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Summary

Post-earthquake structural damage shows that out-of-plane wall collapse is one of the most
prevalent failure mechanisms in unreinforced masonry (URM) buildings. This issue is
particularly critical in Groningen, a province located in the northern part of the Netherlands,
where low-intensity ground shaking has occurred since 1991 due to gas extraction. The
majority of buildings in this area are constructed using URM and were not designed to
withstand earthquakes, as the area had never been affected by tectonic seismic activity before.
Hence, the assessment of URM buildings in the Groningen province has become of high
relevance.

Out-of-plane failure mechanisms in brick masonry structures often stem from poor wall-
to-wall, wall-to-floor or wall-to-roof connections that provide insufficient restraint and
boundary conditions. Therefore, studying the mechanical behaviour of such connections is of
prime importance for understanding and preventing damages and collapses in URM structures.
Specifically, buildings with double-leaf cavity walls constitute a large portion of the building
stock in the Groningen area. The connections of the leaves in cavity walls, which consist of
metallic ties, are expected to play an important role. Regarding the wall-to-floor connections,
the traditional way for URM structures in Dutch construction practice is either a simple
masonry pocket connection or a hook anchor as-built connection, which are expected to be
vulnerable to out-of-plane excitation. However, until now, little research has been carried out
to characterise the seismic behaviour of connections between structural elements in traditional
Dutch construction practice.

This thesis investigates the seismic behaviour of two types of connections: wall-to-wall
connections between cavity wall leaves and wall-to-floor connections between the masonry
cavity wall and timber diaphragm, commonly found in traditional houses in the Groningen
area. The research is divided into three phases: (1) inventory of existing buildings and
connections in the Groningen area, (2) performance of experimental tests, and (3) proposal and
validation of numerical and mechanical models. The thesis explores the three phases as

follows:



(1) An inventory of connections within URM buildings in the Groningen area is
established. The inventory includes URM buildings of Groningen based on
construction material, lateral load-resisting system, floor system, number of storeys,
and connection details. Specific focus is given to the wall-to-wall and wall-to-floor
connections in each URM building. The thickness of cavity wall leaves, the air gap
between the leaves and the size and spacing of timber joists are key aspects of the
inventory.

(i1) Experimental tests are performed on the most common connection typologies identified
in the inventory. This phase consists of two distinct experimental campaigns:

o The first experimental campaign took place at the laboratory of the Delft
University of Technology to provide a comprehensive characterisation of the
axial behaviour of traditional metal tie connections in cavity walls. The
campaign included a wide range of variations, such as two embedment lengths,
four pre-compression levels, two different tie geometries, and five different
testing protocols, including both monotonic and cyclic loading. The
experimental results showed that the capacity of the wall tie connection is
strongly influenced by the embedment length and the tie geometry, whereas the
applied pre-compression and the loading rate do not have a significant
influence.

o The second experimental campaign has been carried out at the laboratory of the
Hanze University of Applied Sciences to characterise the seismic behaviour of
timber joist-masonry cavity wall connections, reproducing both as-built and
strengthened conditions. Twenty-two unreinforced masonry wallets were
tested, with different configurations, including two tie distributions, two pre-
compression levels, two different as-built connections, and two different
strengthening solutions. The experimental results highlighted the importance of
cohesion and friction between joist and masonry since the type of failure
mechanism (sliding of the joist or rocking failure of the masonry wallet)
depends on the value of these two parameters. Additionally, the interaction
between the joist and the wallet and the uplift of the latter activated due to
rocking led to an arching effect that increased friction at the interface between
the joist and the masonry. Consequently, the arching effect enhanced the force

capacity of the connection.
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(iii)Mechanical and numerical models are proposed and validated against the performed
experiments or other benchmarks. Mechanical and numerical models for the cavity wall
tie and mechanical models for the timber joist-masonry connections were developed
and verified by the experimental results to predict the failure mode and the strength
capacity of the examined connections in URM buildings.

o The mechanical model for the cavity wall tie connections considers six possible
failures, namely tie failure, cone break-out failure, pull-out failure, buckling
failure, piercing failure and punching failure. The mechanical model is able to
capture the mean peak force and the failure mode obtained from the tests. After
being calibrated against the available experiments, the proposed mechanical
model is used to predict the performance of untested configurations by means
of parametric analyses, including higher strength of mortar for calcium silicate
brick masonry, different cavity depth, different tie embedment depth, and the
use of solid bricks in place of perforated clay bricks.

o The results of the experimental campaign on cavity wall ties were also utilised
to calibrate a hysteretic numerical model representing the cyclic axial response
of cavity wall tie connections. The proposed model uses zero-length elements
implemented in OpenSees with the Pinching4 constitutive model to account for
the compression-tension cyclic behaviour of the ties. The numerical model is
able to capture important aspects of the tie response, such as strength
degradation, unloading stiffness degradation, and pinching behaviour. The
mechanical and numerical modelling approach can be easily adopted by
practitioner engineers seeking to model the wall ties more accurately when
assessing URM structures against earthquakes.

o The mechanical model of timber-masonry connections examines two different
failure modes: joist-sliding failure mode, including joist-to-wall interaction and
rocking failure mode due to joist movement. Both mechanical models have been
validated against the outcomes of the experimental campaigns conducted on the
corresponding connections. The mechanical model is able to estimate each
contribution of the studied mechanism. Structural engineers can use the
mechanical model to predict the capacity of the connection for the studied

failure modes.
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This research study can contribute to a better understanding of typical Groningen houses
in terms of identifying the most common connections used at wall-to-wall and wall-to-floor
connections in cavity walls, characterising the identified connections and proposing

mechanical models for the studied connections.
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Samenvatting

Constructieve schade na aardbevingen laat zien dat uit-het-vlak bezwijken van muren één van
de meest voorkomende faalmechanismen is in gebouwen van ongewapend metselwerk. Dit is
ook een urgente uitdaging in Groningen, een provincie in het noorden van Nederland, waar
sinds 1991 aardschokken van lage intensiteit voorkomen als gevolg van gaswinning.
Aangezien het gebied in het verleden nooit door tektonische aardbevingen werd getroffen
bestaat het merendeel van de gebouwen hier uit ongewapend metselwerk dat niet is ontworpen
om aardbevingen te weerstaan. Daarom is de beoordeling van bestaande metselwerkgebouwen
in de provincie Groningen van groot belang geworden.

Uit-het-vlak faalmechanismen in bakstenen metselwerkconstructies zijn vaak het gevolg
van slechte wand-wand, wand-vloer of wand-dak verbindingen waardoor met name slanke
wanden onvoldoende steun ervaren als gevolg van de zwakke randcondities. Daarom is
onderzoek naar het mechanische gedrag van dergelijke verbindingen van groot belang om
schade en instortingen in metselwerkconstructies te begrijpen en te voorkomen. In de regio
Groningen komen vooral gebouwen met spouwmuren voor. De wand-wand verbindingen
tussen binnen- en buitenblad van de spouwmuren, die bestaan uit metalen spouwankers, zullen
daarom naar verwachting een belangrijke rol spelen. Wat betreft de verbinding tussen wand en
houten vloeren is de traditionele manier ofwel een schuifverbinding waarbij de balk
ingemetseld is in de muur, of een verbinding waarbij een haakanker wordt toegevoegd, beiden
naar verwachting kwetsbaar zodra de wand uit-het-vlak geéxciteerd wordt. Tot nu toe is er
echter weinig onderzoek gedaan naar het seismisch gedrag van dergelijke wand-wand en wand-
vloer verbindingen.

Deze dissertatie onderzoekt het seismisch gedrag van twee typen verbindingen: wand-
wand verbindingen in spouwmuren en van verbindingen tussen spouwmuren en houten vloeren
zoals die in de traditionele Groningse huizen worden toegepast. Het onderzoek is
onderverdeeld in drie fasen: (1) inventarisatie van bestaande gebouwen en verbindingen in de
omgeving van Groningen, (2) uitvoering van laboratoriumproeven op de verbindingen, en (3)
voorstel en validatie van numerieke en mechanische modellen voor de verbindingen. Het

proefschrift onderzoekt deze drie fasen als volgt:
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(1) Er wordt een inventarisatie gemaakt van ongewapende metselwerkgebouwen en hun
verbindingen in de regio Groningen. De inventarisatie van de gebouwen is op basis van
bouwmateriaal, weerstand tegen zijdelingse belasting, vloersysteem, aantal
verdiepingen en verbindingsdetails. VVoor elk metselwerkgebouw worden de details van
de wand-tot-wand en wand-tot-vloer verbindingen beschreven en gecategoriseerd.
Speciale aandacht wordt besteed aan de dikte van de spouwmuurbladen, de luchtspleet
tussen de bladen en de grootte en afstand van de houten balken.

