteretic rules parameters

Forces of the positive backbone curve
Displacements of the positive backbone curve
Forces of the negative backbone curve
Displacements of the negative backbone curve
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Ratio of displacements at which reloading occurs to the
maximum/minimum historic deformation

Ratio of the force at which reloading begins to the force
rForceP, rForceN corresponding to  the  maximum/minimum  historic
deformation

Ratio of the force at which unloading ends to the
maximum/minimum force

rDispP, rDispN

uForceP, uForceN

Degradation parameters

gK1, gKk2, gK3, gk4, gKLim unloading stiffness degradation parameters
gD1, gb2, gD3, gh4, gDLim Reloading stiffness degradation parameters
gF1, gF2, gF3, gF4, gFLim Strength degradation parameters

Ratio of the maximum energy dissipated under cyclic loading
to the energy dissipated under monotonic loading
dmgType Type of damage: “cycle” or “energy”

gk

The same basic equations describe deterioration in strength (F), unloading (K) and reloading

(D) stiffness:

P;=Py-(1-8Py) 3.4
where P; is the generalized degrading variable at ith state, P, is the generalized degrading
variable at initial state, and §P; is the value of the damage index at ith state. In the general

case where damage is a function of displacement history and energy accumulation (dmgType =

“energy”), the damage index is computed as follows:

~ gP3 Ei gb4 .
8P; = gP1- (dmax) +gP2-(E—> < gPLim

m 35
in which,
-5 dmax,i dmin,i]
dpax = max ,
dup =~ dun 36

dinaxi and dp,in i are the deformation demands that define the end of the reload cycle for
increasing deformation demand in the positive and negative side, respectively; du’p and dy,

are positive and negative deformations that define failure.

In Equation 3.5, E; = [ dE defined within the load history, whilst E,,, = gE - [ dE is defined

within the monotonic load history.
3.3.1 Unstrengthened connection model

The force-displacement numerical curve under cyclic load relative to the unstrengthened
connection is shown in Figure 3.12a, compared to the experimental envelope as well as to the
ideal bilinear curve. The total energy, simply computed as the integral of the force with respect

to the slip, is also shown in Figure 3.12b.
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Figure 3.12 Numerical hysteretic model of the unstrengthened WD connection, (a) comparison with
experimental envelope and ideal bilinear curve, (b) total energy computation over the cycles.

Although no experimental evidence is available about the behavior of such a connection under
cyclic loading, and although the load-displacement under compression is uncertain, it can be
noted that the elastic limit in positive direction is governed by the yielding of the nails, while
the rupture is controlled by the shear failure of the nails (Moreira 2015). The cyclic behavior
can therefore be assumed to be partially governed by shear resistance of the nails and by the
friction generated at beam-to-masonry interfaces. In principle, the frictional contribution could
be analytically computed based on the vertical load N, transferred by the floor beams to the
masonry wall. Indeed, timber joists are commonly infixed into a masonry slot leaving a small
gap between the top of the beam and the masonry. The friction forces can, therefore, be

computed as:
Hy=pn-N 3.7
where W is the friction coefficient depending on the contact materials surfaces. A value of p =

0.2 can be a conservative value based on timber-to-timber contact (Jaaranen and Fink 2020).

This is justified by the presence of timber wall plates, placed along the walls for a better load

distribution (Figure 3.1a).

The behavior in compression should simulate the rigid contact at timber-to-masonry interface.
Within 3D solid finite elements modeling (Figure 3.11a), this is directly represented by the
masonry blocks compression along the wall thickness, and the compression behavior can be
simply assumed rigid. If shell elements are used (Figure 3.11b), a rigid compressive stiffness
would directly activate the masonry bending out of its plane, possibly causing large

deformations and convergence issues. In this latter case, the connection behavior in
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compression may be associated to the masonry compressive deformation along the thickness

of the wall.

\I\ ——

m'lsonry wall

masonry wall E timber beam
e timber plate
) W

\I\ — WD connection

tlmber bedm

D connection

(a) (b)
Figure 3.13 Modeling of WD connection within FE environment; (a) solid finite elements; (b) shell
elements.

Under these assumptions, connection model parameters are defined setting the following

conditions:

*  Kunioading = 4 - Ke;

*  Kcompression = Em * Apeam/t (Ep: masonry Young's modulus, Apeqm: beam cross
section, t: wall thickness;

*  Fresiaua = F,/100;

o —F/2<F<Fu,ifd =20.

A comprehensive list of parameters defining the Pinching4 unstrengthened WD connection can

be found in Table A 1 in Appendix 1. No degradation is accounted for such a connection.
3.3.2 Strengthened connection model

The numerical model of the strengthened connection is also developed on the bases of bilinear
idealisation and experimental evidence. Indeed, hysteretic rules can be calibrated upon
available experimental cycles. The numerical load-displacement hysteresis is shown in Figure
3.14, upon experimental envelope and equivalent bilinear curve. The total energy is also
computed within cycles and is shown in Figure 3.13. Such a connection model is based on
similar conditions set for unstrengthened connections. However, the frictional resistance can
be neglected in this case as its contribution is very low with respect to the reinforcement
system. This is controlled by hysteretic rules parameters. For the sake of simplicity and based

on experiments, both strength and stiffness degradation are neglected.
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Pinchingd parameters defining strengthened WD connection model are summarized in Table A

2 (Appendix 1).
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(a) (b)
Figure 3. 14 Strengthened WD connection numerical hysteretic model; (a) comparison with
experimental envelope and ideal bilinear curve, (b) total energy computation over the cycles.

The capabilities of the model are demonstrated in Figure 3.15 where the numerical model is
calibrated upon 60.A.3B experimental sample (Figure 3.2d, Section 3.1). The accuracy of the
model is shown in terms of force-slip hysteresis and total energy. The different values of total
energy are highlighted especially at final cycles and can be justified by the linear reloading.
Indeed, as shown in Figure 3.15a, the numerical reloading branch is basically a linear branch
connecting the previous state to the backbone curve, in correspondence of the maximum
deformation level attained. The experimental reloading branch presents, by contrast, a
curvilinear shape, hard to capture numerically. For the detailed calibration of 60.A.3B sample
only, and based on experimental curves, both unloading and reloading stiffness degradation is
neglected, whereas strength degradation is considered to be proportional to energy (gF1 =

0.0; gF2 = 0.7; fF3 = 0.0; gF4 = 0.8; gFlim = 0.9; gE = 2)
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(a) (b)
Figure 3.15 Comparison between numerical and experimental 60.A.3B connection in terms of (a)
hysteretic force-slip cure, (b) total energy within cycles.
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It must be noted, however, that this behavior can be considered acceptable for the application
on global FE models as such a connection hardly reaches high levels of stress and deformation
over the yielding and failure limits. As a matter of fact, historical buildings under strong
earthquakes, with retrofitted or strong WD connections have a box-like behavior, thus enabling
structural elements to with simultaneous modes and allowing a proper distribution of seismic

forces to the lateral resisting walls.
3.4 Conclusive remarks

In this chapter the modeling of wall-to-horizontal diaphragm (WD) connections was faced
through simplified and advanced methods. Available experimental data set forth the bases for
the following analytical and numerical studies. Conventionally, structural connections are not
included into the model for the seismic vulnerability of the building. Eventually they are
extremely simplified giving too conservative (or underestimated) results. When no experimental
information is available about the nonlinear behavior of existing WD connections, their
resistance can be estimated by analytical formulations, allowing force-based seismic

assessment.

Following bilinearization criteria suggested by current Code standards, simplified elastic-
perfectly plastic backbone curves were defined for two main WD connection configurations: (i)
unstrengthened, and (ii) strengthened. Based on the same experimental data, the capability of
advanced hysteretic model, developed in finite element environment, was demonstrated.
Pinchingd hysteretic model was calibrated upon the experimental data capable of simulating
the pull-out axial strength, yielding and ultimate limits, as well as the energy dissipation
capacity. All the suggested models allows for implementing the WD connection into numerical
models in order to study the influence of the quality of the connection over the global and local
behavior of unreinforced masonry buildings. The study reported here highlighted the
importance of experimental data for the proper simulation of structural connections, often one

of the main uncertainties of the building under study.
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CHAPTER 4

(GLOBAL AND LOCAL SEISMIC ANALYSIS OF THE
BUILDING PROTOTYPE

Overview

In this chapter the assessment of WD connections is faced in both global and local approaches
making use of previously developed connection models. A global model of a four level URM
building prototype is developed in a finite element environment, capable of introducing
hysteretic models simulating the complex dynamic at wall-diaphragm interactions. Two different
approaches are also proposed for studying the local OOP mechanisms of masonry walls, taking
into account the influence of horizontal restraints: (i) kinematic approach based on virtual work
principle; (ii) dynamic analysis of rigid bodies, also capable of taking into account dynamic

effects.
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4.1 Global analysis: finite element modeling

Structural analysis of historical constructions is often assessed through mathematical models
capable of accounting for low tensile strength of masonry and high nonlinearity of the
materials. Different approaches have been developed with different degree of complexity, such
as equivalent frame models (Lagomarsino et al. 2013), macro element models (Panto et al.
2016), continuum element models (Ortega et al. 2018; Scacco et al. 2019). The first
approaches, namely equivalent frame and panel macro element models, are simplified and
more versatile for their lower computational demand, even if they are recommended solely for
regular building layouts (Asikoglu et al. 2020). The latter can be an accurate numerical
approach for the seismic vulnerability assessment through nonlinear static or nonlinear
dynamic analysis. The fast technological development of the last decades in calculators and
development of user-friendly FE softwares is encouraging the use of finite element programs by

researchers and also by professionals.
4.1.1 Description of the prototype building

Within the aim of studying the influence of WD connections in historical constructions under
seismic actions, a 4-storey URM building is analysed in FE environment through nonlinear
static and nonlinear dynamic analyses. The prototype is a realistic made-up building (Figure
4.2) with floor plans, opening layout and material properties typical of common buildings of the

Mediterranean basin, but that can also be found worldwide (Figure 4.1).

Figure 4.1 Typical 3- and 4-storey URM buildings of Italy [retrieved from (Dona et al. 2020)].
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Figure 4.2 Prototype made-up building under study: (a) floor plan, (b) front view and wall thickness
along the height (units in cm).

The building floor plan is 20.6 x 12.70 m? and the floor height spacing is 3.5 m unless the
base level of 4.0 m, giving a total building height of 14.5 m. The wall plan layout is asymmetric
in both directions with decreasing thickness along the height (¢t = 80 cm; 70 cm; 60 cm;
50 cm, Figure 4.2b). A two-way timber floor is present with 160 X 520 mm? main beam

spanning 6050 mm and spacing 1800 mm (Figure 4.3).
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Figure 4.3 Timber floor beam layout (units in cm).

Timber lintels are present above the openings, having 10 cm height and the same thickness of

the corresponding wall.

The masonry of the building is double leaf rubble stone masonry, compatible with samples
experimentally characterized by Moreira (2015). Mechanical properties are given based on

axial compression and diagonal tests on masonry prisms, summarized in Table 4.1.

Table 4.1 Masonry mechanical properties

Young’s compressive tensile Poisson’s
modulus strength strength ratio density
E [MPa] fc[MPa] fi[MPa] v[-] p [kg/m?]
1187 1.7 0.14 0.2 1900

Timber properties are simply assumed based on standards, in particular, C22 timber class is
selected according to Table 4.2 derived from UNI EN 338. The same timber is used for both

timber floor beams and lintels above the openings.

Table 4.2 C22 timber mechanical properties [Derived from table 1 UNI-EN 338 (CEN 2009)].

mean elastic modulus mean shear modulus bending strength mean density
EO,mean [MPa] Gmean [Mpa] I:m,k [MPa] Pmean [kg/m3]
10000 630 1.7 410

4.1.2 Description of the FE model

The building under study is analysed using OpenSees (Pacific Earthquake Engineering

Research Center (PEER) 2016), and the pre- and post-processing is performed in STKO
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(Petracca, Candeloro, and Camata 2017). The masonry walls are modelled using a multi-layer
shell formulation through ShellMITC4 element (Figure 4.4a), which is a four-node shell element
based on the theory of mixed interpolation of tensorial component proposed by Dvorkin et al
(Dvorkin, Pantuso, and Repetto 1995). The surface axis coincides with the axis of 60 cm wall,
set as an average thickness along the height. The multi-layer element (Lu et al. 2015) is useful
for representing wall sections having layers with different material characteristics and different
thickness, such as concrete shear walls with reinforcement (Figure 4.4b). Such a tool is used
here just to get additional integration points along the wall thickness; therefore each layer

presents the same mechanical characteristic and thickness.

Flat geometry

Warped geometry

N1 reinforcement layer

(a) (b)
Figure 4.4 (a) shellMITC4 element nodes and Gauss points, (b) layered shell section.

Five integration points are considered to be enough for a sufficient representation of out of
plane stress state, obtaining a good cost/benefit compromise between using solid or shell

elements.

Damage TC3D material model (Petracca, Pela, et al. 2017; Petracca and Camata 2019) is
adopted to simulate masonry based on tension/compression damage model on the bases of
previous theories (Cervera, Oliver, and Faria 1995; Lubliner et al. 1989), capable of
reproducing nonlinear response and to control the dilatancy. Both standard implicit (backward
Euler) and mixed IMPLicit-Explicit (IMPL-EX) integration schemes can be selected. Tensile
failure surface can be based on Rankine or Lubliner theory. Masonry nonlinear properties are
summarized in Table 4.3 and are assumed based on literature and available experimental

evidence.
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Figure 4.5 Damage TC3D material model used for masonry: (a) compressive uniaxial law, (b) tension
uniaxial law; (c) compressive cyclic behavior, (d) tension cyclic behavior.