(i) Er worden experimentele proeven uitgevoerd op de meest voorkomende
verbindingstypologieén die in de inventarisatie zijn geidentificeerd. Er zijn twee
verschillende reeksen van experimenten uitgevoerd om de prestaties van respectievelijk
de verbindingen tussen de beide metselwerkbladen en de verbindingen tussen houten
balken en metselwerkbladen te onderzoeken.

o De eerste reeks experimenten is uitgevoerd in het laboratorium van de
Technische Universiteit Delft om het axiale gedrag van traditionele metalen
spouwankers in spouwmuren te karakteriseren. In deze reeks experimenten is
een groot aantal variaties onderzocht: twee inbeddingslengtes, vier
voordrukniveaus, twee verschillende geometrieén en vijf verschillende
testprotocollen, waaronder monotone en cyclische belasting. Uit de resultaten
van deze experimenten blijkt dat de capaciteit van de spouwmuurverbinding
sterk wordt beinvloed door de inbeddingslengte en de geometrie van de
spouwankers, terwijl de toegepaste voordruk en de belasting snelheid geen
significante invloed hebben.

o De tweede reeks experimenten is uitgevoerd in het laboratorium van de Hanze
Hogeschool om het seismische gedrag van verbindingen tussen houten balken
en gemetselde spouwmuren te karakteriseren, waarbij zowel de oorspronkelijke
omstandigheden zoals ze zijn gebouwd als de omstandigheden na versterking
werden gereproduceerd. In totaal werden tweeéntwintig ongewapende
metselwerkwanden getest, met verschillende configuraties zoals twee
verschillende verdelingen van de verbindingen, twee voordrukniveaus, twee
verschillende as-built verbindingen en twee verschillende
versterkingsoplossingen. De resultaten van deze experimenten toonden aan dat
cohesie en wrijving tussen balk en metselwerk belangrijke parameters zijn

omdat ze het bezwijkmechanisme bepalen, hetzij afschuiving tussen balk en
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metselwerk, hetzij uit-het-vlak falen (rocking) van het metselwerk. Daarbij
bleek de interactie tussen balk en muur, en de door rocking geactiveerde uplift
van de muur tot een boogwerkingseffect te leiden. Dit resulteerde in additionele
wrijving langs de hout-metselwerk interface en een toename van de
krachtcapaciteit van de verbinding.

(iii) Mechanische en numerieke modellen worden voorgesteld en gevalideerd aan de hand
van de uitgevoerde experimenten of andere benchmarks. Mechanische en numerieke
modellen voor de spouwmuurverbinding en mechanische modellen voor de houtbalk-
metselwerkverbindingen werden ontwikkeld en geverifieerd aan de hand van de
resultaten van de experimenten om de faalwijze en de sterktecapaciteit van de
onderzochte verbindingen in metselwerkgebouwen te voorspellen.

o Het mechanische model voor de spouwmuurverbindingen houdt rekening met
zes mogelijke faalmechanismes, namelijk bezwijken van de verbinding,
uitbreken van een kegel, uitrukken, knikken, doorboren en ponsen. Het
mechanische model is in staat de gemiddelde piekkracht en het uit de proeven
verkregen faalmechanisme vast te leggen. Na kalibratie aan beschikbare
experimenten wordt het voorgestelde mechanische model gebruikt om de
prestaties van niet-geteste configuraties te voorspellen door middel van
parametrische analyses, waaronder een hogere sterkte van de mortel van het
kalkzandsteenmetselwerk voor het binnenblad, een andere spouwdiepte, een
andere verankeringslengte van de spouwankers en het gebruik van massieve in
plaats van geperforeerde bakstenen voor het buitenblad.

o De resultaten van de reeks experimenten op spouwmuurverbindingen werden
ook gebruikt om de hysterese en energie-dissipatie voor de cyclische axiale
respons van spouwmuurverbindingen in het numerieke model te kalibreren. Het
voorgestelde model maakt gebruik van nul-lengte-elementen in OpenSees met
het constitutieve model Pinching4 voor het cyclische druk-trek gedrag van de
spouwmuurverbindingen. Het numerieke model is in staat om belangrijke
aspecten van de respons van de spouwankers te beschrijven, zoals de degradatie
van de sterkte, de degradatie van de ontlastingsstijfheid en het knijpgedrag. Het
mechanische model en de numerieke modelbenadering kunnen gemakkelijk

worden overgenomen door ingenieurs uit de praktijk, die de spouwankers
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nauwkeuriger willen meenemen bij de beoordeling van constructies tegen
aardbevingen.

o Het mechanische model van hout-metselwerkverbindingen onderzoekt twee
verschillende faalmechanismes: het faalmechanisme "schuivende balk" waarbij
de balk uit de muur schuift, met inbegrip van de toegenomen wrijving door
boogwerking en interactie tussen balk en muur, en het faalmechanisme
"rocking” waarbij de muurdelen heen en weer bewegen met de balk. Beide
mechanische modellen zijn gevalideerd aan de hand van de resultaten van de
reeks experimenten op de overeenkomstige verbindingen. Het mechanische
model is in staat om elke bijdrage van het bestudeerde mechanisme in te
schatten. Constructeurs kunnen het mechanische model gebruiken om de
capaciteit van de verbinding voor de bestudeerde faalwijzen te voorspellen.

Dit onderzoek kan bijdragen tot een beter begrip van kenmerkende Groningse huizen door
het identificeren van de meest gebruikte wand-wand en wand-vloer verbindingen bij
spouwmuren, het mechanisch karakteriseren van de geidentificeerde verbindingen en het

voorstellen van mechanische modellen voor de bestudeerde verbindingen.
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Symbols and abbreviations

The frequently used notations and abbreviations in this dissertation are listed below.

Roman Symbols
A area of loaded end which is under either the hooked end or zigzag end
Az piercing area of mortar under loaded end

ab factor varying from 0O to 1 to define the degree of moment restraint associated with the
related bottom extremity

A contact area of joist
Apt projected break-out area of mortar
As area of cross-section of cavity wall tie connection

Aw effective area of cone of mortar

C thrust force per unit width of joist

c cohesion along the embedded part of joist in masonry wall
dt diameter of cavity wall tie

e eccentricity

Eat  elastic modulus of tie evaluated between 1/10 and 1/3 of the maximum tensile stress
E; elastic modulus of joist

fbom flexural strength of mortar

fc compressive stress at the contact area between the joist and masonry

Fc coupling force contribution of embedded wall ties

Fer  cracking force

fet tie strength at Euler’s critical load

fa compressive stress at wall’s middle height due to the vertical load applied at its™ top
plus the weight of the upper half of the wall

fm compressive strength of mortar
Foiw rigid body mechanism force of inner leaf
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Foow rigid body mechanism force of outer leaf

fp Selected pre-compression level

ft tensile strength of mortar

fit tie tensile strength

fut ultimate tensile strength of cavity wall tie connection
fvo initial shear strength of mortar

fw bond strength between masonry unit and mortar

fw bond strength between masonry unit and mortar
fw masonry flexural strength

fyt tie yield strength

h wall height

h1 panel height below where the maximum tensile stress equals the masonry flexural
strength

h2 panel height above where the maximum tensile stress equals the masonry flexural
strength

Ha  contribution of arching force at peak force

hb height of the applied force

Hc  contribution of cohesion force at peak force

He peak force from the experiment

H, contribution of joist deflection force at peak force
Hwm  peak force obtained by mechanical model

Hwm,push peak force in pushing obtained by mechanical model
Hwm,pun peak force in pulling obtained by mechanical model
Hs contribution of arching force at peak force

Hv contribution of initial normal force at peak force

lj moment of inertia of joist along the cross-section

It moment of inertia of tie

Iw moment of inertia of wallet

K column effective length factor

I embedment length of cavity wall tie either in CB or CS masonry
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Na
Nbuck

Ncone
Ny
Npier

cavity length between two leaves

edge distance from the end of tie to the surface of mortar
cavity wall tie depth of a zigzag end or L-shaped hooked end
total length of joist

total length of cavity wall tie

total thickness of cavity wall

bottom cracking moment

Richter Magnitude

top cracking moment

additional vertical force due to the arching effect
Compressive buckling capacity of cavity wall tie connection
Tensile break-out capacity of cavity wall tie connection
additional vertical force due to the deflection of joist

Compressive piercing capacity of cavity wall tie connection

Npun,ce Tensile pull-out capacity of cavity wall tie connection embedded in CB masonry

Npui,cs Tensile pull-out capacity of cavity wall tie connection embedded in CS masonry

Npunc
Ns
Ntie
Nv
Q

fj

tm

tw

Compressive punching capacity of cavity wall tie connection
additional vertical force acting on the contact area due to arching
Tie rupture capacity

initial force acting on the contact area between joist and masonry
overburden load

width of joist

mortar joint thickness

wall thickness

idealised control perimeter for punching failure

cracking displacement

weight of wall

weight of the masonry above the joist

dead load of joist
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y dimensionless distance from the extreme compression fibre at the top and bottom
sections of the wall to the line of action of the load

Z4 section modulus of the bedded area of masonry wall

Greek Symbols

a modification factor

at factor varying from O to 1 to define the degree of moment restraint associated with the
related top extremity

Y parameter for the internal lever arm

Ym density of wall

Jj vertical displacement of the joist at peak force

A horizontal displacement of the inner leaf due to the joist

Am monotonic ultimate lateral displacement

Ect tie strain at Euler’s critical load

&rt tie elongation at rupture

&t tie strain at tensile strength

it tie yield strain

] angle of the tie with respect to the axis, in radians, in the case of a bent tie

u friction coefficient

ON normal stress on joist

s stress on joist due to arching

ow  applied pre-compression stress on wallet

T shear strength of joist connection

] ratio of the applied vertical load to the weight of the upper half of the wall

Abbreviations

CB

CS

CoV

clay brick masonry
calcium silicate brick masonry

coefficient of variation

EDB exposure database
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LVDT linear variable displacement transducer
NCG Nationaal Codrdinator Groningen
PGA peak ground acceleration

URM unreinforced masonry
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Chapter 1: Introduction

1.1 Background

A large gas field in the north of the Netherlands was discovered in 1959 in the province of
Groningen, and gas extraction started in 1963 [1]. In order to stimulate the extraction of natural
gas, a hydraulic fracturing process has been conducted from deep geological formations [2].
This process has led to reservoir depletion. Hence, low-intensity ground shaking has occurred
since 1991 due to gas extraction. The first recorded induced seismicity was on December 5th,
1991, with a local magnitude, M., of 2.4. In the subsequent years, the number of human-
induced earthquakes in the province of Groningen has considerably increased (Figure 1.1). The
largest event was recorded on August 16th, 2012, near Huizinge, with a local magnitude, My,
of 3.6 and horizontal peak ground acceleration (PGA) of 0.084g. A tremendous amount of
research has been initiated related to induced seismicity since the area was hit by many induced

earthquakes [1,3-8].
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Figure 1.1 Registered induced earthquakes in Groningen between 1991 and 2020, with a lower
limit of M =1.5 and subdivided into five groups: 4.0> My >3.5 (red), 3.5> M. >3.0 (orange),
3.0> ML >2.5 (yellow), 2.5> M >2.0 (green), and 2.0> M >/.5 from KNMI [9].

The earthquakes have a significant impact on the existing buildings. The majority of the
existing buildings in the Groningen area are composed of unreinforced masonry (URM),
representing 77% of the building stock [10]. URM buildings are typically low-rise in the

Netherlands, which generally embody vulnerable structural elements such as large openings,
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slender and cavity walls, or non-structural elements such as gable-end walls, chimneys, and
parapets. Since tectonic earthquakes had never affected the area, the current building stock was
not designed to withstand earthquakes.

Detached and terraced houses are the two most dominant housing types. A typical detached
house in Groningen is characterised by either single-wythe or double-wythe clay-brick URM
walls, timber floor and lack of any specific seismic detailing such as connections between
structural elements [11,12]. A typical Groningen terraced house usually consists of 5 to 10
housing units. Terraced houses, namely low-rise residential URM buildings, are characterised
by slender walls, large openings and the use of cavity walls [13,14]. Generally, the ground or
first floor is made of rigid diaphragms (reinforced concrete floors), while the attic floor and the
roof have flexible diaphragms (made of timber).

Detached house typology can be found in many countries all over the world. For example,
a detached house is the most common typology in New Zealand, representing almost 80% of
residential buildings [15], and 89% of the building stock is a detached house in Finland [16].
Similarly, in Australia, the detached houses cover 76% of the building stock [17]. As far as
detached houses are concerned in the province of Groningen, the Netherlands, they are
generally one- or two-storey buildings with irregular plan configurations and wide openings.
URM Dutch detached houses are generally characterised by steep pitch roofs, e.g. gambrel,
mansard or Dutch Gable etc. [18].

The other dominant type of residential structure in the area, the terraced houses, represents
more than 50% of the URM building stock of the region [19]. The terraced house typology in
the Netherlands often consists of URM cavity walls. Cavity walls are widely used for URM
structures in many countries all over the world, especially for residential constructions.

The use of a cavity in masonry construction started in England in the early decades of the
19th century. The cavity wall, which was indicated as a hollow wall by Nicholson, is defined
as “a wall built in two thicknesses, having a cavity between, either for the purpose of saving
materials, or to preserve a uniform temperature in the apartments.” [20]. In the study by
Hamilton [21], the cavity walls consisted of two walls with a thickness of 230 mm, separated
by a 76 mm gap, interconnected by means of either solid clay brick headers or iron ties.
However, using solid clay brick headers as a connection between the leaves, moisture can
penetrate into buildings via the headers. Hence, the use of iron ties became more common.
After World War I, cavity-wall construction started widely used in many countries all over the
world [22-25].



In the Netherlands, a cavity wall usually consists of an inner load-bearing wall made of
calcium silicate brick masonry and an outer veneer of clay brick masonry separated by a cavity.
Metal ties are used for connecting the inner load-bearing leaf to the outer veneer. Cavity walls
are commonly found in the other most diffuse house typology, called terraced houses. Although
URM buildings represent almost 77% of the building stock in the Groningen area, where
terraced houses are one of the most common typologies characterised by cavity walls, very
limited research has focused on cavity wall tie connections at the component level.

The seismic behaviour of URM structures depends on several factors, including lack of
homogeneity in masonry, material properties, geometry, the stiffness of the horizontal
diaphragms and the connections between structural elements such as wall-to-wall, wall-to-floor
or wall-to-roof connections. In addition, the in-plane stiffness of a masonry wall is significantly
higher than its out-of-plane (OOP) stiffness. Hence, the seismic behaviour of masonry
structures also depends on the capability to redistribute the horizontal loads between the
structural elements. In order to explore the maximum in-plane strength of the wall and prevent
the OOP mechanisms, the connection between the wall and floor plays an important role in the
structures for the capability to redistribute the seismic loads [26].

Lessons from past earthquakes showed that satisfactory seismic performance is achieved
when the building vibrates like a monolithic box. To this end, building components need to be
well connected. Without box behaviour, the walls of a URM building behave independently,
which can be followed by an OOP failure mechanism. Conversely, in the case of box behaviour,
walls are connected to horizontal diaphragms such as floor and roof, which usually lead to a
good building performance when subjected to earthquakes. Hence, to improve the seismic
safety of masonry buildings, “box-type” behaviour which can be characterised by enhancing
the structural integrity of the entire building, must be ensured.

The role of connections is essential during an earthquake excitation, which has been
reported well in the literature [27]. The monolithic behaviour of masonry buildings could be
enhanced by fully utilising the potential resistance and energy dissipation capacity using a
connection between the floor and masonry wall [27]. In order to visualise the influence of box-
type behaviour, Tomazevic [28] illustrated a total of 3 possible failure modes of a masonry
building during an earthquake depending on how the walls are interconnected at the floor and
roof levels and the stiffness of the floor (Figure 1.2). The uncoupled wall where timber joists
are not connected, representing masonry buildings without box behaviour, is illustrated in
Figure 1.2a. As seen, vertical cracks develop, and transverse walls can collapse, leading to an
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out-of-plane local mechanism. On the other side, if the walls are connected with the floor tie
beams, the masonry vibrates as a monolithic box, as seen in Figure 1.2b and c. The energy
dissipation capacity of a masonry building which is one of the key parameters of seismic

resistance can be significantly improved by providing a good connection of walls [27].

(@) (b) (©)

Figure 1.2 Vibration of masonry buildings during earthquake. Building with wooden floors
without ties (a), building with wooden floors and tied walls (b) and building with rigid floors
and tie-beams (c) from Tomazevic [28].

Post-earthquake structural damage such as that observed after the 1997 Umbria-Marche
earthquake in Italy [29], the 2009 L’Aquila earthquake in Italy [30], the 2011 Canterbury
earthquake in New Zealand [31] or the 2015 Gorkha earthquakes in Nepal [32] show that OOP
wall collapse is one of the most common failure mechanisms in URM structures. It is also
expected to be a critical issue in Groningen, as the building stock is constituted by slender walls
and the use of cavity walls, which are generally connected by weak and corroded wall ties.
OOP failure mechanisms in brick masonry structures primarily originated from insufficient
connections at wall-to-wall and wall-to-floor levels. Therefore, the study of the mechanical
behaviour of such connections is of prime importance to understand and prevent damage and
collapse in URM structures. Until now, little research has been carried out to characterise the
seismic behaviour of connections between structural elements in typical Groningen houses.

Cavity walls are particularly vulnerable to OOP mechanisms due to the slender geometry
of the two leaves, and, in fact, the OOP behaviour of cavity walls represents a major concern
during a strong shock [13,14,33]. In a study where full-scale brick veneer wall panel specimens
were tested [34], it was found that OOP wall damage occurred when the veneer moved away
from the interior wood backup, placing a high demand on the tensile force and displacement
capacities of the ties, underlining the prominent role of the ties in the composite response of

the two leaves. Giaretton et al. [23] showed that when a sufficient number of connections are



used, the OOP failure of cavity walls can be prevented. According to BSI PD 6697 [35], a
minimum number of wall ties per unit can be calculated, which is not less than 2.5 ties per
square metre and should be used for walls with both leaves having a size of 90 mm or thicker,
whereas the spacing, embedment length in the mortar and inadequate number of ties will
influence the overall capacity of the cavity wall.

An extensive multiscale testing program has been performed at Delft University of
Technology since 2014 to characterise the seismic behaviour of URM buildings at the material,
connection, component and assemblage level [36,37]. Whenever possible, experimental
campaigns investigate first the structural behaviour at the material and component level and
then on full-scale structures for both as-built/replicated and retrofitting conditions. First, the
axial and shear capacity of connections between the leaves of cavity walls and between
concrete slabs and masonry veneers was studied for both as-built (at the component level
[38,39] and on full-scale structures [33]) and retrofitting ties [40,41]. As for the replicated as-
built connections, the masonry piers and the concrete floor were connected by means of steel
threaded rods, and a tailored system was tested to assess the OOP failure of retrofitted wall-to-
floor connections. In addition, connections between timber floor joists and masonry walls were
also tested [42]. Joist-masonry connections for both single-leaf and solid walls were studied:;
three configurations were investigated: the joist in a masonry pocket (i) without any anchors,
(i) with an anchor, and (iii) with a folded steel plate. The former two setups represent the as-
built conditions, and the latter represents the retrofitted conditions.