Indeed, the knowledge about parameters necessary for advanced nonlinear modelling

strategies, such as tensile and compressive strength and tensile and compressive fracture

energies is scarce.

Table 4.3 Nonlinear properties of the masonry mode/

tensile tensile compressive compressive compressive
strength fracture energy elastic limit strength fracture energy

fiIMPa]  G,[Nmm/mm’] feo [MPa] fc[MPa] G [N mm/mm?]
0.14 0.05 1.02 1.7 3.0

Therefore, it is commonly hard to experimentally reproduce the masonry behavior in tension,
and recommended values are impossible for tensile strength. This mainly depends on unit
properties, mortar properties, and workmanship quality and is usually very low (0.10 < f; <

0.20 MPa (Lourenco 2009)), while tensile fracture energy G;, ranges between 0.03 and
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0.05 Nmm/mm? (Van Der Pluijm 1992). According to the Model code 90 (CEB-FIP 1993), the

compressive fracture energy can simply be computed as:
G.=1.6-f if fc <12 MPa 41

G, = 2.8Nmm/mm2 is also a typical value. When compressive strength is not given, this can

be derived from the elastic modulus as follows:
fc = E/500 4.2

In the considered model, compressive strength f., and tensile strength f;, as well as Young's
modulus E are set according to the compressive and shear tests on masonry prisms (Table
4.1) (Moreira 2015). Tensile fracture energy G, is 0.05 N mm/mm? as recommended upper
bound value for a better stability of the numerical model (Lourenco 2009). As for the fracture
energy in compression, a value of G, = 3.0 N mm/mm? is calibrated upon the experimental
compression envelope (Figure 4.6). Even if higher ductility is shown by experimental curves,
higher values of fracture energy in compression are hardly achieved and not recommended in
literature. Moreover, average envelope is solely built upon three tests, not sufficient for a

reliable statistical representation of the results.

A masonry compressive elastic limit f.o = 0.6 f. = 1.02 MPa is set as properly fitting
experimental curve. It is worth noting that, although the compression behavior of masonry
sensitively influences the dynamic properties of the building, the most critical crack patterns
are mainly caused by the low tensile strength, which is in turn the most important aspect for

the overall building behavior.

2
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a
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Figure 4.6 Comparison between numerical curve and experimental envelope
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Tensile surface is based on Rankine theory, while an IMPL-EX integration scheme is used
setting the behavior in tension and in compression partly based on damage and plasticity,
causing residual strains after the unloading phase. The fracture energies are automatically

regularized depending on the characteristic size of the element.

(a) (b)
Figure 4.7 FE model of the 4 level URM building prototype. (a) 3D view of the global building, (b) detail
of WD connection and timber lintels above the openings.

Timber lintels, as well as timber floor beams are modelled using 3D elasticBeamColumn
elements with elastic section. Timber lintels are embedded into the masonry (Figure 4.7b). A
masonry portion (like that of timber beam section) at the WD interface is modelled as elastic
for a better distribution of the load to the nonlinear surrounding masonry (Figure 4.7b). A

comprehensive description of the WD connection modeling is presented in Section 3.3.

The base nodes are simply fixed, and the masonry self-weight is distributed over the wall

surfaces while the floor load is linearly distributed over the beams.

4.1.3 Model configurations and types of analysis

Conventionally, there are two ways of modeling the horizontal diaphragms in a global FE
model: (i) absence of the floor; (ii) presence of the floor beams fully attached to the masonry
walls. The former approach is representative of poor friction-based WD connections, often
present in historical constructions, whilst the second one simulates retrofitted or new building
connections. Moreover, when the floor is present, both timber beams and timber planks can be
modelled, or solely the main beams, depending on the stiffness of the timber deck. All these

modeling approaches are often used to study the influence of diaphragm stiffness or are
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chosen by the engineer after careful personal judgment in function of the connection quality

and floor layout.

Recalling that the scope of this work is to evaluate the influence of WD connections in the
overall seismic response of the global building, and considering that the real behavior between
the timber and the masonry lays between those two extreme boundaries, the same building
prototype is modelled in four different configurations with increasing quality of WD connection:
(1) no beams; (2) unstrengthened connections; (3) strengthened connections; (4); fully rigid

connections (Figure 4.8).

— — — —
] ’ ! i
S S L
__\]\__
I a1
N N R N — —
Model 1: Model 2: Model 3: Model 4:
No beams Unstrengthened Strengthened Perfect connection
(poor connection) connection connection

Figure 4.8 Model configurations. types of WD connections.

Model 1 considers fictitious beams (no stiffness) with the function of merely transferring the
vertical load to the adjacent walls and simulates old buildings with very weak WD connections.
In model 4 the link is modelled through a perfect kinematic constraint representative of new
building WD connections. Models 2 and 3 are characterized by nonlinear WD connections,
modelled as explained in detail in Section 3.3, placed between the beam end and the wall
node. Those models are characterized by an intermediate behavior and should be
representative of realistic unreinforced connection (Model 2) and strengthened connections

(Model 3).
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Modal (eigenvalue) analysis is firstly performed, followed by nonlinear static (pushover)
analysis in order to estimate the capacity of the buildings in the Y-direction (parallel to the
direction of the floor beams). Finally, an incremental dynamic analysis (IDA) is carried out
under a scaled natural accelerogram capable of accounting for dynamic effects. The

comparison between the pushover and IDA analyses is also presented.
The life-safety limit state seismic combination of loads is considered according to NTC2018:
E+Gy+G;+P+Wyq Qg1+ W Qk2+ - 4.3

where E is the seismic load, G is the structural element self-weight, G, is the non-structural
element self-weight, P is pre-tension and post-tension force, and Qg; is the it"variable force.

The floor load is simply computed as follows:

Timber floor structural distributed weight G, 600 N/m?
Timber floor non-structural distributed weight G, 2360 N/m?
Floor distributed live load Qx 2000 N/m?
Seismic combination coefficient v, 0.3

The total mass of the building is 1772 tons. The model comprises a total 11103 nodes and

22110 elements.
4.1.4 Modal analysis

Modal analysis (eigenvalue analysis) allows computing the building modal properties, once the
vertical static analysis with gravitational loads is performed. The modal properties, such as
vibration periods Ti, modal participation masses Mij, in each jth direction, and mode shapes
®;, are summarized in Table 4.4. Although for all models the first mode is related to the
translational mode in Y-direction (weakest direction), model 1 (unreinforced connections)
presents rather higher period (T1 = 1.06 s) than the other models, with decreasing values of T
from model 1 to 4. Models 2 and 3 exhibit very similar results, depicting slightly different
modal participation masses; model 2, with unstrengthened WD connections, has lower values,

as expected.
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Table 4.4 Modal properties of modes with higher modal participation mass. For each model the value
of the it" period Ti, modal participation mass ratio in the jth direction Mj, and the corresponding

cumulative modal participation mass ratio CMj, are reported.

Model 2

Model 3

Model 4

Model 1

T1=1.06s

T1=043s T1=043s T1=039s
MY =9.7% MY =40.3 % MY =43.1% MY =48.6 %
CMY =9.7% CMY =40.3 % CMY =43.1% CMY =48.6 %

T2=043s

12=0378

T3=045s T2=042s
MRZ =6.6 % MRZ =10.8 % MRZ =12.1% MRZ = 14.6 %
CMRZ =6.8 % CMRZ =11.6 % CMRZ=12.1% CMRZ = 14.6 %

T12=0.24s

CMX =58.3 %

T8=0.245s

T5=0.24s

T3=0.24s
MX = 55.0 % MX =31.6 % MX =59.2 % MX =63.2 %
CMX =43.5% CMX =63.2%

CMX =60.4 %

T16=0.21s

T7=0.22s

T11=022s T7=0.20s
MY =5.0% MY =7.4% MY =10.1 % MY =16.5 %
CMY =60.7 % CMY =60.2 % CMY =62.5% CMY =65.9 %

This may be due to the similar value of initial stiffness in tension and compression of

unstrengthened and strengthened WD connections where the difference is mainly in the post-
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elastic force and displacement limits and not into the elastic behavior. The torsional RZ mode
of each model corresponds to the 2~ mode except for model 1 in which it corresponds to the
3< mode. The torsional mode has decreasing period of vibration with increasing WD connection
stiffness (from model 1 to 4), as expected. The lower is the quality of the WD connection, the
higher is the mode corresponding to translational X-direction. However, the same period T =
0.24 s corresponds to that mode of vibration, mainly because WD connections affect modes in
Y-direction only (same direction of floor beams). Analysing the interesting translational Y-
direction, a cumulative modal participation mass ratio CMY = 60% is only achieved in the
16" mode (T16 = 0.21 s) for model 1, 11 mode (T11 = 0.22 s) for model 2 and 7 mode for
model 3 (T7 = 0.22 s) and 4 (T7 = 0.20 s).

4.1.5 Pushover analysis

A sensitivity analysis is performed through pushover analysis, that is a nonlinear static analysis
aiming at simulating the structural seismic response after the application of incremental
horizontal forces until collapse. Analysis can be conducted either in load control or in
displacement control, as well as in event-by-event damage control (DeJong et al. 2009).The
response of the structure is given by the so-called capacity curve given by the seismic
coefficient oy, (Equation 4.4) versus the horizontal displacement of the control node. The
selection of a proper control node is not trivial, especially when flexible floors are present

(Galasco, Lagomarsino, and Penna 2006).

Y. horizontal basereaction forces
(XH(%) = - . x 100
totalweight of the structure 4.4

Moreover, the accuracy of the response is strongly dependent on a correct selection of the
horizontal force distribution. Indeed, forces are commonly distributed proportional to the mass
or to the modes. Even though the real dynamic behavior lays between these two boundaries, a
mass-proportional distribution is considered here, as better describing the behavior of a
building under extensive damage. Pushover displacement capacity is defined as the

displacement corresponding to a reduction of 20% of the peak force.
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Figure 4.9 Building prototype element and control nodes labels. walls are labelled as W_D_nl, where W
stands for wall, D is the direction of the wall axis, nl identifies the number of the wall: beams are
labelled as B_L_nl, where B stands for beam, L is the floor level, and nl identifies the number of the
beam.

The pushover analysis, which is a nonlinear static analysis, is carried out after vertical static
analysis in which gravitational loads are applied. Pushover is later carried out in displacement
control integrator setting a relatively small displacement increment of §, = 0.05mm. The
Newton algorithm is used with a convergence test on the norm of the displacement increment,
setting a tolerance of 0.001 mm. The adaptive time-stepping analysis can be used in order to
reduce or increase the displacement increment factor after no-convergence issues. The lateral

loads, proportional to the mass, are linearly increased.

A preliminary pushover analysis is firstly computed for Model 1 and 4 in both positive and
negative X and Y directions given the asymmetry of the structure, especially due to the
presence of the internal W_Y_2 wall (Figure 4.9) contributing to increase asymmetry along the
longitudinal W_X_2 wall. The pushover control nodes are selected where the maximum
displacement at the top of the building is expected for that loading direction. Thus, N_Y_3 and
N_Y_1 (Figure 4.9) are the control nodes for pushover in positive and negative X direction,
respectively. When pushing to the Y direction, nodes N_X_1_1 and N_X_1_2 are selected for
Model 1 and 4, respectively.

Pushover capacity in Y direction (both positive or negative) is clearly lower than capacity in X

direction (Figure 4.10) in terms of strength and displacement for both Model 1 and 4. The
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failure mechanisms are investigated in terms of lateral displacement at peak strength capacity
(Figure 4.11Figure 4.12). When forces act along the X direction, failure is mainly controlled by
the OOP of lateral facades (W_Y_1 and W_Y_3, Figure 4.9), while the OOP mechanism of walls
parallel to the X axis controls the pushover capacity along the Y direction. When no beams are
present, that is for Model 1, failure is dominated by W_X_1 wall for both loading directions,
while for Model 4 damage is better distributed among the other parallel walls. This can be
justified as W_X_1 wall has a clearly lower restraint level, if compared to the rest of the walls,
justifying its lower capacity. This is further evident for lack of diaphragm behavior (Figure

4.11c,d).

Although there is no evident difference between positive and negative Y direction for Model 4
(Figure 4.10b), Model 1 shows a lower capacity in the negative Y direction mainly because of

the higher vulnerable OOP W_X_1 wall in the outward direction, compared to the inward

direction.
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Figure 4. 10 Pushover curves in both positive and negative X and Y directions: (a) Model 1; (b) Model 4.
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Figure 4.11 Contour map of total lateral displacement at the peak strength capacity of Model 1: (a) +X
dir.; (b) -X dir.; (c) +Y dir.; (d) -Y dir.
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Figure 4.12 Contour map of total lateral displacement at the peak strength capacity of Model 4. (a) +X
dir.; (b) -X dir.; (c) +Y dir.; (d) -Y dir.

This is due to the absence of the floor stiffness and to the weak wall to wall connections that
could only rely on the poor masonry tensile strength. Therefore, the influence of the quality
level of the WD connection on the overall behavior of the building is analysed in terms of force
and displacement capacity with respect to the solely negative Y direction (parallel to timber
floor beams axis direction) (Figure 4.7a), which corresponds to the weakest direction of the
building. Actually, it is believed that Models 1 and 4 represent the boundaries of the real

building which is more likely characterized by an intermediate behavior between the two.

Pushover analysis is, therefore, performed for each configuration loading in the negative Y
direction. Different control nodes are selected at the top of the building (Figure 4.9) in order to
show different displacements associated to different failure mechanisms. Node N_X_1_1
reflects the OOP displacement of the W_X_1 wall and it is placed at its mid-span. Node
N_X_1_2 is placed at the same wall but at quarter span. Node N_Y_2 represents the IP
displacement of W_Y_2 wall, whereas node N_X_3b reflects the OOP displacement of W_X_3b
wall and is placed at mid-span. For a matter of clarity, the capacity curves are shown in the
first quadrant, thus plotting the absolute value of both seismic coefficient and lateral

displacement.

Figure 4.13 demonstrates that the selection of a proper control node is not obvious, as
different results can be obtained with diverse control nodes. Indeed, pushover curves can be
different in terms of stiffness, and displacement capacity, as well as displacement at peak
strength. In particular, N_X_1_1 gives the curve with greatest displacement level for each

model, apart from Model 4, in which this is obtained considering N_X_1_2 node.
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Figure 4.13 Pushover curves of each model configuration for negative Y displacement of different
control nodes: (a) Model 1; (b) Model 2; (c) Model 3, (d) Model 4.

For Model 3, similar results are obtained using both nodes. The N_Y_2 node controlling the [P
displacement of the central transversal wall W_Y_2 returns the pushover curve with the lower
displacement level regardless of the Model, as expected. Moreover, in each model
configuration, Nodes N_X_1_2 and N_X_3b, representing the OOP displacement of W_X_1 at
the quarter span, and W_X_3b, show the so-called snap-back behavior in the post-peak phase.
This can be explained by the sudden drop of resistance due to the failure of WW interface
caused by high tensile stress level into the masonry. This is further confirmed by the damage

pattern in terms of maximum tensile strain at peak strength shown in Figure 4.14.
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Figure 4. 14 Principal tensile strains at the peak capacity of each model configuration for -Y pushover
analysis. (a) Model 1, (b) Model 2, (c) Model 3; (d) Model 4.

As the level of the connection quality increases, the building responds in a more and more

global manner. Indeed, if damage in Model 1 clearly refers to the OOP collapse of W_X_1 wall,

Model 4 shows a more distributed damage along the vertical corners of all the walls. The

failure mode is, however, associated to overturning of every OOP wall, highlighted by the

vertical cracks. Further damage is also concentrated adjacent to the opening corners. Such a

damage pattern is an index of building highly vulnerable to the local mechanisms that should

be prevented prior to the strengthening of IP masonry walls.

Pushover curves obtained for the negative direction are compared for each model configuration

selecting N_X_1_1 as the control node of Models 1,2,3, while N_X_1_2 for Model 4 and are

shown in Figure 4.15. Models 1 and 4 behave in a considerably different way both in terms of

strength displacement capacity, but also in terms of stiffness. Moreover, Models 2 and 3 are
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within those two boundaries, as expected. Despite Models 3 and 4 are characterized by good
quality of WD connections, the rupture is more fragile than models 1 and 2, showing, in turn, a
first crack limit followed by a plateau with less rigid branch. The collapse is characterized by a
relatively higher then Models 3 and 4. In particular, Model 4 has a seismic coefficient peak by

17%, while models 2 and 3 reach a peak strength by about 10%.
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Figure 4.15 Influence of WD connection quality in terms of pushover curves in the interested -Y
direction.

Model 1 has a very low resistance, with a value by about 6% of seismic coefficient (about 65%
reduction with respect to Model4 and 43% reduction with respect to Model 3). Model 4 has the
highest strength peak and is characterized by a ultimate displacement value greater than

Model 3.

The behavior of nonlinear WD connection is analysed through the force-slip graphs shown in
Figure 4.17 referred to Model 2 and 3. Such curves are produced selecting six WD connections
at both ends of three different floor beams placed at the top of the building. Beams B_4_ba,
B_4_6b and B_4_8b (Figure 4.16) are chosen as those having the most representative and

vulnerable WD connections at their ends.
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Figure 4.17 Force-Slip curves of nonlinear WD connections obtained from pushover analysis in -Y
direction: (a) (b) Model 2; (c), (d) Model 3.
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Although in no cases the failure of the connections occurs, all the selected connections in
Model 2 undergo their elastic limits reaching 50% of the slip capacity of the unstrengthened
connection (see WD_4_5a_j connection in Figure 4.17b). As demonstrated in Figure 4.17a,b
the displacement level is not always the same in the two beam ends, while exactly the same
strength level is obtained in both extremities, as expected. Model 3 (strengthened
configuration) exhibits the same behavior in both beam ends, and the connections undergo
higher force levels. All the selected connections, however, remain elastic, reaching rather lower
displacement levels than unstrengthened model. The lower WD slip obtained for strengthened
connections is clearly a positive sign of increased restraint level of the walls leading to a

building with better box-type behavior.
4.1.6 Transient analysis

Every model configuration is successively analysed through Incremental Dynamic Analysis (IDA)
that is dynamic nonlinear analysis under selected accelerogram, scaled up until the building
collapse occurs. The accelerogram is extrapolated from Engineering strong motion database
(Luzi et al. 2020) is a natural waveform referring to the 6.5 magnitude Norcia (PG, ltaly)
seismic event that stroke central Italy in October 2016, within the Amatrice-Norcia-Visso
seismic sequence. The accelerogram is shown in Figure 4.18a and has a peak ground
acceleration (PGA) of 0.44 g, while the elastic acceleration response spectra are shown in
Figure 4.18b for 3% and 5% damping ratios. Despite the original waveform has a total duration
of 15 s, a reduced strong motion duration is considered for the analysis as the period between
0.01% and 99% of the total Arias intensity energy, I, (Figure 4.19). This is defined as the
cumulative energy per unit weight absorbed by an infinite set of undamped single-degree-of-
freedom oscillators at the end of an earthquake,

I T fo 2(t)dt
=—| a
“ 29)y 7 45

Trifunac and Brady (Trifunac and Brady 1975) actually suggest 5% and 95% values as
thresholds defining the period of interest, that is the significant duration t,, but a wider
domain is considered herein in order not to neglect relevant portions of the strong motion. The
accelerogram is finally filtered using SeismoSignal (Seismosoft 2001) also ensuring baseline

correction.
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Figure 4. 18 Original natural accelerogram selected for dynamic analysis,; (a) accelerogram time-
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Figure 4.19 Reduced strong motion duration as the period between T o501, < Trea < Tloowi,

Considering the capacity obtained through preliminary static nonlinear analysis, the
acceleration is scaled in such a way to have the following PGA values: [2.5% 5.0% 7.5% 10.0%]
g. Each increment is carried out separately starting from the undamaged configuration, without

accounting for damage history of previous steps.

A static analysis is firstly performed considering the gravitational loads. Afterwards, the
transient analysis is carried out for the selected PGA increment level, under the Hilber-Hughes-
Taylor (HHT) scheme with a = 0.9, setting a linear algorithm, which was seen to perform well
for dynamic analysis. It is worth noting that in OpenSees a = ayyr + 1, where ayyr is the
value found in (Hilber, Hughes, and Taylor 1977), thus a = 1.0 corresponds to the Newmark
method. Such an integration method is an implicit scheme attempting to increase the amount

of numerical damping without degrading the order of accuracy. Indeed, numerical damping is
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defined using Rayleigh damping approach in order to properly account for energy dissipation.
The modes with significant participation mass in the interested Y direction are selected to
properly define the frequency dominium of interest. In every model configuration the first mode
is the first significative mode for the translational Y direction, while the last significant mode is
defined as that corresponding to a cumulative participation mass in translational Y direction
CMY = 60% (see Section 4.1.4). The damping matrix is, therefore, defined proportional to

the mass and to the current stiffness matrix, and a value of damping ratio & = 3% is selected.

Similarly to the pushover analysis, the convergence is set based on the norm of the
displacement increment defining a 0.001 mm tolerance. The linear algorithm is selected as it

was seen to perform well within transient analysis.

The analysis time step At should be defined capable of accounting for the lowest significant
period Ty, with an error less than 5 % (Mendes and Lourenco 2010) according to the

following equation:

1
At = ﬁTfin 46

Given the lower significant period equal to Tf;, = 0.20s, a value of At < 0.01 s should be

selected. Considering the waveform time increment At,.. = 0.005 s, this same value is

chosen as analysis time step in order not to lose significant acceleration peaks.

Modal analysis, performed before and after dynamic analysis, allows an additional information

about the damage level of the building after each PGA increment.

The total computational time necessary for each increment is of about 13 hours using a

Windows-based machine with Intel Core i9-7900X 3.30 GHz CPU and 128 GB Memory RAM.

Results are condensed into displacement- or force-based dynamic envelope curves simply
constructed as the envelope of the peak displacement of peak forces in the direction of
interest. Figure 4.20 shows as an example, the envelope points extracted over the seismic
coefficient hysteresis of Model 4 under 25% g ground motion. Such envelope curves are
intended to be compared to pushover curves in negative Y direction, where higher level of
damage is expected, thus only the negative displacement is considered for the selection of

dynamic envelope peak forces and displacements.
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Figure 4.20 Definition of dynamic envelope curves over the seismic coefficient hysteresis;, Model 4
under 25% g earthquake.

Control nodes are obviously the same selected for pushover curves, according to the criterium
of node better representing the OOP of W_X_1 wall. Dynamic envelope curves are displayed in

Figure 4.21 and compared to pushover curves for each model configuration.
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Figure 4.21 Dynamic envelope curves versus pushover curves. (a) Model 1, (b) Model 2; (c) Model 3;
(d) Model 4.
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Pushover capacity is clearly closer to the force-based dynamic envelope, in terms of stiffness,
displacement and force capacity. Pushover force capacity is overestimated in Models 2,3 of
about 40%, while in case of Model 4 pushover capacity overestimates initial stiffness and
maximum force. A difference of 50% in terms of maximum force is obtained in this latter case.
The high nonlinearity of the problem causes the displacement-based envelope curves to be very
different from force-based curves. This is visible since the initial increments and is present in

every model configuration.

Figure 4.22 shows the damage pattern of all model configurations at the peak force under the
final 10% g earthquake. It seems evident that most of the damage is concentrated to wall-to-
wall (WW) structural connections, regardless of the WD connection type. This is a clear index of
possible formation of OOP mechanisms of the walls. The better quality of WD connection,
however, increases the restraint level of W_X_1 wall, leading to a more distributed damage
pattern as better shown in model 4 (Figure 4.22d). Damage is also localized at the corners of

the openings.

With the aim of better understanding the damage history, it is possible to analyse the damage
increment for every dynamic increment step, for each model (Figure 4.23). Model 1 shows a
severe damage level even after the first 2.5% g increment. The rest of the model configurations
undergoes moderate cracks after the 5.0% g increment. 7.5% g increment is likely to be the
one responsible of partial collapses of walls portions regardless of the WD connection. Finally,
the damage pattern obtained under 10.0% g increment is typical of ultimate limit state where
the main failure mechanism is mainly associated to the OOP of the walls rather than the IP of
transversal walls. Indeed, even if a perfect link at wall-diaphragm interface, the building is not
able to perform as a well-connected box, probably because of the peculiarity of the geometry

taken into account.
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behavior especially at the lower stage of the IDA, while Model 3 depicts a stiffer behavior

The influence of WD connection quality is studied here in terms of force-based capacity and
displacement time-history (Figure 4.24). A clear increase in terms of initial stiffness and peak
and strengthened models, respectively, with nonlinear WD connections) show a quite similar
similar trend to model 3 curve, the former reaches 37% higher strength.

reaching slightly higher strength peak. Similarly to pushover results

boundaries of the connection configurations,
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Figure 4.23 Incremental damage in terms of principal tensile strains at the peak capacity of every
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Figure 4.24 Influence of WD connection quality in terms of (a) dynamic force-based capacity and (b)
displacement time-history.

It is worth noting that the lower constraint level at the diaphragm-to-wall interfaces leads to
higher displacement peaks, index of possible wall OOP overturning. The displacement time-
histories under ultimate 10% g earthquake are shown for N_X_1_1 node representing the mid-
span OOP displacement at the top of W_X_1 facade. Every model, apart from Model 4, shows
a clear residual displacement at the end of the analysis, due to the strong damage level under

peak acceleration.

The dynamic effects of nonlinear WD connections are here analysed in terms of force-slip
curves. These curves are constructed directly reading the forces and deformations into the

ZerolLength elements (see Section 3.3).

WD_4_ba_i and j connections undergo higher level of relative beam-to-wall displacement and
force for both Models 2 and 3 (Figure 4.25). Even though connections exhibit a substantial
symmetric behavior for Model 2 response (Figure 4.25a,b), this is not true for Model 4 (Figure
4.25c,d), where WE_4_b5a_i connection results in a higher peak force in compression (over

200 kN).
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Figure 4.25 Nonlinear WD connections Force-Slip hysteresis after dynamic analyses. (a) (b) Model 2,
(c), (d) Model 3.

It can be noted how the WD connection is characterized by moderate nonlinear behavior even
for low stress levels. This is given by the very low elastic limit set for the definition of Pinching4
hysteretical model and can be justified by the experimental evidences where unloading

branches have higher slope with respect to reloading branches, even at lower forces.

Figure 4.26 demonstrates that the connection pull-out behavior (in tension) is basically
symmetric in both beam sides for Model 2, whereas there is a slightly different behavior in

Model 3, even if the same peak force and slip are obtained in the direction of interest.