Although valuable information can be found in the earlier studies, there is still a lack of
essential knowledge regarding connection details specific to the Groningen case. Therefore, it
is necessary to conduct both experimental and mechanical characterisations of the connection
typologies mentioned above (wall-to-wall connections between cavity wall leaves and wall-to-
floor connections between the masonry cavity wall and timber diaphragm). Experimental tests
should be performed on connection details to develop and validate mechanical models to

predict the failure mode and strength capacity of the examined connections in URM buildings.

1.2 Research questions, methodology and contributions

The main objective of this study is to investigate the seismic behaviour of wall-to-wall and
wall-to-floor connections in typical Groningen houses. To this end, the research is structured

into three phases: (i) an inventory of existing buildings and connections in the Groningen area
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is established; (ii) experimental tests are performed on the identified connection typologies;
(iii) numerical and mechanical models of the identified connections are developed and
validated against the performed experiments or other benchmarks. The research will address
several sub-questions, as outlined in Table 1.1, in order to provide a comprehensive
understanding of the seismic behaviour of the connections in typical Groningen houses.

Table 1.1 Research questions associated with the primary objective.

Phases

Chapters

Research questions

The inventory
of
existing buildings
in the Groningen area

Chapter 2:
Inventory of existing as-
built connections in
Groningen masonry
buildings

How can the most common connection
types at wall-to-wall and wall-to-floor levels
in the Groningen region be statistically
described and interpreted?

Performing
experimental tests
on the connection

typologies

identified
in the inventory

Chapter 3:
Experimental
characterisation of cavity
wall tie connections

How can the axial behaviour of traditional
masonry wall metal tie connections in cavity
walls be experimentally characterised?

Chapter 4.
Experimental
characterisation of timber
joist-masonry connections

How can the timber joist-masonry
connections be experimentally
characterised?

Validating numerical
and
mechanical models
against the performed
experiments or other
benchmarks

Chapter 5:
Mechanical and numerical
modelling of wall tie
connections

How can the experimental results of cavity
wall tie connections be interpreted to
propose a mechanical model?

How can the experimental investigation be
studied to develop a numerical constitutive
law for engineers and researchers?

Chapter 6:
Mechanical modelling of

How can the experimental results of timber
joist-cavity wall connections be interpreted

timber joist-masonry

. to propose a mechanical model?
connections

The first phase, the inventory, allows defining the most common connection typologies
used in the Groningen area. These typologies will be listed and statistically categorised
depending on their prevalence in the Groningen region in terms of building typologies,
structural systems, and connection details between structural elements, including the median
properties of a typical Dutch cavity wall and timber joist. In the second phase, a significant
number of variations were investigated for the cavity wall tie connections at the laboratory of
Delft University of Technology. This included two different embedment lengths, four pre-
compression levels, two tie geometries, and five testing protocols, which encompassed both
monotonic and cyclic loading. In addition, a total of twenty-two wallets were tested at the

laboratory of Hanze University of Applied Science to characterise the seismic behaviour of



timber joist-masonry connections. For the final phase, mechanical models were developed and

validated using the experimental results to predict the failure mode and strength capacity of the

examined connections in URM buildings.

The main contributions of this thesis are as follows:

It provides a comprehensive database of connection details between structural
elements for typical Groningen URM buildings. The thesis presents a statistical
distribution for the most common connections and introduces additional
information on the tie distribution, cavity depth, timber joist cross-sections,
masonry wall thickness, and other relevant parameters.

It provides a complete characterisation of the axial behaviour of traditional
connections in cavity walls in terms of failure mechanism, average force-
displacement curve, peak force, and displacement at the peak force and failure. This
in-depth understanding improves the knowledge of the connection between the
leaves in cavity walls which can be helpful in identifying and validating assessment
methods and retrofit interventions. It also contributes to the improvement of testing,
standardisation, and design of wall-to-wall metal ties, benefiting the construction
industry in the long run.

It investigates the behaviour of timber joist-masonry connections in cavity walls,
representing the Dutch construction practice, in both as-built and strengthened
conditions. It provides valuable insights into the behaviour of the failure
mechanisms, ranging from unstrengthened connections to the strengthened ones.
It introduces a mechanical model that can predict the failure mode and the strength
capacity of metal tie connections in masonry cavity walls. This model can be
adopted by structural engineers to estimate the peak force capacity of wall tie
connections in masonry cavity walls and to assess their performance during seismic
events.

It conducts numerical exploration of the quasi-static cyclic response of tie tests.
The developed numerical model enables structural engineers to accurately simulate
the response of wall-to-wall connections.

It identifies and predicts the failure mode and strength capacity of timber-joist
connections in masonry cavity walls. The proposed mechanical model allows

structural engineers to estimate the capacity of these connections.



1.3 Thesis outline

The research presented in this thesis consists of three phases divided into seven chapters, as
schematised in Figure 1.3. The synopsis of each chapter is as follows:

As regards the first phase, Chapter 2 presents an inventory of URM structures in the
Groningen region to document the most common connection types at wall-to-wall and wall-to-
floor levels.

In the second phase, Chapter 3 and Chapter 4 cover the experimental campaign on the wall
metal tie and the joist-masonry connections, respectively. Chapter 3 aims to provide a complete
characterisation of the cyclic axial behaviour of cavity wall ties. It also helps to provide a better
understanding of the behaviour of the tested metal wall ties for the industry to find suitable
methods for developing their products and improving the seismic response of existing URM
structures. The chapter is adapted from Arslan et al. [43]. Chapter 4 aims to investigate the
behaviour of the timber joist-masonry cavity wall connections under cyclic axial loading with
special attention to the developed failure mechanism and the definition of force-displacement
curves for each group of tests performed. It describes the specimen geometry, the test setup,
the adopted testing protocol, the tests carried out to characterise the used materials, the
characteristics of the groups of specimens tested, geometry and loading protocols. Finally, it
presents and discusses the test results, focusing on the developed failure mechanism and the
definition of average force-displacement curves for each group of tests performed.

Regarding the final phase, Chapter 5 focuses on a mechanical model defined to predict the
failure mode and the strength capacity of metal ties in masonry cavity walls. The mechanical
model for the wall ties was published by Arslan et al. [44]. In addition, the chapter utilises the
results of the experimental campaign described in Chapter 3 to calibrate a hysteretic model that
presents the cyclic axial response of cavity wall tie connections. The numerical model was
published by Arslan et al. [45]. Chapter 6 discusses an analytical model of timber-masonry
connections, which examines two different failure modes. Chapter 7 discusses conclusions and

gives recommendations for future research.
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Chapter 2: Inventory of existing as-built connections
In Groningen masonry buildings

Structural details must be adequately identified in order to assess the seismic response of a
structure. To achieve this scope and obtain adequate understanding of the characteristics of a
large number of buildings, typology classification is required. Hence, this chapter reports an
inventory of unreinforced masonry buildings in the Groningen area, defined in terms of
building typologies, structural systems, and connection details between structural elements. To
prepare the inventory, a total of 267 addresses and 59 inspection reports received from
Nationaal Codrdinator Groningen (NCG) for seismic assessment of structures were compiled
as a dataset. The inventory aims at defining the most common connection typologies used in
the Groningen area. A classification system based on the V6 fragility and consequence model
[46] is used to determine the building typologies. In addition, structural details from the
compiled dataset were gathered in terms of cavity wall size and timber joist. Finally, the most
common connection details were defined.

Section 2.1 presents a review of past typology research on unreinforced masonry (URM)
buildings and the term “traditional Groningen houses”. Section 2.2 presents the inventory
collection procedure with the studied building typologies and provides the distribution of
building and connection typologies. It classifies the buildings based on the thickness of cavity
walls and the dimension of timber joists. Section 2.3 compares the contents of the dataset

presented with the building database elaborated by Arup [47].

2.1 Review of past typology studies of URM buildings

A review of previous studies that aimed to classify URM buildings into typologies is
hereinafter presented. Structural characteristics, including construction details, geometry and
materials, are essential to characterise and identify the vulnerability of URM buildings.
Therefore, typological studies have been performed to better understand the characteristics of
buildings [48-50] and, consequently, assess the vulnerability of buildings and protect them

from future earthquakes.
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In order to identify the vulnerability of structures to earthquakes, an interview-based
CARTIS form (Caratterizzazione Tlpologica Strutturale) was implemented in Italy [51]. In
this study, the data was collected according to residential buildings’ geometric and structural
features via an interview-based survey. The aforementioned method was provided to define the
representative buildings which were more vulnerable. Giaretton [52] conducted an inventory
of historic stone load-bearing URM buildings in New Zealand, including general building
information, architectural configuration and masonry type. It was found that most of the studied
structures were located in high seismic hazard zones, and the use of construction stone types
was usually related to the geology of the region.

Walsh [53] conducted a survey of the geometric characteristics of 206 URM buildings in
Auckland, New Zealand. The included data was classified according to building geometric
characteristics, depending on whether the walls were solid or cavity walls, the number of leaves
and the wall construction material. In addition, the author evaluated the walls from the
examined database for different restraint conditions in order to assess the influence of different
retrofit solutions. He proposed a total of 4 cases, as follows (Figure 2.1):

e Case 1: No connection between diaphragm and masonry walls — the wall was
restrained only at the base; hence, the wall can be considered a cantilever. It should
be noted that the outer leaf of cavity walls was assumed to be restrained not only
at the base but also at the top section due to either roof framing or the presence of
solid parapets.

e Case 2: Only connection between diaphragm and masonry walls at roof level —the
wall was restrained at the base and top section, and the parapet was free to move
at its top. The critical element was the parapet due to its boundary condition.
Regarding the cavity wall, Case 2 was treated as Case 1 since both have the same
boundary condition.

e Case 3: Connection between the diaphragm and masonry walls at roof level and
parapet restraint — the considered case was similar to Case 2 except for the parapet
restraint. Due to the presence of parapet restraint, the critical element was the wall
below the parapet since, in general, the parapet was smaller in height.

e Case 4: Connection between diaphragm and masonry walls at each level and
parapet restraint — this condition can be characterised as all the diaphragms were
connected to the wall.