20

Force (kN)
Force (kN)

o & B L o v &~ o
—

'
[=1

'
(S

Slip (mm) Slip (mm)
(a) (b)
Figure 4.26 WD_4_5a connection hysteresis at both beam ends. (a) Model 2 (b) Model 3.

The influence of WD connection is shown in terms of total energy, simply computed as the area
within the force-slip hysteresis, for the solely WD_4_5a_i connection (Figure 4.27). The
comparison between models 3 and 4 connection shows that the total energy is higher in model
3 only at lower cumulative slip. The considerably higher cumulative slip obtained in model 2

corresponds to higher total energy involved during the hysteresis (Figure 4.27b).
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Figure 4.27 Influence of WD connection in terms of (a) force-slip hysteresis; and (b) total energy at the
wall-diaphragm interface: WD_4_5a_i connection.
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4.2 Local analysis: kinematic approach

Although global analysis is fundamental for the seismic capacity of the building as a whole,
URM buildings are vulnerable to the formation of cracks and subsequent activation of
dangerous local mechanisms, such as the out of plane (OOP) of entire walls or portions of
them, the corner masonry detachment, as well as other complex masonry assembly
mechanisms, particularly when WW and WD connections are poor, and should be detected with
priority. Moreover, even though advanced tools are available for accurate analysis of rather
large entire buildings, uncertainties given by poor information about material mechanical
properties and structural connections may lead to uncertain results, making the computational
effort not acceptable. On the other hand, the local analysis of the building, can be simply
carried out through limit analysis based on the virtual work principle (VWP), also known as
kinematic analysis, and can be easily performed on any worksheet to quickly gain important
information about the most vulnerable walls where local damage is more likely to occur. Such
an approach is recommended by the Italian code standards (C.S.LL.PP. 2019; DMI 2018) and
can be performed for rigid-like block behavior of the masonry walls. The method is based on

the following hypothesis:

e negligible masonry tensile strength;
e negligible sliding;

e infinite masonry compressive strength.

Such a method can consider the influence of eccentric overburden loads, asymmetric
geometries, possible roof thrusts and the presence of ties or anchors. Recently, the
contribution of frictional forces acting along the WW interface was considered (Casapulla et al.
2018). Furthermore, the seismic assessment should take into account the dynamic
amplification due to the formation of the hinge at a certain level of the building, thanks to the
recent development of floor spectra, included in the ltalian code standards on the bases of

research studies carried out by Degli Abbati et al. (Degli Abbati et al. 2018).

The geometry of the mechanism should be firstly assumed; secondly the seismic capacity can
be assessed in terms of force (that is linear kinematic analysis) or displacement (that is
nonlinear kinematic analysis, capable of evaluating the evolution of the horizontal force to
which the mechanism is progressively able to resist until loss of equilibrium). The force-based

verification is suggested for assessing both the Serviceability Limit State SLS (SLD in ltalian),
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and the Life-safety Limit State LLS, through linear kinematic analysis (simplified g-factor

approach), which is briefly summarized in the following steps:

1. Mechanism identification;

2. Evaluation of the load multiplier ay;

3. Evaluation of the spectral acceleration [capacity] ay;

4. Evaluation of the LLS peak acceleration [demand]:
4.1. Peak ground acceleration PGA(LLS); (Z = 0)
4.2. Peak floor acceleration PFA(Z); (Z +0)

5. Evaluation of the Acceleration Safety Factor ASF;

On the other hand, the seismic assessment of local mechanisms under the LLS, through

nonlinear kinematic analysis can be briefly summarized in the following steps:

1. Mechanism identification;

2. Evaluation of the evolution of the load multiplier with increasing displacement of a
control point o = a(d,);

3. Transformation of the a — d curve into the a — d capacity curve;

4. Evaluation of the Displacement Safety Factor DSF;

Linear and nonlinear kinematic analysis under the Life-safety Limit State (LLS) is applied here
to the 4-level URM building prototype, described in Section 4.1.1. Seismic parameters (Table
4.5) are assumed for a building located in Norcia (PG, ltaly), with Soil type B (Table 3.2.1V,
(DMI 2018)), topographical category T1 (Table 3.2.1ll, NTC2018)).

Table 4.5 Life-safety Limit State (LLS) seismic parameters for the reference building.

description symbol value  unit
return period RP 475 years
peak ground acceleration ag 0.255 g
spectral amplification factor Fy 2.376
spectral reference period T, 0.335 S
soil factor S 1.1358

Conventionally, failure mechanisms are selected based on experience gained from past
earthquakes and now available in several catalogues or based on the expertise of the analyst.
Many commercial softwares are also available performing optimization process in order to
select the most vulnerable mechanisms. It is important to point out that local analysis should
be performed prior to the global assessment, as also suggested by the Code (DMl 2018).

Possible failure modes, occurring at the external facades of the prototype building, are selected
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as few of the most likely to activate local collapse (Figure 4.28). Indeed, damage pattern after
pushover and nonlinear dynamic analyses performed for the most vulnerable direction (Figure
4.14 and Figure 4.22) show the high vulnerability of the building to local mechanisms
activation, especially regarding the OOP overturning of masonry facades. The quality of WD
connections influences both global and local analysis: by increasing the connection quality, the
global and the local seismic capacities increase as the local mechanisms develop with

restrained wall boundaries.

Mechanism ID

Figure 4.28 Selection of failure mechanisms for limit analysis.

Four different WD configurations (Figure 4.8, Section 4.1.3) with increasing quality are
assumed, similarly as previously done in FEM analysis. Models 2 and 3 are considered with
simply elastic-perfectly plastic WD connection behavior, based on the analytical formulations

illustrated in Section 3.2.

4.2.1 Linear kinematic analysis

This approach allows for the seismic assessment of local mechanisms directly computing the

seismic load multiplier ag (Equation C8.7.1.1, (C.S.LL.PP. 2019)):

o = Yh=1Pi8pyi — Xie1 Fi8pp + L
0 =
NP+ Qi)8pq,, 47

where P, denotes k" vertical gravity force, while Fj refers to the k' external (beneficial or

detrimental) force, L; is the total work done by internal forces, Qy is related to any gravity
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force not directly acting to the block but inducing a horizontal seismic force to it, as not acting
elsewhere. 6 terms are the virtual horizontal or vertical displacements of the corresponding
force. The virtual displacement 6 corresponding to the k" external force Fy is projected in
the same direction of the force and is positive if the contribution of the force is detrimental for
the mechanism. The evolution of the capacity curve is not necessary at this stage, allowing to
consider the nonlinearities using the equivalent building behavior factor g, usually assumed

equal to 2.

The load multiplier ay is also known as the collapse multiplier and is associated to the
minimum force necessary for the activation of the considered mechanism and can also be

computed by the rotational equilibrium around the horizontal base hinge:

Stabilizing Moment

(0 4 =
0 Destabilizing Moment 4.8

In the following calculations, self-weight terms are denoted with W, terms, Qg refer for
overburden loads, while Fj, denotes WD anchors, for the sake of clarity. Assuming the total
work done by internal forces equal to zero, the generalized load multiplier calculated for this

work reads:

o = Yh=1WiBwyk + Qu8oyi) — Xhey FiBrk
0=
Yo (Widw,, + Qidq,,) 49

Horizontal and vertical virtual displacements of a general point G; where the ith force is

applied, can be defined as:
8,i=yi6g; 8,;=x;8 410

where y; and x; are the vertical and the horizontal distance of the point from the pivot,
respectively (Figure 4.29), whereas g is the virtual rotation of the block. Given the beneficial

effect of the contribution of the anchor forces, &) < 0.
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>

Figure 4.29 Definition of virtual displacements for the application of virtual work principle.

The corresponding spectral acceleration is calculated in function of modal mass participation

factor e*, and of the Confidence Factor CF (Equation C8.7.1.8 (C.S.LL.PP. 2019)):

og

a =
0~ e*CF 411

2
ot = [ZR-a Widwyk + QuBoyi]
[XR=1 (Wi + QOI[ZR_ Wi 85 1 + Qi85 1] 412

For mechanisms taking place at the foundation level, the corresponding peak ground
acceleration demand PGA(LLS) can be directly obtained from the formulation of the elastic
ground response spectrum for zero period S,(T = 0) given in Equations 3.2.2 (DMI 2018),

depending on the site hazard, the soil factor S and reduced by the behavior factor g:

a,(LLS)S
PGA(LLS) = M
4.13
The Acceleration Safety Factor at the ground ASF, is finally computed:
capacit a
ASF . = [cap vl _ 0
9  [demand] PGA(LLS) 414

Alternatively, when the mechanism takes place at certain building levels, it is possible to resort
to the analytical simplified formulations of floor spectra (Equations C7.2.5+10 (C.S.LL.PP.
2019)). Floor spectra consider a combination of all significant modes for the mechanism under
study. The dynamic amplification depends on the dynamic properties of the whole structure
and on ground spectral acceleration computed for the building modal periods. Therefore,

modal analysis should be performed first.
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The Peak Floor Acceleration at a certain Z level is given by Equation 4.15 and corresponds to

the floor spectral value for zero period S,,(T = 0):

a,(Z
PFA(LLS) = +(Z)
q 4.15
where
2
az(Z) = Z (az,k(z))
4.16
in which a,,(Z) is the contribution of the k» mode to the peak floor acceleration:
a, (Z) = S.(Ty, Ek)lYklpkl\/(l +0.0004%2) 417

It is worth highlighting that subscript k denotes values referred to the building, rather than to
the mechanism. In Equation 4.17, S.(T}, &) is the elastic ground response spectrum,
evaluated for the equivalent period Tj, and equivalent viscous damping &, of the building.

Yi = % is the k» modal mass participation factor, in which n is the number of the floors,

whereas U, (Z) = Z/H is the value of the k» modal shape at height Z and located at the

coordinates of the mechanism under study.

The seismic assessment is finally performed computing the Acceleration Safety Factor at Z
level ASF;:

[capacity] a,

ASF; = =
Z ™ |demand] ~ PFA(LLS) 4.18

In general, when no information about modal properties of the building is available, it is
possible to estimate the first period of the building T; through simplified formulations.

NTC2018 currently suggests the following expression (Equation 7.3.6 (DMI 2018)):

T, = 2,/(d) 419

solely function of the maximum elastic displacement d (metres) at the top of the building
under seismic forces applied as horizontal forces. However, such a formulation needs the
definition of a model and the analysis to be performed, therefore it is possible to use the
previous formulation, still suggested by the corresponding Commentary to the code (Equation

C7.3.2):
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T, = 0.05H3/* 4.20

Allowing to estimate the first period of vibration based on the total height of the building H.
Unfortunately, URM buildings often present higher modes with significant modal participation

mass in the interested direction and this assumption should be done with care.

The load multiplier capable of activating the mechanism is firstly computed for possible
mechanisms highlighted in Figure 4.30 for all four models based on damage pattern obtained
from transient analysis in the four configurations. It must be noted that in case of no data by
global analysis, the adequate selection of possible mechanisms can be based on experiences,
or suggested by literature (such as (Milano et al. 2009)), as well as automatically generated by
more advanced algorithms (Grillanda, Valente, and Milani 2020). Many commercial softwares
are nowadays available and developed within BIM ideology, such as (sismica s.r.l. 2018;

Software 2021).

Notwithstanding the increasing quality of the connection, Models 2, 3 and 4 show similar out of
the plane mechanisms that are likely to occur. All mechanisms are characterized by the OOP of
entire walls or wall portions, encouraged by formation of vertical cracks especially at the WW
interfaces. Recalling the terminology adopted for walls names in Figure 4.9, the complete
absence of timber floor stiffness in Model 1 reveals the OOP vulnerability of the entire front
facade W_X_1 (Figure 4.30a) (Mechanism A). Similarly, in Models 2,3 and 4 the formation of
the hinge for the same facade is more likely to occur at a higher level. For this reasons,
Mechanism A is only considered to be significant for Model 1, thus not evaluated for the
remaining models. Mechanism B only considers the partial rotation of W_X_1 wall occurring at
2 floor level. Mechanism C is defined as the central masonry wall portion of W_X_1 facade
overturning around 2~ floor level hinge and likely to activate for vertical crack formation around
the openings. Mechanisms D and E are selected onto W_X_3a and W_X_3b external walls. The
former is the simple OOP overturning of the wall around the 2 floor level and for the entire
span defined by transversal walls, while the latter is a smaller portion defined up to the

openings.
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(c) Model 3, (d) Model 4.

phase.

(c)

Figure 4.30 Possible failure mechanisms after nonlinear dynamic analysis. (a) Model 1, (b) Model 2,

The timber beams are assumed to be infixed into masonry for 30 cm and the corresponding
the corner assuming no withdrawal due to masonry crashing. Considering the worst-case
scenario, internal walls are assessed only considering the stabilizing force of one-side timber
side working in compression. This can be justified by the complex dynamics of the system,

load is therefore assumed acting 15 cm from the internal surface. Base hinge is simply set at
Both the equivalent damping coefficient of the building €, and the damping coefficient of the

floor, that is that working in tension
possibly leading to wall tilting out-of
mechanism & are assumed equal to 5%.
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In general, it is possible to consider the nonlinearities of the whole building through increase of
equivalent damping coefficient &, and of the equivalent period T} of the main building. These
nonlinearities cause a reduction of the dynamic amplification at the floor level, reducing the
acceleration demand of the local mechanism. Indications given by the Commentary of the code
standard for masonry buildings recommend increment by about 50% <+ 100% of T} and
equivalent damping &, by about 10% =+ 20% (Section C8.7.1.2.1.4 (C.S.LL.PP. 2019)). Given
the aim of this work and for the sake of simplicity, the equivalent damping ratio is set to 5%,

while no increase in the equivalent period is considered, keeping the results on the safe side.

The seismic assessment of Mechanism A occurring at the foundation level of Model 1 (no

connections) is illustrated in Figure 4.31.
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Figure 4.31 Linear kinematic analysis of Mechanism A - Model 1 (no connections), under the LLS.
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Figure 4.32 Load multiplier computation of mechanisms B — model 1 (no connections) assuming
unavailable modal properties of the building.

The application of the same procedure is applied for the Mechanism B taking place at 7.5 m
from the base, thus considering amplified floor spectrum. Given the peculiarity of the
considered Model 1 (with no floor stiffness) kinematic analysis is performed considering two
possible circumstances: (i) unavailable modal properties of the building (Figure 4.32); (ii)
available modal properties of the building (Figure 4.33). When no modal analysis is performed,
only the contribution of the first mode is considered, and the first period is estimated as T; =
0.05H3% =0.37s . In this case the ASF, = 0.393 < 1 leading to a unverified safety
condition. On the other hand, modal analysis provides modal properties (Section 4.1.4),
assuming the contribution of the significant modes up to a cumulative modal participation
mass in the Y-direction Cum.My > 50%. Table 4.6 summarizes the modal properties of
Model 1 in terms of period, percentage of the modal participation mass and percentage of the

cumulative modal participation mass.

Table 4.6 Modal properties in the interested Y direction of Model 1.
Mode T[s] My[%] Cum.My[%]

1 1.063 9.7 9.7
5 0.413 25.8 37.7
11 0.25 11.0 55.3

According to Table 4.6, the contribution of three modes should be taken into account. Indeed,

considering only the first mode would give trivial results as representing less than 10% of the
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modal mass in the direction under study. The corresponding floor spectrum is therefore
obtained through the combination of the contribution of each mode through Equation C7.2.5

(Figure 4.33):

Sex(T%2) = j Y (Seza(T 8 2))

4.21
where
SeZ,k(T! z» Z)
( 1.15,n(®az . (2)
T 16 (T < aTk)
-0.5 _ -
1+[1.18°5n(®) - 1] (1 aTk)
=1 115" n(®) az,(2) (aT) < T < bT})
1.15.**n(®)az,(2)
T 1.2 (T = Tk)
-0.5
| 1+ (115> 0() - 1] (b—Tk— 1)
4.22
s Acceleration Response Spectra
Se(T)
A A [capacity]
4r O PFA (LLS) [demand] 5
=== 1™ mode contribution ,(2) = .k(Z)) =1.18
@3 == =5" mode contribution || ¢ Z (a * ) 7
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e ~ S (T
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Figure 4.33 Linear kinematic analysis through amplified spectrum obtained after combination of
significant modes: Mechanism B, Model 1.

The damping coefficient is assumed &, = 5% for each considered mode (k=1,5,11).

This latter method results to a corresponding acceleration safety factor ASF, = 0.162 < 1,
which is about 60% less than the safety factor obtained based on the first mode only, thus
revealing that it is extremely important to account for higher modes when modal participation
mass of the first mode is not sufficient to reach significant values. Therefore, in Model 1 all
mechanisms occurring at higher level are assessed through the combination of the significant
modes 1,5 and 11. Given the modal properties of Models 2,3, and 4, however, the first mode

is assumed sufficient for a correct estimation of seismic demand. Furthermore, the latter
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models are evaluated considering a value of the first period estimated with the simplified
formulation T; = 0.05H3/* = 0.37s, rather than using the modal analysis results (not always

available).

The main results of the LLS seismic assessment of all selected mechanisms are summarized in
Table 4.7, where the high vulnerability of each mechanism is demonstrated by the low values
of safety factors obtained, especially for those corresponding to higher level (about —65%

less).

Table 4.7 Life-safety Limit State (LLS) seismic assessment of local mechanisms through linear
kinematic analysis: Model 1.

PGA(LLS) or
Mechanism oy [—] ao[g]l PFA(LLS)[g] ASF[-]

A (base) 0.048 0.062 0.108 0.423
B (floor) 0.076  0.095 0.588 0.162
C (floor) 0.078 0.098 0.588 0.166
D (floor) 0.0688 0.085 0.588 0.145
E (floor) 0.070  0.087 0.588 0.148

The influence of any horizontal restraint (such as steel tie rods, or WD anchors) can be
included in the linear kinematic procedure through T} terms in the computation of the load
multiplier oy (Equation 4.9). In this case the load multiplier ag can be considered as the
collapse load multiplier, rather than the load multiplier necessary for the activation of the
selected mechanism. Usually, Equation 4.9 can be inverted in order to evaluate the minimum
design force necessary to avoid the wall collapse under a given seismic intensity. Seismic
assessment of masonry walls restrained by existing anchors under LLS, can be carried out

assuming the WD anchor force equal to:

Tmax = anu 4.23

where n, is the number of beams taking part to the mechanism, while F, is the maximum WD
anchor resistance. For models 2 and 3 the maximum force is related to the ultimate force of
the bilinear curves (Table 3.3 and Table 3.4), whereas, assuming a very good quality of
connection in Model 4, the horizontal force can be related to the axial beam strength in

tension:

Fror = Apfrok 4.24
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where A, is the beam cross section, and f; oy is the timber strength stress parallel to the

grain. Table 4.8 summarizes the values of maximum force assumed for each Model

configuration depending on the quality of the connection.

Table 4.8 Maximum values of WD connection force used for linear kinematic analysis for each Model

configuration.
Model 1 Model 2 Model 3 Model 4
connection quality poor unstrengthened strengthened perfect connection
F, 0.0 KN 4.3 kN 72.8 kN 1081.6 kN

The calculus of the load multiplier and the corresponding seismic assessment of Mechanism B

in Model 2 are shown in Figure 4.32.
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Figure 4.34 Load multiplier computation of Mechanisms B — Model 2 (unstrengthened connections).

The same procedure is applied for all remaining mechanisms and models, and results are
collected in Table 4.9. The vulnerability of the selected mechanisms clearly decreases with
increasing of the connection quality. Moreover, the beneficial influence of the WD connection is
visible even for poor existing connection (simulated through Model 2). Moreover, Models 3 and
4 results in very high safety factors, highlighting the beneficial effect of strengthening

solutions.
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Table 4.9 Life-safety Limit State (LLS) seismic assessment of local mechanisms through linear
kinematic analysis: Models 2,3, 4.

Mechanism oy [—] aqlgl PFA(LLS)[g] ASF[-]

B 0.364  0.453 0.242 1.874
C 0.352  0.442 0.242 1.829
Model 2
D 0.360 0.446 0.242 1.846
E 0.266  0.326 0.242 1.347
B 4942  6.159 0.242 25.463
C 4.723  5.935 0.242 24.540
Model 3 D 5.002 6.199 0.242 25.633
E 3419 4.190 0.242 17.324
B 72.361 90.18 0.242 372.86
C 69.090 86.832 0.242 359.017
Model 4 D 73.356 90.928 0.242 375.953
E 49.858 61.099 0.242 252.621

4.2.2 Nonlinear kinematic analysis

The analysis of the mechanism can be assessed through a displacement-based procedure
through nonlinear pseudo-static analysis, that is nonlinear kinematic approach. In this case the
load multiplier a (Equation 4.9) should be evaluated for initial and varied configurations, too.
Indeed, the a — d. curve should properly represent the evolution of the mechanism, described
by the displacement d. of a freely defined control point C. Generally, a decreases

progressively up to null value in correspondence with the ultimate displacement d.

Once the reactive force-displacement curve (similar to the pushover curve) is obtained, the
“capacity curve” of the local mechanism should be determined, referring to the equivalent
SDOF system response. The corresponding acceleration-displacement curve a = a(d) is then
obtained from Equations 4.25 and 4.26.

a= a(dc) g
"~ e*CF 4.25

Yhei(Wi + Q)85 gk
cx 2k=1(Pr + Qi)8poxk 4.26

d:dcs

where 8, is the horizontal virtual displacement of the control point evaluated starting from the
initial undeformed configuration. Similarly, dpgy x is the horizontal virtual displacement of the
ke force (Equation 4.10). The initial branch of the previously defined capacity curve is basically
vertical, based on the assumption of a rigid block perfectly connected until the activation of the

mechanism.
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To proceed with the seismic assessment of local mechanism in terms of performance, it is
necessary to properly create the response spectrum. As previously done for the linear
kinematic analysis (for which only the peak floor acceleration is necessary), the dynamic
amplification given by mechanisms occurring at higher levels of the building can be taken into
account through proper floor spectra. The seismic safety check under LLS is performed
comparing the displacement capacity d; ;s to the displacement demand S, (T} .s) defined as
the response spectral displacement corresponding to the period equivalent to the considered
limit state T, (secant period). The corresponding Displacement Safety Factor DSF reads:

dis

DSF =
Sp (TLLS) 4.27

where the LLS equivalent period is defined by Equation [C.8.7.1.10] (C.S.LL.PP. 2019):

TLLS =1.68n

4.28

The latter formulation results an updated formulation of the previous NTC2008 (DMI 2008) and
is based on the Modified Acceleration-Displacement Response Spectrum method (MADRS),
where the secant period through which the displacement demand is computed, is the
intersection between capacity and overdamped spectrum, reduced by a proper reduction
factor. This allows to consider the equivalent linear system not to vibrate over the period
corresponding to the maximum displacement but to a reduced displacement, avoiding too
conservative results. The OOP response is usually characterized by a reduction factor equal to
0.8, similarly as adopted by New Zealand Standard (NZSEE 2015), thus leading to the general

formulation of the secant period for a given limit state:

TLS =27

4.29

Usually, the capacity curve (a = a(d)) is linearly decreasing (Figure 4.35) and the ultimate

displacement capacity at the LLS is
dLLS = 04‘d0 4.30

It is possible to substitute Equation 4.30 into Equation 4.29 obtaining the proposed
formulation given in the code (Equation 4.28) (see Figure 4.35).
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Figure 4.35 Formulation of the LLS secant period for simple overturning mechanism of free-standing
walls.

dLLS

aprs

When horizontal restraints are present, acting as beneficial resisting forces within the evolution
of the mechanism, the capacity curve varies and it is commonly influenced by the increased
stiffness and strength given by the tie or anchor, as well as by the increased ductility. The a —
d OOP capacity curve of a simple wall restrained by a steel tie rod on top is shown in Figure
4.36 for the matter of clarity. The ultimate displacement capacity d;;s is defined as the

minimum among:

o 0.4dy;
e Displacement corresponding to the failure of the possible restraint (tie, WD

connections, etc.).

In cases where the response spectrum is based on site accelerograms (recorded by seismic
stations and sensors) possibly giving the corresponding displacement response spectrum which
is not necessarily increasing with increasing period T, the displacement demand of the
mechanism under study under the LLS should be defined as the maximum value of the

spectral displacement evaluated for periods within the interval [Ty, Ty.s].
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Figure 4.36 Capacity curve and secant period definition for masonry wall restrained by elasto-plastic
tie-rod.

When the mechanism takes place at the foundation level, the seismic demand is directly
retrieved by the elastic displacement spectrum Sp.(T) (§ 3.2.3.2.3 (DMI 2018)) calculated for

the characteristics values of the period of corresponding limit state.

On the other hand, when the mechanism takes place at higher levels Z, amplified displacement
floor spectra should be considered, obtained by acceleration floor spectra (Equation 4.21)
multiplied by a factor of T?/4m?. Generally, the first significant mode for the considered

mechanism should be sufficient for the computation of the corresponding floor spectrum.

Commonly for the LLS, assuming an increasing displacement spectrum with increasing period

T, the seismic demand in terms of displacement reads:

T? b2T? |
SD(LLS) = SeZ(TLLS: E; Z) ﬁ (2 SeZ(Tl' Er Z) ?211 if TLLS > le) 4.31

The energy dissipation effects due to whole building nonlinearities, and due to the local
mechanism nonlinearities, should be properly considered for adequate computation of the
displacement seismic demand at the ultimate limit state. Indeed, the equivalent damping of the

mechanism under the LLS can be generally assumed as § = 8%.

Considering that the aim of this work is to study the influence of the connection over the global
or local seismic analysis of a URM building, the most vulnerable mechanism in terms of ASF
resulting from linear kinematic analysis (Section 4.2.1) of each model configuration is selected

here in order to be assessed through the nonlinear kinematic method.
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Figure 4.37 Elasto-plastic WD connections in Models 2 and 3 (Model 4 excluded for clarity): (a) force-
displacement curves, (b) bilinear parameters (including Model 4).

Recalling that Model 1 simulates very poor WD connections, the corresponding mechanism is
basically a free-standing block. Models 2 and 3 are characterized by elastic-perfectly plastic
behavior (Figure 4.37), defined in Section 3.2 on available experimental bases and
representing existing unstrengthened and strengthened WD connections, respectively. Model 4
simulates a very good connection and the WD Force-Slip behavior is associated to the axial
stiffness and strength of the beams. The ultimate displacement coincides with the elastic

displacement in this case, simulating the fragile rupture of the beam.