12



It should be noted that the author, in addition to the cases mentioned above, described two
different sub-cases, “A” and “B”, to take into account the connection type between cavity wall
leaves. The sub-case “A” grouped buildings lacking existing cavity wall tie connections
between the leaves, while the sub-case “B” included buildings in which the leaves were
connected. By analysing the portfolio of 206 URM buildings, all the examined buildings were
classified as Case 1A, because: (i) Cavity wall tie connections were assumed to be corroded,
which led to considering the cavity wall as one leaf since there was no contribution from the
outer leaf, and (ii) Although existing diaphragm connections at roof levels were found, lacking

connection at any level above the ground due to uncertainties in condition was assumed.

e I

(a) Case 1: No above-ground diaphragm (b) Case 2: Diaphragm restraint at roof level
restraints only

<A <4 P Gy

(c) Case 3: Diaphragm restraint at roof level (d) Case 4: Diaphragm restraint at roof level
and parapet restraint and intermediate floor levels and parapet
restraint

Figure 2.1 URM wall out-of-plane collapse mechanisms for different lateral restraint
conditions (solid walls are shown on the left and cavity walls on the right of the figures) from
Walsh [53]. Note that the cavity walls were considered simply supported due to the roof
framing and solid parapets on the outer leaves; Therefore, both Case 1 and Case 2 were treated
identically.
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As regards the province of Groningen in the Netherlands (Figure 2.2), a need has arisen
for a detailed regional inventory as a result of the induced seismicity in the area. A combination
of datasets, surveys and GIS tools was used to identify the building typologies in Groningen
[47]. The Groningen area contains 250,000 buildings with a total population of approximately
500,000 people. Approximately 200,000 buildings in the area are above the Groningen gas

field.
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Figure 2.2 Location of the Groningen gas field (highlighted in red) in the northern part of the
Netherlands from Kruiver et al. [54] (a) and close-up view of the region of Groningen and the
gas field (in grey) from van Wijnbergen [55] (b).

ARUP carried out a first inventory study that classified the buildings into typologies. Based
on the results of such a study, unreinforced masonry is the primary building type in the region,
estimated to consist of 90% of the building stock of the gas field and 75% of the region. The
second common building type is reinforced concrete, with around 5% of the building stock is
in the gas field area and 4% in the whole province. Wood and steel frame buildings represent
less than 0.5% of the building stock [47]. A summary of the building type in the province of

Groningen is reported in Figure 2.3.
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Figure 2.3 Percentage of URM buildings in Groningen adopted from Arup [47].

Analytical models were developed for masonry buildings in the Groningen region to
capture all key modes using modal response spectrum analysis. The analytical results presented
in the Arup Structural Upgrading [56] and terraced and semi-detached houses exhibited higher
vulnerability to damage than other regional building typologies, such as labourer’s cottages,
mansions or villas.

ARUP assigned most unreinforced masonry buildings in the province of Groningen to the
four following main typologies: detached/semi-detached houses with (i) flexible and (ii) rigid
diaphragms and terraced houses with (iii) flexible and (iv) rigid diaphragms [47]. These are
all low-rise buildings. In the study of Arup, the structures were further categorised into more
building types under the main building typologies depending on attributes of the buildings such
as geometric layout, material and type of lateral load-resisting system in each direction of the
building, presence of external walls, floor system, number of floors and irregularities. Based
on the results of the classification performed by ARUP, the building typologies detached/semi-
detached and terraced houses, which represent the large majority of the building stock, can be
defined as traditional Groningen houses. The work presented in this thesis is concerned only
with “traditional Groningen houses” as they are the dominant building typologies in the region.

As seen in literature, geometric details of buildings, cavity vs solid walls, wall construction
material, construction year, or the number of stories are essential characteristics to define a
typology (among others [22,52,57-59]). However, in most cases, the connection details
between structural elements are overlooked, particularly for the building inventory within the

Groningen area.
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2.2 Inventory of the buildings in Groningen

The inventory conducted in this study investigates traditional URM structures in Groningen,
with special attention to the connection details between structural elements. A total of 267
addresses and 59 inspection reports were received from Nationaal Codrdinator Groningen
(NCGQG) for seismic assessment of structures. The dataset was compiled in order to prepare an
inventory of URM buildings in the Groningen area concerning the material and type of lateral
load-resisting system of the building, presence of external walls, floor systems and connection
types at wall-to-wall, and wall-to-floor level. Besides, an overview of the characteristics of the
studied buildings is provided in terms of the thickness of cavity wall leaves and air gap in
between the leaves and the size and spacing of timber joists. The dataset was compiled aiming
to guide the design of laboratory testing of prototypical buildings from the Groningen area. The
inventory was checked and elaborated according to the v6 report of the Hazard and Risk study
produced by EUCENTRE [46].

The v6 report uses the v6 exposure database (EDB v6) [60], which is an extract of a project
database and consists of the location, structural characteristics and exposed population inside
and within 5 km of the Groningen gas field. The URM buildings were assessed according to
the GEM Building Taxonomy [61], namely, material and type of lateral load-resisting system,
external walls, floor system, number of floors and irregularities. The examined building

typologies are listed in Table 2.1 and illustrated in Figure 2.4.

Table 2.1 Building typologies in the v6 Model from Crowley et al. [46].

Code Description
URM2L URM aggregate unit with solid walls and timber floor
URM3L URM 1-2 storey terraced unit with cavity walls and concrete floor (<90% openings)
URM4L URM 1-2 storey terraced unit with cavity walls and concrete floor (>90% openings)

URMS5L URM terraced unit with cavity walls and timber floor
URM6L URM detached unit with solid walls and timber floor
URMT7L URM detached unit with cavity walls and concrete floor
URMSL URM detached unit with cavity walls and timber floor

URMOIL| URM aggregate unit with cavity walls and concrete floor and strengthened ground floor

The terraced unit is characterised by a homogeneous block, while the detached house refers
to distinctly separate units. Differently from the terraced or detached unit, the aggregate unit is
characterised by an inhomogeneous block made up of separate units/buildings that are closely

spaced. The difference between URM3L and URMAL is due to the fagade opening on the
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ground floor. URMAL represents buildings with greater than or equal to 90% openings ratios
on the ground floor, which can be calculated as the maximum ratio of the length of openings
(due to windows and doors) to the total length of the facade wall, considering all ground floor
facades of the building.

Figure 2.4 Screenshots of LS-Dyna numerical structural models from [46] used in this work.

For the purpose of understanding the main typologies of low-rise masonry buildings in the
Groningen area, the distribution of the examined building into the typologies, as defined above

in Table 2.1, is shown in Figure 2.5.

1.50%
3.00%

= URM2L
= URM3L
= URMA4L

URMSL
= URM6L
= URMT7L
= URMSL
= URM9IL

0.37%

Figure 2.5 Distribution of building typologies in the Groningen area.
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The most common typology is URM3L which equals almost 41% of the inventoried stock.
The sum of the percentage of URM3L and URMA4L representing typical terraced houses in the
Netherlands is found as almost 50% of the inventory in this study, similar to what was reported
in Esposito et al. [19]. Hence, the dataset used in the present study is considered representative
in terms of the distribution of the buildings into different building typologies.

In the current study, the second more common building type is URMT7L, detached houses
with cavity walls and concrete floor; while in the study of Arup, it is detached houses with
double-wythe clay brick and flexible diaphragm. However, it should be noted that the
difference in distribution between detached houses with cavity walls and concrete floors and
detached houses with double-wythe clay brick and the flexible diaphragm is not significant in
the study of Arup. The corresponding double-wythe clay brick and flexible diaphragm
structural systems in the v6 model is URMG6L, representing almost 9% of the inventory in the
current study. A similar distribution, 9%, is found for URMBSL typology, detached houses with
cavity walls and timber floors.

In terms of the construction period, traditional Groningen houses are divided into two
groups based on the time threshold that resulted in a change in the production methodologies,
namely the pre-World War 1l period (until 1945) and the post-war period [37,62]. Detached
houses in the Netherlands represented the most common typology for the pre-war period. In
contrast, terraced houses existed more commonly in the post-war period [56]. Figure 2.6a and
b show the proportion of the building typologies depending on the two construction periods:
pre-1945 and post-1945, respectively. As seen in Figure 2.6a and b, the dominant typologies
for the pre-war and post-war periods are in line with the ones observed in the literature
[37,56,62].

URMOIL URM2L URMSL URMSL
0, 0,
6% 5% CRM3L

12%

_—

URMS6GL
27%

URM7L
22%

(@) (b)

Figure 2.6 Building typologies based on construction period: pre-war period (a) and post-war
period (b).

18



Regarding the types of walls that compose the lateral load-resisting system, cavity walls

are a widely used wall system in the Groningen area, as presented in Figure 2.7.

Solid wall
10%

Cavity wall
90%

Figure 2.7 Distribution of wall systems.

According to the compiled dataset, the concrete floor (rigid diaphragm) is largely prevalent
in the Groningen area (almost 80%, Figure 2.8). The second most common floor system is
timber floor (flexible diaphragm), with more than 20% of the inventory. In addition, hollow-
core RC and Nehobo floor systems can be found in a very limited percentage. It should be
noted that URM structures with flexible diaphragms may not be able to provide box behaviour
and, hence, may exhibit poor performance against earthquakes [26]. Thus, the floor type has
an important influence on the seismic behaviour of URM structures.

hollow core nehobo floor

RC floor 0.37%
0.37%

timber
floor
20.22%

concrete
floor
79.03%

Figure 2.8 Distribution of floor systems.
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The typologies of connections between structural elements, such as wall-to-wall or wall-
to-floor connections, and their distribution are also studied and presented in the next sub-

sections.

2.2.1 Classification of wall-to-wall connections

A cavity wall is a construction practice usually adopted for thermal and weather resistance and
provides drainage [63,64]. In the Netherlands, a cavity wall usually consists of an inner leaf
load-bearing wall made of calcium silicate brick masonry and an outer veneer of clay brick
masonry separated by a cavity. The benefits of using calcium silicate bricks (CS) are the
following: (i) low cost, (ii) good geometric shape and colour, (iii) relatively high strength
quality, (iv) eco-friendly and (v) good fire resistance. Conversely, CS is not durable in terms
of hardness, resistance to abrasion and watering. On the other hand, clay brick exhibits
relatively better durability and aesthetics. Hence, calcium silicate brick is used as an inner leaf
of a cavity wall, whilst the clay is used for the veneer of a cavity wall in the Netherlands.

Different construction practices occur in the way a cavity wall is constructed around the
world. The first example of the use of a cavity wall originated in the United Kingdom, in which
the cavity wall consists of two thick masonry leaves made of clay bricks [24]. URM cavity
walls in New Zealand can be characterised as two leaves of clay brick masonry with a
continuous air cavity [23]. In the United States, it can be found that a cavity wall consists of an
outer leaf of split-face concrete brick and an inner load-bearing wall made of paper-faced
gypsum sheathing [65]. Another example from Belgium, a cavity wall is composed of an inner
load-bearing leaf made of fired-clay masonry units and an outer veneer leaf made of solid-clay
bricks [38] or according to van der Pluijm and Vermeersch [66], the inner leaf was made with
perforated clay blocs, while the outer leaf was made with solid soft mud clay bricks. Besides
different materials, even the opposite of the usual structural practice in the Netherlands can be
found elsewhere in the world, i.e., cavity walls in Australia that consist of an outer load-bearing
leaf and an inner non-load-bearing leaf [67].

Typical Dutch cavity walls have 100 mm thick inner leaf and outer veneer, with an air gap
in between equal to 80 mm [19,68]. However, the geometry of the cavity wall may vary from
building to building in the region. A schematic representation of a cavity wall is illustrated in
Figure 2.9. Table 2.2 lists all the reported variations for cavity walls from the dataset in terms

of the thickness of inner and outer leaves and cavity width.
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Figure 2.9 Schematic of a cavity wall.

Table 2.2 Documented cavity wall details in terms of thickness of leaves and gap width.

URM buildings
1/12|/3(4|5|6|7|8|9|10(11|12|13|14
Thickness of inner leaf (mm) |100{100{100|210{100/100{100{100|100{100{100|100{100/100
Width of cavity (mm) 10(20|40|40 50|60 | 70|80 |80 |90|100{120{150({190
Thickness of outer leaf (mm) |100| 70 {100{100{100/100{100{100|140{100{100| 70 {100/100

Cavity wall

A statistical analysis of the cavity walls from the dataset is conducted to compute the
median thickness of the inner leaf, cavity gap and outer leaf. The median values of 100 mm,
70 mm and 100 mm are computed for inner leaf, cavity, and outer leaf, respectively. In order
to better understand the distribution of cavity gaps, the statistical distribution of the studied
cavity wall details in terms of the width of the gap is shown in Figure 2.10.
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Figure 2.10 Distribution of cavity widths.

The cavity wall appears in 241 out of 267 addresses. Although the cavity wall is dominant
based on the compiled dataset, the number of ties embedded in the masonry wall is reported
for only 30% of the cavity walls in the inventory. Conversely, the majority, 63% of the cavity
wall inventory, is characterised as a lack of information on the number of ties. Interestingly, a
total of 7% of the cavity walls are defined as anchorless cavity walls. The anchorless cavity

wall is a type of cavity wall which is designed and built without any connection between the

leaves.

Anchorless cavity
wall
7%

\

Figure 2.11 Distribution of wall-to-wall connections.
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2.2.2 Classification of wall-to-floor connections

The two most common timber floor diaphragm-to-wall seating arrangements for URM
structures in Dutch construction practice are the following: (i) over the entire width of a single
leaf and (ii) over half the width of double-wythe URM walls. The former can be found
particularly for cavity walls in which the joist is inserted on the thickness of the inner leaf of a
cavity wall. The latter is mainly used for double-wythe URM clay masonry walls in which the
joist beam is placed upon half of the thickness of the solid wall. Some examples of timber joist
details from the dataset in terms of joist sizes and spacing are listed in Table 2.3, together with
a schematic of a joist, as seen in Figure 2.12.

joist “pac‘“g

\.Dcpth
,.—"
Bread‘h
Figure 2.12 Schematic of timber joists with spacing.

Table 2.3 Documented timber joist details in terms of size and spacing.

Timber ioist URM buildings
J 1121314516718 9 [10/11]12/13[14[1516] 17
Size of Br(er‘?]‘:;;' 5060|4062 |63|65|65|65| 80 |65|65|85|38|63|71(59]| 75
ot
JOISE T Depth (mm)[185|110| 75 [168[160|145|140]130| 220 [175/170|230|120[160[221/196] 200
Joist spacing (mm) _|740/800|680[700|600|900/800|670|1150|585/620(820|600[770|770/610/1000

A statistical analysis of the timber joist details from the dataset is performed to compute
the median of the breadth, depth and joist spacing. The median values of 65 mm, 160 mm and
755 mm are achieved for breadth, depth and joist spacing, respectively. Besides that, the
statistical distribution of the examined details of the joist using a 2D scatter plot with a colour
map is presented in Figure 2.13. The y-axis denotes the depth of the joist, while the x-axis is
the breadth of the joist, and the colour map represents the joist spacing in which darker dots

show shorter distances and vice versa.
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Figure 2.13 Overview of the observed timber joist details in terms of depth and breadth of the
joist, and of joist spacing.

Regarding the wall-to-floor connections, the dataset is categorised into three types: (i)
connected, indicating it is mentioned in the report that there is a connection between wall and
floor, but it is not known what kind of connection itself, (ii) no information, denoting it is not
known whether any connection was used and (iii) anchor, indicating floors are connected to
walls via anchors, as seen in Figure 2.14. The x-axis denotes information about the connection
levels from left to right: concrete floor-to-cavity wall, timber floor-to-cavity wall, concrete
floor-to-solid wall, and timber floor-to-solid wall connections. Interestingly, ‘no information’
was retrieved in the case of timber floor-to-cavity wall and timber floor-to-solid wall
connections, interpreting that they can be characterised without any specific detailing, which
implies the use of masonry pocket connections. Regarding the concrete floor-to-cavity wall
connections, the percentage of “No information” covers almost 68% of the inventory. When
information was available, the use of an anchor between the inner leaf and the concrete floor
was five times more probable than the use of other connections. It should be noted that
regarding the use of the aforementioned anchor, the concrete slab did not bear on the inner leaf
of the cavity wall (as it was supported in the transversal direction). Hence, it is only anchored
to the inner leaf with small anchors that aim to prevent the out-of-plane collapse of the walls,

as shown in Figure 2.15.
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Figure 2.15 Example of wall-to-floor connection from the received dataset from NCG.

A detail common in traditional Dutch houses with the timber joist simply pocketed in the
inner leaf of a cavity wall is shown in Figure 2.16a. In this case, the connection between the
floor and the masonry wall relies on friction. Another common as-built connection for typical
Dutch houses is the use of a hook anchor [13,69]. The hook anchor is an L-shaped steel anchor,

as shown in Figure 2.16b.
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Figure 2.16 As-built connections between a timber floor and a masonry wall: schematic of a
masonry pocket connection (a), and detail of a timber joist with hook anchor (b).

2.3 Comparison of the classification based on the studied dataset with a
previous categorisation
A comparison is conducted between the studied data described in the previous section and the
database of Arup [47], which was introduced in section 2.1. The comparison focuses on
building typologies and the prevalence of flexible floors and cavity walls in the region. It should
be noted that the database considered by Arup covered a larger portion of the building stock in
the gas field area. Initially, their research focused on a study area with approximately a 15 km
radius centred at the epicentre of the Huizinge earthquake (the epicentre at 53.353 N 6.665 E).
The research was then further extended to cover the whole gas field area due to the availability
of more data in the gas field area.

In the research conducted by Arup, the typology code used was different from the one
studied in this thesis. However, despite the difference in typology codes, it is possible to

compare them based on the description of the building typology. The building typologies of
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Arup for the initial study area and the extended study area are shown in Figure 2.17, with the
initial database represented in blue and the extended database in red. The actual numbers are
labelled on each bar of the histogram, providing further information about the distribution of
building typologies in the two datasets.
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Figure 2.17 Building typology distribution in the study area from Arup [47] (The initial
building database is shown in blue, while the extended database is in red).