According to Table 4.7 and Table 4.9 one of the most vulnerable mechanisms among the
performed selection is Mechanism E for each model. Indeed, in Model 1, both Mechanisms D
and E have very similar safety factor, whereas Mechanism E is clearly the most vulnerable with
respect to the other mechanisms, and for any model. It must be noted as only Model 1 (absent
connections) results in highly vulnerable mechanism, reaching ASF < 1, while this is over the

unity for the restrained models.

Nonlinear kinematic analysis is applied on Mechanism E for every model configuration. Given
the mechanism taking place over the 2 level, the corresponding floor spectrum is computed
and the safety assessment check is performed both using the elastic spectrum and the floor
spectrum (Figure 4.38). The first period of vibration T; is assumed based on the simplified

formulation 4.22, while the control point d. is assumed at the top of the building.
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Figure 4.38 (a) Ground and floor spectra in terms of acceleration and displacement; (b) geometry of
the local mechanism and corresponding forces: Mechanism 4.

Results are graphically reported in Figure 4.39,Figure 4.40, Figure 4.41, and Figure 4.42,
comparing side-by-side the safety assessment according to the elastic spectrum (a) and

according to the floor spectrum (b) in M-ADRS format.
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Figure 4.39 Nonlinear kinematic analysis of Mechanism E, Model 1 (no connections): (a) ground
response spectrum ,(b) floor response spectrum. M-ADRS format.
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Figure 4.40 Nonlinear kinematic analysis of Mechanism E, Model 2 (unstrengthened connections). (a)
ground response spectrum; (b) floor response spectrum. M-ADRS format.
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Figure 4.41 Nonlinear kinematic analysis of Mechanism E, Model 3 (strengthened connections). (a)
ground response spectrum; (b) floor response spectrum. M-ADRS format.
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Figure 4.42 Nonlinear kinematic analysis of Mechanism E, Model 4 (perfect connections). (a) ground

response spectrum, (b) floor response spectrum. M-ADRS format.
Furthermore, the capacity curves a = a(d) obtained for each model configuration are
compared in Figure 4.43. Even though all capacity curves are shown for the complete evolution
of the mechanism, from the undeformed configuration until zero value of acceleration, these

should be interrupted when an abrupt change (>50%) in terms of acceleration occurs.
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Figure 4.43 Capacity curves of Mechanism E computed for each model configuration. (a) complete
curves, (b) zoomed curves.
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Results in terms of displacement capacity and displacement demand, as well as displacement
safety factors are summarized in Table 4.10, calculated for both ground and floor spectra. The
overall behavior of the connection improves if the quality of the connection improves. In
particular, both Models 1 and 2 result to have vulnerable mechanisms, whereas for the
strengthened configuration of Model 3, the safety factors are over the unity, reaching very high
safety factors in case of Model 4, where the behavior is controlled by the highly stiff and

resistant timber beam in tension.

Table 4.10 Life-safety Limit State (LLS) seismic assessment of local Mechanism E through non linear
kinematic analysis: Models 1,2,3,4. DSF: Displacement Safety Factor.

Model dj;s [cm] Spe(Tyys) [cm]  Spez(Tyys) [cm] DSFg[—| DSF;[—]

1 12.80 18.37 12.52 0.70 1.02
2 0.24 0.87 2.06 0.53 0.22
3 1.09 0.15 0.21 7.06 5.24
4 1.11 0.014 0.0104 106.26  79.37

The importance of performing the safety assessment according to the ground response
spectrum even for local mechanisms taking place at a certain level, is highlighted for Models 1,
where DSF, < DSF,. Basically, accounting for the amplified demand spectrum not always leads
to conservative results, especially for long secant periods resulting to high levels of
displacements. However, given the lower values of DSF, for the rest of the models, floor

spectra lead to amplified demand and corresponding reduced seismic factor, as expected.

The capacity curve of Model 1 (Figure 4.39a) is the conventional bilinear rigid-linearly
decreasing curve characteristic for free-standing walls. When the WD connection stiffness and
strength increase, the capacity of the corresponding mechanism is characterized by an initial
linear elastic branch, with successive post-elastic phase until the failure of the connection on

the 4 level occurs (Figure 4.43).

Results of safety factors obtained for Model 4 suggest that when a very good WD connection is
assumed, the OOP mechanism of the restrained wall is not of primary importance, and global
mechanisms should be further be analysed. Furthermore, the selection of more realistic
mechanisms accounting for horizontal restraints along the height should also be considered as
more likely to occur, in this case. It must be noted, however, that such a complex mechanisms

usually leads to higher seismic load multiplier and should not be of concern.

When a performance-based procedure is adopted, results may highly differ from those obtained

by force-based simplified methods. Indeed, based on nonlinear kinematic analysis, not only the
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safety requirements are not fulfilled by Model 2 (Table 4.10), but this is even more vulnerable
than Model 1. Such a result highlights the importance of properly accounting for nonlinear WD
connections in the seismic assessment of local mechanisms, as this is not possible using
linear kinematic analysis (possibly leading to underestimated results). Indeed, the ASF
computed for Mechanism E is > 1 for Model 2 (Table 4.9), while DSF < 1. The higher level of
local mechanism vulnerability of Model 2 with respect to Model 1 can be justified by the

definition of the displacement capacity as the minimum among 0.4d, and dfqipre (abrupt

decrease of resistance), when the horizontal restraint is considered. Commonly, the
displacement corresponding to the failure of the anchor is << 0.4d_0, thus the displacement

capacity is highly reduced with respect to the free-standing configuration.

4.3 Local analysis: rocking approach
4.3.1 Introduction

The seismic vulnerability of OOP masonry walls can be investigated through the rocking
analysis, allowing for dynamic nonlinear time-history analysis of rigid blocks tilting at the base.
Such a methodology requires the mechanism to be defined a-priori and is aligned with the
kinematic approach, presented in Section 4.2 and widely spread among the research
community and practitioners. The rocking analysis can be seen, in fact, as the natural
improvement of the pseudo-static methodology as allows to account for complex dynamic
effects, even when the maximum static capacity is attained. In the pioneering Housner’s work

(1963) rocking analysis was first systematized:
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Figure 4.44 Free-standing (a); restrained rocking block (c). Elasto-plastic constitutive model assumed
for the steel-tie rod.

o]

Sliding and bouncing are commonly neglected, justified by experimental evidences (Lipscombe

and Pellegrino 1993) for sufficiently slender blocks (i.e. s/H = 5), being s and H the wall
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thickness and height, respectively. Moreover, the energy is dissipated through a coefficient of

restitution, solely function of the block geometry, ey = 1 — %sinz(a), where @ = tan™1s /H,

valid for slender blocks Figure 4.44. The velocity reduction factor was experimentally calibrated
to be about 90 % ey for unreinforced masonry walls in one-sided motion (Sorrentino, AlShawa,

and Decanini 2011).

Recently, the equation of motion was improved in order to account for different restraints and
boundary conditions, such as the presence of horizontal diaphragms (Giresini and Sassu
2017), transverse walls, roof thrusts (Giresini et al. 2016) steel tie-rods (Mauro, de Felice, and
DeJong 2015) or tendons (Aghagholizadeh and Makris 2018) and dissipative devices
(Dimitrakopoulos and DeJong 2012; Giresini et al. 2021; Solarino, Giresini, and Oliveira 2020).

The influence of the horizontal restraints on the rocking motion mainly depends on their
ultimate elongation and strength. Moreover, if one deals with historical anchors, the
mechanical properties can be scattered, as shown by Calderini et al. (Calderini et al. 2016),

mainly for tie-rods.

The tie-rods strongly reduce the mean values of maxima amplitude rotations, as demonstrated
by Casapulla and Argiento (Casapulla and Argiento 2016) even for kinematic analysis. The
effect of the change of aspect ratio of two walls of the same size was shown to be negligible for
tied walls (AlShawa et al. 2019). The same occurred for walls restrained by tie-rods at different
heights; the overall effect of tie-rod length (normalized to the wall thickness and variable
between 4 and 20) as well as the normalized prestress (between 0 and 0.6) is limited. As for
the influence of mechanical properties, the role of the elastic modulus and of the axial stiffness
appeared to be negligible. The yielding strength is the most relevant parameter that influences

the response, besides the brittle or ductile behavior of the tie-rod.

Although several studies are available in literature on the behavior of rocking masonry walls
restrained by steel ties, possibly modelled as elasto-plastic, there is a lack of information about
the influence of WD connections. The latter horizontal restraints can be simulated in a very

similar way and the main outcomes obtained for steel tie rods can still be valid.

Based on this perspective and given the recent advances in high level programming language,
this Section examines the influence of WD connections on the dynamic stability of restrained
rocking walls simulating rigid-like OOP mechanisms. Actually, the recent Code Standard (DMI

2018) allows the seismic vulnerability assessment of local mechanisms through advanced
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computational tools, capable of simulating the activation of the mechanism and the dynamic
response of the structure, such as macro-element and discrete-element approaches. Moreover,
the mechanism can be also modelled as the group of rigid blocks constituting the kinematic
chain and characterized by the same capacity curve described in Section 0. It is important to
point out that the dynamic response of the mechanism is very sensitive to the selected
accelerograms, thus the number of earthquakes should be sufficiently high (usually higher than
those used for global dynamic analysis of buildings). A combination of natural accelerograms
compatible to the response spectrum in terms of acceleration, using recording databases. The
safety assessment after dynamic nonlinear analysis on the Life-safety Limit State can be
performed by simply checking the maximum displacement attained by the wall with the
ultimate displacement d, after which the equilibrium is loss. Moreover, the average of maxima

displacements should be less than 0.4 d,.

The influence of WD connection in the dynamic stability of Mechanism 4 previously analysed in

Section 0 is studied here through non-linear transient analyses.
4.3.2 Dynamics of rigid blocks

Based on the leading formulation originally conceived by Housner (1963), the equation of

motion of laterally restrained rigid blocks tilting around the base corners reads (Figure 4.44b):
1,0 + sgn(0)mgR sindg + T, + T, = miiyR cosAg 432

The term in the right-hand side refers to the seismic excitation mai,, which is the seismic

effective force applied to the block of size R and slenderness a (tan~1(s/H)). The argument

of the cosine is:

Ag = a —sgn(0) 4.33
The first term in the left-hand side of Equation 4.32 refers to the inertia force (I, = 4/3 m R?,
polar inertia moment around the pivot point O), the second one relates to the self-weight m g

which acts as stabilizing term as long as the projection of the gravitational force falls into the

wall thickness.

The term T, of Equation 4.32 refers to the contribution given by the WD anchors, whose role is
modelled as individual elasto-plastic horizontal restraint only acting for outward rotations ( 6 >

0):
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T, = sgn(0)KB*R? cos A,p [sin a, — sin 4, 4| 434

in which K is the spring stiffness, A9 = ay —sgn(0) , where o, is a position angle
dependent on the position coefficient § = R;/R. Considering the axial stiffness of the beam
K, > K, the elongation strain € can only be that of the WD connection. The WD anchor

displacement depends on the rotation:
u; = R[sina, — sinA4,| 435

Considering Equation 4.35, the potential energy V stored by the WD connection is:

1 1
V=2K@u)?=>K[R(sina, - si nde)]’ 4.36

The derivation of the potential energy with respect to the variable © gives the elastic term T of
Equation 4.34:

vV
= [sgn(6)KR,(sina; — sinA,4)|R, cos A,

Tee =30 437

The modelling of elasto-plastic phases of the WD connection depends on the connection
elongation history or, equivalently, on its displacement from a reference value, 8;. Five cases
are distinguished as shown in Figure 4.44c: (1) from inactive to elastic, §; > 6,; (2) from
elastic to inactive, §; < 6,; (3) from elastic to plastic, §; > 8,,4x; (4) from plastic to elastic,

0t < Ommax; and () rupture, &; > §,,.

Once yielding is attained, the spring exerts the constant force F, . The term related to the tie

contribution is then:
T, = sgn(O)Fth CosA; g 438

In summary, the complete equation of motion is given in Equation 4.32, where the T; term
assumes either the value expressed in Equation 4.37 or that of Equation 4.38. Alternatively,

one of the two terms Ty, and T, is recalled by the code through a specific subroutine
depending on the actual value of the tie-rod displacement &;.
The integration of the equation of motion is performed through a Matlab (MathWorks 2016)

script through the ODEA45, that is a built-in ordinary differential equation solver capable of

solving nonstiff differential equation of medium order method.
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The WD connection influence can be controlled through the following parameters: stiffness,

yielding, ductility and strength associated to it.

T, has a similar meaning but refers to the lateral walls modelled as elastic spring bed. Its
contribution is different from zero only for inward rotations (spring bed in compression, Figure
4.44Db). T, is function of the rotation angle 8, the stiffness of the spring bed K, , the effective
height of the spring bed h and the block thickness s (Giresini and Sassu 2017):

_ Bh Ch?
T, =sgn(@)K,h| A+ > + 3

4.39
where:
A =sgn(0)s*sin@cos O (1 — cos )
B = s(sin? 0 cos 6 — cos3 0 + cos? 09)
C = sgn(0) sin 0 cos? 0 4.40

The stiffness of the spring bed K; can be calculated as function of the horizontal elastic

modulus of masonry Ej, effective transverse wall length L.sr and transverse wall thickness t;

as illustrated in Giresini and Sassu (Giresini and Sassu 2017).

9
1
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Figure 4.45 Simplification of the mechanism geometry for rocking analysis.

Although the selected Mechanism 4 is not characterized by perfect symmetry with respect to
the vertical axis, the rocking analysis is carried out over a symmetric block, hypothesis justified
also by the floor timber beams supported on both sides, thus reducing eccentricity. Moreover,
previous studies showed that the influence of eccentric loads caused by overburden loads is

negligible with respect to the slenderness of the block, as well as its dimension (known as
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scale factor). Considering this simplification, the cross section is slightly adapted (Figure 4.37)

for the sake of a reduced computational effort.

When complex geometries are considered, and the mechanism basically consists of sub-blocks
(such as walls of different levels with different thickness values), one of the first steps is to
compute the moment of inertia of the whole geometry with respect to the axis of rotations, also
including possible floor masses, corresponding to the floor loads (self-weight + live load). The
moment of inertia of any solid can be directly computed using CAD softwares but when simple
geometries are considered (such as parallelepipeds) this can be calculated analytically. Once
the moment of inertia of each solid, about the centre of gravity, I¢y ; is given, the total moment
of inertia is simply given by the Huygens-Steiner’s Theorem:

i J

4

4.41

Where M; is the mass of the i*" solid, R; is the distance between the centre of gravity of the
it" solid and the rotation axis, while m; and R; are the j”‘ additional mass assumed lamped at
a distance R; from the rotation axis. Obviously, if vertical symmetry exists, Ip = I,/ and the

calculus of different radius vectors, as well as slenderness ratios is not necessary.

The analysed mechanism is assumed to be pre-activaved by the presence of vertical cracks.
Moreover, in consistence with hysteretic models already used for nonlinear dynamic analysis of
the global building, the behavior of the WD connection in compression is associated to the axial
compression stiffness of the timber beams, K omp = EpAp/Lp. In the same way as what done
in Section 4.2, only the effect of one floor side is considered, keeping the results on the safe

side.

Masonry masses M; are assumed located at the centre of gravity of the it" sub-block and the
location is simply defined by the it"radius vector R; and slenderness ratio a;. Equation 4.32

simply becomes:

1,60 + Z sgn(0)m; gR,sindg; + T, + T, = Z myitg Ry cosAg )
k k 4.42

Where the subscript k is extended to both it* self-weight masses, and jth overburden masses.
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4.3.3 Input selection
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Figure 4.46 Acceleration time-histories of the selected waveforms.

Within the aim of this work a selection of 7 natural accelerograms is performed assuming the
mechanism to be placed at the foundation level. The selection is carried out through Rexel
program (lervolino, Galasso, and Cosenza 2010) that allows to search for suites of waveforms,
from different databases, such as the European Strong-motion Database (ESD) (Ambraseys et
al. 2002), the ltalian Accelerometric Archive (ITACA) (D'Amico et al. 2020), or the world strong
motion database (SIMBAD) (Smerzini and Paolucci 2013) compatible to reference spectra
being either user-defined or automatically generated according to Eurocode 8 and ltalian
seismic code (DMI 2008). The analysis carried out by Rexel and the corresponding parameters
are shown in Figure 4.47. In particular, the accelerograms are selected and scaled in such a
way that the average spectrum, S, is compatible to the site-related elastic spectrum. This
compliance is such that, for a range of periods of interest [Ty, T,], the average spectrum is
within [70%S, < S,,, < 130%S.], where S, is the elastic target spectrum obtained for § =
5%.

The building is assumed located in Norcia (Perugia, Italy), on a B-site class, T1, topographic
category, 50 years nominal life, Il functional type. The 7 records refer to the LLS selecting as
significant periods of interests T = [0.2,1.0]s , according to the modal properties of the

building (see Section 4.1.4).
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In consistence with dynamic analysis performed over the global finite element model (Section
4.1.6), a reduced strong motion duration is considered as the period between 0.01% and 99%

of the total Arias intensity energy, I, (Equation 4.5).
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Figure 4.47 Selection of acceleration spectrum-compatible waveforms in Rexel V.3.5 (lervolino et al. 2010). (a) Graphical user interface, (b) waveforms
spectra.
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Figure 4.48 Main parameters of selected waveforms, directly obtained by Rexel (lervolino et al. 2010)
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4.3.4 Rocking analysis
Dynamic nonlinear analysis of the Mechanism E is carried out for each model configuration.

In case of Model 1 (no connections), given the absence of the connections, the masonry wall is
basically in free-standing configuration. The influence of the lateral walls can be studied
including (or not) the bed spring with stiffness equivalent to the size and the characteristics of
the transversal walls. The mechanism under study is assumed to be the OOP of W_x_3b wall
up to the end of the corner at the interface with lateral wall. Thus, the presence of the lateral
wall should be properly taken into account when the wall rotates inward. The lateral stiffness
can be assumed as K, = E;s/L.ss , where the masonry Young’s modulus can be assumed
E_L = 1187 MPa (in consistence with properties used in Section 4.1), s = 55 cm is the
average stiffness of the lateral wall, and L.sr = 300 cm is the effected length of the

transversal wall.

In order to better understand the influence of the lateral walls, both one-sided (presence of
lateral walls) and two-sided (absence of lateral walls) configurations are studied, solely for

Model 1. The coefficient of restitution is simply based on the analytical formulation proposed

by Housner (1963), only function of the geometry of the block (e = ey =1 — %sin2 o).

Results are shown in terms of normalized rotation time-histories (6(t)/a) in Figure 4.49 and
are collected in Table 4.11 in terms of maximum horizontal displacement of the centre of
gravity d;. The maximum displacement capacity of the block (relative the LLS) corresponds to
the rotation of the block that brings the centre of gravity vertically aligned with the pivot point

(thatis d; = d,). Furthermore, the averaged displacement is compared to 0.4d,,.
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Figure 4.49. Normalized rotation time-histories. Mechanism E, two-sided configuration, Model 1.
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Figure 4.50. Normalized rotation time-histories. Mechanism E, one-sided configuration, Model 1.
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Figure 4.50 reveals that not only the presence of the lateral walls leads to the increment of the
maximum rotation of the wall, but it also causes the overturning of the wall (3 cases over a
total of 7). Figure 4.51 shows the normalized rotation obtained for ITO014xa and ITO171xa
records highlighting the detrimental effect of transversal walls comparing the response to one-
sided configuration (presence of lateral walls) to that of two-sided configuration (free-standing
wall). This is likely to be due to the rebound effect of the wall rotating inward and impacting to
the transversal walls. Such an effect is only visible under dynamic analysis and impossible to

result under static (linear or nonlinear) analysis.

0.6
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——two-sided 1 One-S{ded
two-sided
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0 ~ 05
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= =
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-0.5F
202 . s s ‘ s s ‘
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(a) (b)
Figure 4.51. Influence of the presence of lateral walls in the dynamic analysis of free-standing walls.
(a) ITO014xa record, (b) ITO171xa record. Mechanism E, Model 1. One-sided. presence of lateral walls,
Two-sided. absence of lateral walls.

Given the above, the one-sided configuration is assumed for the remaining models as the one
leading to more conservative results and more realistic, based on knowledge gained from

previous seismic events.
Results in terms of maximum horizontal displacement of the centre of gravity dgmq, are

collected in Table 4.11 for Mechanism E in one-sided motion and for Model 1.

Table 4.11. Dynamic analysis of Mechanism E, Model 1 in terms of maximum horizontal displacement
of the centre of gravity.

Event dG,max (cm) dD/dG,max (')

ITOO14xa_record 16.75

ITO166xa_record 11.90

ITO171xa_record 300.00 overturning
ITO171ya_record 300.00 overturning
ITO789xa_record 300.00 overturning
ITO790ya_record 23.39

ITO792xa_record 7.94

(0.4 do)/d mean

mean 15.00 0.80
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The high vulnerability of masonry walls with no WD connections is confirmed by the dynamic
analysis showing three overturning cases out of the total seven cases. Moreover, the mean
value of the maximum displacement is less than 0.4d,, further demonstrating the condition

below the safety.

Dynamic analysis of restrained rigid blocks requires the definition of a hysteretic constitutive
model for the horizontal restraint. In consistence with nonlinear kinematic analysis (Section 0),
WD connection is defined by elasto-plastic behavior properly representing the quality of the
connection. Models 2 and 3 represent unstrengthened and strengthened connections,
respectively, simulated according to simplified bilinear curves performed in Section 3.2. The
unloading-reloading behavior is elastic, as defined in Section 4.3.2. Whereas Model 4
simulates a perfect connection, and its constitutive law is associated to the timber beam
stiffness, strength, and failure. However, given the high value of the ultimate resisting force of
the timber beam, it hardly fails, thus remaining within the elastic range. A detail of backbone

parameters defining the WD hysteresis curve for each model can be found in Section 0.

The normalized rotation TH is shown in Figure 4.52 and Figure 4.53 for each model
configuration, solely for ITOO14xa and ITO792xa records, respectively while the whole set of
responses is reported in Appendix 2. Here, the results are presented in two separate Figures
comparing models 1 and 2 (Figure 4.52a), while models 3 and 4 are compared in Figure
4.52b, for the matter of clarity. Indeed, the increased quality of the connection given by

models lead to strongly reduced rotations, thus a lower scale is necessary.

0.6 w ; 0.05 ; ‘
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ﬂ ——Model 2 0.04 - ——Model 4| 1
0.4+
3
3 0.2
0
: : : -0.01 : ‘ : :
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(a) (b)
Figure 4.52. Influence of WD connection quality on the normalized rotation TH. (a) Model 1 vs. Mode/
2 (b) Model 3 vs. Model 4. Mechanism E, ITO014xa_record.

Similarly, normalized rotation TH are shown for IT0792xa record in two separate Figures for

the sake of clarity. Although the overall beneficial effect of the connection is visible for models
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3 and 4, this is not true for Model 2 with respect to Modell: when poor connection is present,
the wall overturns, while the same block in free configuration is stable (Figure 4.53a). Thus,
the influence of the WD connection on the dynamic behavior of the OOP masonry wall does not

necessarily lead to safer results, especially if a poor strength and displacement capacity is

considered.
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(a) (b)
Figure 4.53. Influence of WD connection quality on the normalized rotation TH. (a) Model 1 vs. Model
2 (b) Model 3 vs. Model 4. Mechanism E, IT0792xa_record.

Figure 4.54 shows the WD connection normalized force TH obtained for models 2,3,4, and for
ITO792xa_record, whereas the corresponding connection hysteresis in terms of Force-Slip

curve, is shown in Figure 4.55.
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Figure 4.54. Influence of WD connection quality in terms of connection normalized force TH. (a) Mode/
2 (b) Model 3; (c) Model 4. Mechanism E, IT0792xa_record.
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Figure 4.55. Influence of WD connection quality in terms of connection force-slip hysteresis. (a) Mode/
2 (b) Model 3; (c) Model 4. Mechanism E, ITO792xa_record.

The output shown in Figure 4.55 is quite useful as it is capable of showing the evolution of the
nonlinear connection within the ground motion, highlighting the nonlinear events that define
the phase transition (see Figure 4.44). The WD connection undergoes rupture in Model 2, while

in Model 3 it goes over the elastic limit but does not fail. The strong restraining effect given by
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Model 4 make the WD connection to remain elastic and far from the yielding limit (<15%,

Figure 4.55c).

Furthermore, it must be noted that in reality the WD connection hardly behaves like Model 4,
and such a retrofit model can be costly and invasive for the existing building. Moreover, if such
a strong connection resistance is assumed, it is more likely that other failure modes occur
given by the high level of stress in the area of the connection. Even though the connection in
model 3 overcomes the elastic limit, this can still exploit its ductile capacities enabling a higher

energy dissipation during the hysteresis.

Results are summarized in Table 4.12 in terms of maximum displacement values, compared to

the corresponding LLS displacement capacity for seismic vulnerability assessment.

The overall behavior of the local mechanism under study increases if the quality of the
connection increases. The results obtained for Model 3 (strengthened connections)
demonstrates the benefit of the retrofitting solution reaching safety factors highly over the

unity. Moreover, additional strengthening (Model 4) may result unnecessary.
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Table 4.12. Seismic vulnerability assessment of Mechanism E through nonlinear dynamic analysis of

rigid blocks.
Model 1 Model 2

Event dg,max (€M) do/dg,max (-) | domax (em)  do/dg,max ()
ITO014xa_record 16.75 1.79 16.45 1.82
ITO166xa_record 11.90 2.52 0.43 68.97
ITO171xa_record 300.00 overturning 0.34 87.80
IT0O171ya_record 300.00 overturning 7.59 3.95
ITO789%a_record 300.00 gverturning 11.57 2.59
ITO790ya_record 23.39 1.28 300.00 overturning
ITO792xa_record 7.94 3.78 300.00 overturning

(0.4 do)/do,mean (0.4 do)/d mean
mean 15.00 080 | 7.8 1.65
Model 3 Model 4

Event dg,max (€M) do/dg,max (=) | domax (em)  do/dg,max (-)
ITOO14xa_record 1.23 24.44 0.21 143.75
ITO166xa_record 0.15 194.41 0.05 609.93
ITO171xa_record 0.13 233.02 0.04 739.65
ITO171ya_record 0.21 141.46 0.04 680.63
ITO789xa_record 5.03 5.97 0.39 76.85
ITO790ya_record 1.03 29.22 0.20 147.82
ITO792xa_record 1.91 15.68 0.35 54.55

(0.4 do)/do,mean (0.4 do)/de,mean

mean 1.38 8.67 | 0.21 56.53

4.4 Conclusive remarks

This chapter faced the seismic vulnerability of a benchmark 4-level building through global and
local analyses. The influence of the wall-to-horizontal diaphragm (WD) connection was studied
defining four different configurations: (Model 1) very poor; (Model 2) unstrengthened; (Model 3)
strengthened; and (Model 4) perfect connections. The methodology adopted included the
development of a finite element model capable of providing important information of the global
building in terms of modal properties, strength and displacement capacity, as well as damage
pattern. Model 1 is basically represented by a model with no floor stiffness and can be seen as
the lower bound model. The actual behavior should be represented by models 2 and 3, while
Model 4 is the reference upper bound model. Mass-proportional pushover analysis was carried
out showing that the overall building capacity increases in terms of force. The main differences
were obtained between Model 1 and 2 and between Model 3 and Model 4. Moreover, even if
the building strength increases, the ductility decreases from Model 1 to 3. Similar results are

confirmed by incremental dynamic analysis (IDA) performed for each configuration. The force
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displacement envelope based on maximum force was seen to be promising for the actual
capacity of the building, closely similar to pushover curves. The dynamic effects were studied
in this case in terms of force-slip hysteresis within the WD connections, allowing for the total
energy computation. Only the unstrengthened connection (Model 2) undergoes into the plastic
phase, while the strengthened connection basically remains elastic, thus allowing a lower

energy dissipation within the ground motion.