As mentioned above, to compare the two datasets, the files are categorised according to
the building typology: detached house with a flexible diaphragm, detached house with a rigid
diaphragm, terraced house with a flexible diaphragm, and terraced house with a rigid
diaphragm. It should be noted that the data of Arup included more building materials such as
concrete, steel and wood, etc. Only the data related to URM buildings were taken into account.
To better understand the distribution of the building typologies, Figure 2.18 shows the
comparison among the studied dataset in this thesis, the initial building database from Arup
and the extended building database from Arup. As seen in the figure, the distribution of the
building typology of the terraced house does not represent the actual case in Groningen since
the studied dataset was limited to a number of 267 addresses. The considered dataset
underestimates the number of houses with flexible floors, especially in the case of terraced
houses. This should be taken into account when the results related to the distribution of the

connections are presented.
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Figure 2.18 Comparison among the studied dataset in this thesis, the initial database from
Arup and the extended database from Arup for four building typologies.

It is worth discussing that the studied dataset from NCG is geographically distributed in
the Groningen Gas Field. Besides, investigators have prioritised buildings that needed
strengthening according to NEN-NPR 9998 [70] (the current version is NEN NPR 9998:2020
[71]). Hence, a bias exists in the compiled dataset from NCG. On the other hand, NEN-NPR
9998 [70] had such high seismic demands that almost all the houses assessed by NCG required
strengthening. For this reason, the bias is expected not to be significant, but it is hard to
quantify. The reason why the typology of cavity walls with flexible diaphragms is estimated as
very low according to the NCG data, although it is as vulnerable as terraced houses with
concrete floors, may be related to bias. However, it should be noted that terraced houses with
cavity walls and flexible diaphragms are found as 23.8% of the inventory in the study of Arup.
Hence, the data received from NCG should be extended so that all the vulnerable elements
from the area will be represented with a more accurate percentage based on the construction

practice.

2.4 Conclusions

This chapter aims to identify and categorise unreinforced masonry buildings in the Groningen

area in terms of materials used and the type of lateral load-resisting system, characteristics of
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the external walls, floor system, number of floors and presence of irregularities. Special
attention is paid to the documentation of connection details. Specifically, the focus is on
traditional wall-to-wall and wall-to-floor connections in the studied dataset. Additionally, an
overview of the characteristics of the studied buildings is provided in terms of the thickness of
the cavity wall leaves, the size of the air gap between them, and dimensions and spacing of
timber joists.

The findings of the inventory are as follows:

e The preferred construction type during the pre-war period was detached houses, while
terraced houses became increasingly popular after World War 11.

e Detached houses were expected to have double-wythe clay brick solid walls with timber
floors up until approximately World War II. After that, URM buildings with single-
wythe or cavity walls become more common. This finding aligns with the compiled file
and the inventory conducted by ARUP [47]. The proportion of detached houses with
solid walls and timber floors is similar to that of detached houses with cavity walls and
timber floors.

e The cavity wall is commonly used for perimeter walls. The dimension of the cavity wall
may vary from building to building, but median values of 100 mm, 70 mm and 100 mm
are reported for the inner leaf, cavity, and outer leaf, respectively.

e Almost 20% of the URM buildings have timber floors, and the timber floor covers
approximately 26% of the inventory regarding the attic floor.

e Hook anchors are the most common documented connection in the region between
timber floors and masonry walls.

e Regarding the connections lacking detailed information, defined as "no information™ in
this chapter, it can be considered a connection that relies on friction.

World War II was a milestone in terms of construction techniques; hence after the war, not
only the cavity-wall terraced house typology became predominant in the region, but also the
cavity-wall construction technique was applied to the newly built detached houses.

Based on the findings from the above characterisation of the building stock and connection
types, for this thesis, it has been decided to select the following characteristics and dimensions
for the experimental campaigns presented in Chapter 3 and Chapter 4:

e The cavity wall consists of an inner 102-mm-thick load-bearing leaf made of calcium

silicate units and an outer 100-mm-thick external veneer made of clay bricks separated

by a cavity of 80 mm.
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The floor is flexible and consists of timber joist with a size of 55x155 mm.

Regarding wall-to-wall connections, L-shaped ties with a diameter of 3.6 mm and a
total length of 200 mm are embedded in the mortar joint of CS and CB leaves.

Two different connections are considered between timber floors and masonry cavity

walls: masonry pocket and hook anchor as-built connections.
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Chapter 3. Experimental characterisation of cavity
wall tie connections

As discussed in the previous chapter, the cavity wall tie was identified as the most common
connection between cavity wall leaves in the traditional masonry structures in Groningen.
Hence, an experimental campaign has been carried out at Delft University of Technology to
provide a complete characterisation of the axial behaviour of traditional connections in cavity
walls. This chapter exhibits findings on the behaviour of the metal tie connections between the
masonry leaves often used in Dutch construction practice.

Section 3.1 presents a review of past experimental research. Due to the lack of knowledge
of the connection between the leaves in cavity walls, the aforementioned experimental
campaign was conducted to address the knowledge gap. Section 3.2 of the chapter describes
the specimen geometry, the test setup and the adopted testing protocol. Section 3.3 describes
the tests carried out to characterise the used materials. It also describes the characteristics of
the groups of specimens tested, obtained by a combination of different materials, geometry and
loading protocols. Section 3.4 presents and discusses the test results, with special attention on
the developed failure mode and the definition of average force-displacement curves for each

group of tests performed. This chapter is adapted from Arslan et al. [43].

3.1 Review of Past Experimental Research

With the aim of characterising the seismic behaviour of typical unreinforced masonry (URM)
Dutch houses, an extensive multiscale testing program was performed at TU Delft in 2015, the
results of which are presented in Messali et al. [37]. Part of the research focused on terraced
houses built in the Netherlands during the period 1960-1980 [19,36] and characterised by the
use of cavity walls. The double-leaf masonry construction also exists in other regions of the
world, such as Australia, New Zealand, and North America, as well as in various parts of
northern Europe. In the framework of the same multiscale testing campaign, an integrated
testing program was carried out at EUCENTRE laboratories in Pavia in 2015, where, among
others [72], two full-scale shake table tests were conducted on terraced houses [13,14].

Furthermore, recent shake table experiments [68,73] on single-leaf and double-leaf cavity walls
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clearly underline the dominance of out-of-plane (OOP) failure mechanisms in these slender
URM walls.

The out-of-plane behaviour is a common failure mechanism of slender masonry walls
during an earthquake, which often stems from poor wall-to-wall, wall-to-floor or wall-to-roof
connections that provide insufficient restraint to overturning. Cavity walls are particularly
vulnerable to out-of-plane mechanisms due to the slender geometry of the two leaves, and, in
fact, the out-of-plane behaviour of cavity walls represents a major concern during a strong
shock [13,14,33]. The experimental findings of cavity wall tie connections are reviewed
hereinafter based on the tests on the full-scale walls and the connection only.

In a study where full-scale brick veneer wall panel specimens were tested [74], it was found
that out-of-plane wall damage occurred when the veneer moved away from the interior wood
backup, placing a high demand on the tensile force and displacement capacities of the ties,
underlining the prominent role of the ties in the composite response of the two leaves. Giaretton
et al. [23] showed that when a sufficient number of connections are used, the out-of-plane
failure of cavity walls can be prevented. According to BSI PD 6697 [35], a minimum number
of wall ties per unit can be calculated, which is no less than 2.5 ties per square metre and should
be used for walls with both leaves having a size of 90 mm or thicker, whereas the spacing,
embedment length in the mortar and inadequate number of ties will influence the overall
capacity of the cavity wall.

In the study by Walsh et al. [33], in-situ tests were carried out on full-scale masonry cavity
walls for both existing and retrofitted metal ties, concluding that the retrofitting of cavity walls
with adequate spacing, as well as adequate compressive and shear stiffness, can greatly
improve the OOP capacity of URM walls. Also, some laboratory tests were conducted to
investigate the behaviour of URM cavity walls on both existing ties [67,68,73] and retrofitted
ties [40,75], where various tie failures have occurred.

Regarding the tests on the connection only, Choi and LaFave [76] and Reneckis and
LaFave [77] performed experiments at the component level on brick-tie-wood, representing
current U.S. construction practice. The monotonic tests (tension, compression, and shear) and
the cyclic tests were carried out to capture the local performance of overall wall systems in
order to assess the influence of tie thickness, initial offset displacement, attaching method of
ties to wood studs, type of loading, eccentricity and embedment length. The details of the

construction of specimens are illustrated in Figure 3.1a.
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Regarding the screw-connected tests, the primary failure mode was a pull-out tie from the
mortar joint in tension, while the governing failure mode was buckling of the tie in compression
[76]. As far as the force-displacement curve of the specimens under cyclic axial loading is
regarded, an unsymmetrical behaviour with a pinching effect was observed, as shown in Figure
3.1b. The pinched hysteresis shape exhibited strength and stiffness degradation. They found
that the quality of brick veneer, particularly concerning the installation of the ties, plays an

essential role in the overall wall system performance.
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Figure 3.1 Geometry of specimen tested by Choi and LaFave [76] (a) and corresponding force-
displacement curve (b).