The influence of WD connections was also studied through the local assessment of OOP
masonry walls, mainly using two different approaches: (i) linear and nonlinear kinematic
analysis; (ii) dynamic analysis of rigid block (that is rocking analysis). Linear kinematic analysis
allowed for simple and quick force-based vulnerability assessment of the selected mechanisms.
Indeed, one of the crucial aspects is the prior selection of all possible failure mechanisms
likely to occur. The dynamic amplification and filtering effect of the seismic force, eventually
occurring at certain floor level, was considered constructing proper floor spectra, as suggested
by current Code Standards. URM buildings with poor connections resulted to be very sensitive
to period of vibration assumed for the definition of the corresponding floor spectrum. As a

result, the contribution of all significant modes of vibration should be taken into account

Results obtained both in terms of acceleration safety factor (ASF) and displacement safety
factor (DSF) demonstrate the high vulnerability of Model 1, and the high safety of Model 4,
actually at the extreme boundaries. Strengthening solution simulated through Model3 provided
the necessary reinforcement level meeting the requested safety condition. On the other hand,
poor WD connections hardly meet the safety standards, especially through nonlinear kinematic
approach. This was mainly caused by the low displacement capacity constrained by the low

ductility of the connection.

A more advanced method was also adopted capable of studying the dynamic stability of OOP
masonry walls, possibly including nonlinear WD connections. The study revealed the
importance of accounting for transversal walls as they can lead to higher displacement levels
and overturning of the wall. This can be due the rebound effect possibly caused at the wall-to-
wall interface. Besides the overall behavior improves when passing from Model 1 to Model 2,
the latter poorly performed, mainly because of the failure of the connection. The reinforcement

gained from Model 3 configuration was demonstrated in terms of maximum wall displacement
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and WD connection force, capable of resisting the seismic load without failing. The ductile

capacities of the connection were fundamental for a proper energy dissipation.
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CHAPTER 5

DESIGN PROCEDURE

Overview

In this final chapter, the main outcomes are used as the bases of the suggested design
procedure for the assessment and the design of WD seismic connections in existing historical

buildings.
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The seismic assessment of wall-to-horizontal diaphragm (WD) connections in historical
constructions is crucial for the evaluation of the current state of the building and the design of
the potential retrofitting solutions. This can be carried out mainly through a force-based or
displacement-based criteria. Besides the global analysis of the building is fundamental for the
overall capacity, this may be complex leading to high computational costs and uncertain
results. On the other hand, local analysis, based on the Virtual Work Principle, currently
suggested by the Italian Code is quick and simple, capable of gaining the safety index after
proper estimation of the capacity and of the demand. Such a procedure is currently spread
among practitioners and well known. Both linear and nonlinear kinematic approaches were also
validated by additional advanced nonlinear dynamic analysis of rigid blocks, leading to similar

results.

Based on the above and given the results obtained after the sensitivity study carried out in
Chapter 4 through different numerical approaches, a simple ready-to use design procedure is
suggested herein capable of performing the seismic assessment of WD connections in the

current state and in the possible retrofitted stage.

The procedure focuses on the axial pull-out capacity of masonry-to-timber beam connections,

common in historical URM constructions but it can be easily applied to a wider category.
The suggested procedure can be summarized in the following steps (Figure 5.1):

e Inspection and diagnosis of the current state of structural connections;

e Estimation of the pull-out strength and displacement capacity of the connection;

e Preliminary assessment of the current state of the building through linear or nonlinear
limit analysis;

e Preliminary design of the retrofitting solution;

e Estimation of the strengthened connection capacity;

e Assessment of the updated state through linear or nonlinear limit analysis;

e Optimization of the retrofitting solution;

Acquiring proper knowledge about the actual state of the structural connection is crucial for
setting the bases of subsequent analysis. Visual inspections are strongly recommended as
well as non-destructive or destructive tests, when possible. When in-situ tests are not

possible, similar samples can be tested in laboratory. Whereas, if no experimental data can
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be acquired, information available in literature and simple analytical formulations can be
useful for the estimation of the pull-out capacity of the connection. Depending on the type
of the connection, it is possible to identify the failure modes that are most likely to occur,

and the corresponding connection capacity can, than, be computed (see (Moreira 2015),

Section 6.4.2).
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Figure 5.1. Suggested design procedure for the seismic vulnerability assessment of WD connections in
historical constructions.
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Preliminary inspection of the current damage level and crack pattern of the building can also
give additional information about the wall failure modes that are most likely to occur. Once all
these information are available, the preliminary assessment of the local mechanisms with WD
connections in their current state can be caried out through linear kinematic analysis. If
nonlinear parameters of the connections are available, nonlinear kinematic analysis is

suggested, instead.

Therefore, the preliminary design of the WD connections strengthening solution can be
performed through available technologies and traditional or innovative solutions. One of the
most common solutions comprises the use of steel ties and anchors increasing the pull-out
capacity of the connections. The capacity of the strengthened solution can either be estimated
through simplified analytical formulations or based on literature, from data about similar
connections. Depending on the current quality of the connections, the number of strengthened
anchors may vary, being one anchor every 2, 3 or 4 joists, also depending on the timber joists

spacing.

Next, the assessment of the local mechanisms through limit analysis can be carried out in the
updated model. Again, if nonlinear properties of the connections can be evaluated, the seismic
vulnerability assessment can be carried out in terms of displacement (nonlinear kinematic

analysis) or acceleration (linear kinematic analysis).

Finally, an optimisation phase can be adopted in order to re-design the strengthened solution
or the number of anchors to be applied, in such a way to obtain a well-balanced solution in

terms of cost-benefit and avoid too conservative or too invasive retrofitting procedure.
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CHAPTER ©

CONCLUSIONS

Overview

This Chapter summarizes the main outcomes of the research work considering the models
proposed in Chapter 3 for the unstrengthened and strengthened connections. It also succinctly

discusses the original contributions of this research to the existing literature.
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In this thesis, the analysis of wall-to-horizontal diaphragm connections was carried out through
a comprehensive numerical study accounting for simplified and advanced strategies. A
thorough literature review about traditional and innovative wall-to-horizontal diaphragm (WD)
connections was of primary importance to set the bases for the interpretation of the numerical
campaign. Based on available experimental data on the axial pull-out capacity of WD
connections, simplified bilinear curves were developed, useful for being applied on numerical
models. A benchmark 4-storey building was analysed in terms of both global and local failure
modes. Given the low masonry tensile strength, the study was performed through nonlinear

static and nonlinear dynamic analyses.

The global capacity of the building is very sensitive to the quality of the connection. In
particular, the strength capacity increases with respect to poor existing connections if the
strengthened solution is applied. However, the ductility of the system may decrease, possibly
by the increased lateral stiffness and force levels acting on different structural components,

and reducing displacement capacity.

The global analysis of URM buildings accounting for WD connections was useful to obtain
important information about possible failure modes and the overall construction capacity.
However, it required high computational costs, and the results are highly sensitivity and
expertise of the analyst. Uncertainties may also rise about the material properties definition or

numerical issues.

Notwithstanding the increased global capacity of Model 4 (ideally perfect connections), its
overall damage pattern comprises vertical cracks along the wall-to-wall interface, still
highlighting the possible detachment of the main facade from the side-walls, and possibly

causing high displacement levels and consequent damage.

In general, if proper structural connections are assumed, the building performs like a box,
capable of transmitting seismic forces to lateral resisting walls. However, when the quality of
the connections decreases the box-type behavior fails and local mechanisms may be activated.
This effect is strongly influenced by long-spanning walls and by the irregularity of the building,
in which even the assumption of perfect WD connections may not guarantee the correct
seismic load distribution among the different structural elements. Proper strengthening
solution aiming at increasing the WD connection quality, lead the opposite walls to be tight

together, reducing relative displacements caused by the walls vibrating out of phase. Such a
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solution should always be combined with wall-to-wall strengthening, and, if necessary,

additional in-plane resisting wall capable of reducing the OOP wall free span.

Local analysis based on virtual work principle was carried out over the main failure
mechanisms of the reference building. The procedure allowed to calculate both acceleration
safety factors (ASF) and displacement safety factors (DSF) for the seismic vulnerability of OOP
walls including WD connections. Linear kinematic analysis was useful as preliminary
assessment of the wall in the current state, while nonlinear kinematic analysis revealed to be a
more accurate procedure capable of accounting for sound floor spectra in cases of
mechanisms taking place at the floor level. Such a procedure is further supported by nonlinear
dynamic analysis of rigid blocks (rocking analysis) useful for a better identification of the
dynamic effect during the oscillation of the walls. One of the limits of such an approach is
based on the prior definition of the mechanisms, but also on the rigid-like assumption of the
walls. This can also be the advantage of the methodology, as no masonry properties are

necessary to be defined for the analysis.

In summary, the OOP vulnerability of URM walls restrained by WD anchors highly decreases if
the quality of the connection increases. In particular, care must be taken in case of poor
existing connections, mainly based on friction, and engineered solutions should be accordingly
designed. Modeling strategies where connections are assumed perfect or absent may lead to
over- and under-estimated strength capacities, respectively, if compared to more realistic

cases, thus should be considered at the two boundaries.

A simple strengthening solution such as steel ties coupled with steel plates, bolted to the
timber joist/beam and anchored to the external wall seems to be a mini-invasive and well-

balanced cost-benefit solution within the required seismic safety conditions.

Based on this study about the seismic assessment of WD connections, a simple design
procedure was developed capable of assessing the actual state of the walls and the

corresponding upgraded state including the designed retrofitted solution.

The outcomes of this study set forth the bases for extending the research about WD
connections on different further scale levels and wider domains. A case-study application can
serve as proof of the suggested methodology, highlighting all the necessary steps and possible
issues. Automatic optimization procedures can be developed capable of auto-calibrate

hysteretic roles of pull-out experimental data, useful for application on appropriate numerical
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models. Experimental campaign about pull-out and pull-in (compression), as well as shear
behavior of WD connections can be useful for acquiring additional knowledge about the

connection capacity on the remaining degrees of freedom.
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Appendix 1 WD pinching4 model parameters

Table A 1 Pinching4 model parameters defining WD unstrengthened connection model.

Parameter Unit Values

Backbone coordinates

ePfl, ePf2, ePf3, ePf4 kN [0.04, 4.3, 4.301, 0.043]
ePd1, ePd2, ePd3, ePd4 mm [0.01, 4.0, 32.2, 33.2]

eNfl, eNf2, eNf3, eNf4 kN [-2.5,-100.0, -150.0, -200.0]
eNd1, eNd2, eNd3, eNd4 mm [[0.02,-0.74,-1.11, -1.48]

Hysteretic rules parameters

rDispP, rDispN - [0.1, 0.5]
rForceP, rForceN - [0.1, 0.1]
uForceP, uForceN - [0.01, 0.03]

Degradation parameters

gK1, gK2, gK3, gk4, gKLim
gD1, gD2, gD3, gD4, gDLim
gF1l, gF2, gF3, gF4, gFLim

[0.0, 0.0, 0.0, 0.0, 0.0]
[0.0, 0.0, 0.0, 0.0, 0.0]
[0.0, 0.0, 0.0, 0.0, 0.0]

gk - 10
dmgType - “energy”

Table A 2 Pinching4 model parameters defining WD strengthened connection model.
Parameter Unit Values
Backbone coordinates
ePfl, ePf2, ePf3, ePf4 kN [0.728, 728, 728.01, 0.728]
ePdl, ePd2, ePd3, ePd4 mm [0.052, 20.8, 76.77, 77.7]
eNfl, eNf2, eNf3, eNf4 kN [-2.5,-100.0, -150.0, -200.0]
eNd1, eNd2, eNd3, eNd4 mm [-0.02,-0.74,-1.11, -1.48]

Hysteretic rules parameters

rDispP, rDispN
rForceP, rForceN
uForceP, uForceN

[0.77, 0.5]
[0.067, 0.5]
[0.0001, 0.0001]

Degradation parameters

gK1, gK2, gk3, gk4, gKLim
gD1, gD2, gD3, gD4, gDLim
gF1, gF2, gF3, gF4, gFLim
Ge

dmgType

[0.0, 0.0, 0.0, 0.0, 0.0]
[0.0, 0.0, 0.0, 0.0, 0.0]
[0.0, 0.0, 0.0, 0.0, 0.0]
10

“energy”
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