An experimental investigation was performed on different brick-tie-brick assemblages on
the connections in cavity walls based on construction practices from Portugal and other South

European countries [78], evaluating the response at the component level under cyclic loading
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in terms of stiffness, strength, dissipation of energy and failure modes. In the experiment, the
total displacement of the tie was measured by LVDT 1, which was attached to the actuator,
while the relative displacement of the tie from the masonry prism by means of LVDT 2, which
was attached to the masonry prism and the tie, as seen in Figure 3.2a.

A total of 4 different failure modes were observed during the experiment conducted by
Martins et al. [78], including tie buckling, tie pull-out, tie fracture at the middle length and tie
fracture at the interface of the mortar joint of the prism. The dominant failure mode was the
pull-out of the tie in tension and buckling of the tie in compression. The tie fracture failure
mode was associated with the fatigue of the tie promoted by the cyclic loading, which occurred
at the end of the test Figure 3.2b. They concluded that the primary role of the cavity wall ties
on masonry outer leaves is the transfer of out-of-plane lateral loads from the outer leaf to the
inner leaf through the connection between both elements. For this reason, Martins et al. [78]
stated that the ties should have adequate resistance and stiffness both in tension and
compression. They also concluded that the tie shape and geometry were the most important

factors influencing the strength of the tie connections.
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Figure 3.2 Details of test setup (a) and scheme of phenomena of failure modes observed during
the experiment from Martins et al. [78].

An experimental campaign on cavity wall ties was carried out at TU Delft to characterise
the behaviour of the connections in terms of resistance, envelope curve and dissipated energy
[39]. The specimens were typical wall ties used in Dutch terraced houses, embedded either in
calcium silicate or in perforated clay brick couplets. Different loading conditions (axial and
shear, monotonic and cyclic loading) and different confining compressive loads on the couplets
were considered. It was found that the wall ties tested were able to connect the two leaves for
relatively small seismic out-of-plane displacement demands but might fail in larger wall out-
of-plane displacements, even before the wall reaches its collapse capacity.
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The following sections present the outcome of an experimental campaign on cavity wall
ties carried out at the Macrolab/Stevin laboratory of TU Delft. The experiments aim to provide
a complete characterisation of the cyclic axial behaviour of cavity wall ties. This research can
also provide a better understanding of the behaviour of the tested metal wall ties for the industry
to find suitable methods for developing their products and improving the seismic response of

existing URM structures.

3.2 Experimental test programme

The experiments presented here aim to characterise the cyclic axial behaviour of metal cavity
wall ties. Each specimen consisted of two bricks connected by means of mortar (couplets) and
included an embedded metal wall tie that was designed to represent a portion of as-built URM
cavity walls (Figure 3.3). Two hundred two couplets were tested in total, consisting of two

types of masonry units: solid calcium silicate (CS) and perforated clay brick masonry (CB).

Inner Leaf
(Calcium Silicate)

Outer Leaf
(Clay Brick)
Insulation Material

Metal Wall Tie

Figure 3.3 Schematic of a typical cavity wall.

3.2.1 Test Specimens

The test specimens were constructed by an experienced mason to ensure the best possible
quality control and were cured for a minimum of 28 days (Figure 3.4). The ties were placed
inside the mortar bed joint, replicating real-world applications (Figure 3.5).

The flow of the mortar was determined in agreement with NEN-EN 1015-3 [79]. During

the construction phase, no free movement of the ties was allowed inside the fresh mortar, and
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the specimens were built in agreement with NEN-EN 845-1+A1 [80]. In practice, the zigzag
end of the tie is embedded in the CB masonry, while the L-shaped hooked end is embedded in
the inner CS walls, as shown in Figure 3.5.

Figure 3.4 Construction details of the tested specimens: construction of CS specimen (a),
example of a CB specimen (b) and of a CS specimen (c).

Top view
/_
A

s 212 7 # 210 7 ~ 212 4 ~ 212 7 2507 A507

B

s 212 7 s 210 7 'S 212 7 s 212 7 #~—100— #—100—

Front view

CS-70 CB-50 CS-50 CS-70-15D  Mortar Cube Mortar Cube
CS CB

Figure 3.5 Geometry of tested specimens.

L-shaped ties with a diameter of 3.6 mm and a total length of 200 mm were embedded
between two bricks in the mortar joint. The embedment length was different at each end of the
tie: the zigzag end was embedded for a length of 50 mm (CB-50), whereas the hooked ends
were embedded for two different lengths of the straight portions, 70 mm (CS-70) and 50 mm

(CS-50), representing possible variations in practice. For a number of specimens, the tie was
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bent 15° from the axis perpendicular to the vertical (CS-70-15D), meaning imperfect
applications are often observed in practice. From the previous campaign [39], the bent tie was
embedded in the CS masonry because the test results highlighted that the tie connections in the
inner leaf play a critical role in overall wall performance. Although only the configuration of
the tie was bent parallel to the bed joints (horizontally), similar behaviour of the tie was
expected in case of deformations imposed perpendicularly to the bed joint (vertically) due to
the isotropic behaviour of the tie itself.

In addition to the masonry couplets, 32 mortar cube samples were constructed to
investigate the embedment of the tie in the mortar alone. A number of specimens tested in the
current experiment campaign were chosen to establish a force-displacement curve accurately
and indicate the variability of the material. Specimens which reached their full capacity are
presented in this chapter. As in practice in Dutch construction, the mortar used for CS and CB
layers is different [37,68]. In mortar cube tests with ties, both mortar types were tested. For
each of these specimens, the tie was embedded into the mortar cube with an anchoring length
of 70 mm for mortar used with CS or 50 mm for mortar used in CB bricks.

To provide a complete characterisation of the connection typology, six types of specimens
were eventually tested, as shown in Table 3.1 and Figure 3.5:

e (CS-70: the hooked part of the tie is embedded in a CS couplet, with a 70 mm

anchoring length.

e (CS-70-15D: the hooked part of the tie is embedded in a CS couplet, with 70mm, and

the zigzag end of the tie is bent 15°.
e (CS-50: the hooked part of the tie is embedded in a CS couplet with a reduced
embedment length of 50 mm.

e (CB-50: the zigzag end part of the tie is embedded in a CB couplet with an anchoring
length of 50 mm.

e Mortar Cubes of CS Mortar: the hooked part of the tie is embedded in a mortar cube
made of the same mortar used for the CS couplets, with an anchoring length of 70
mm.

e Mortar Cubes of CB Mortar: the zigzag end part of the tie is embedded in a mortar

cube made of the same mortar used for the CB couplets, with an anchoring length of

50 mm.
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Table 3.1 Specimens tested per each loading protocol.

Specimen Loading Lateral . Embedment Bending  Number of
Type Protocol Pre-compression Length (deg) specimens
(MPa) (mm)
MT 0.1 70 0 11
MT 0.3 70 0 10
MT 0 70 0 3
MT 0.6 70 0 3
MT-HS 0.1 70 0 6
MC 0.1 70 0 12
CS-10 MC 0.3 70 0 9
MC 0 70 0 1
MC 0.6 70 0 1
MC-HS 0.1 70 0 3
Cyclic 0.1 70 0 9
Cyclic 0.3 70 0 11
MT 0.1 70 15 6
MC 0.1 70 15 6
CS-70-15D Cyclic 0.1 70 15 8
Cyclic 0.3 70 15 8
MT 0.1 50 0 3
CS-50 MC 0.1 50 0 2
Cyclic 0.1 50 0 9
MT 0.1 50 0 12
MT 0.3 50 0 11
MT 0 50 0 3
MT 0.6 50 0 3
MT-HS 0.1 50 0 6
MC 0.1 50 0 10
CB-50 MC 0.3 50 0 10
MC 0 50 0 1
MC 0.6 50 0 1
MC-HS 0.1 50 0 3
Cyclic 0.1 50 0 10
Cyclic 0.3 50 0 11
Mortar MT 0 70 0 3
Cubes for CS MC. 0 70 0 3
Cyclic 0 70 0 10
Mortar MT 0 50 0 3
Cubes for CB MC. 0 50 0 3
Cyclic 0 50 0 10

Note: MT = Monotonic Tensile; MT-HS = Monotonic Tensile High Speed; MC = Monotonic
Compressive; MC-HS = Monotonic Compressive High Speed.
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3.2.2 Test Setup

The test setup was assembled based on the recommendations reported in NEN-EN 846-5 [81]
and is shown in Figure 3.6. The testing machine was connected to a contrast steel frame and
integrated with a data acquisition system (Figure 3.6a). The specimen was placed in the test
machine so that the tie lay aligned vertically along the centreline axis of the test machine, and
the tie was clamped to have a free distance from the couplet equal to 80 mm (Figure 3.6b), a
gap representative of the Dutch construction practice. An image of the setup with the names of

the different components is shown in Figure 3.6c.

A ‘.!’A;- Horizontal |f* %%
o . V.8 : .

Lt Steel
i Plates

\lt\,,

”l\i Horizontal (- Threaded
- Hydraulic Jack 4 Rods

SEiei 0 fo. 0 o ¢

Figure 3.6 Testing setup: schematic of the general [39] (a) and axial setup (b); detail of the
actual setup (c).

During the test, a horizontal compressive force was applied to the couplet and maintained

constant by a manually operated hydraulic jack. Two lateral steel plates ensured the diffusion
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of the compressive load on the entire lateral surfaces of the couplets. Different levels of pre-
compression were applied to the specimens: 0 MPa, 0.1 MPa, 0.3 MPa, and 0.6 MPa. The
applied pre-compression levels were considered to be representative of a cavity wall at different
levels of a typical URM residential building, regardless of the boundary conditions. The axial
load is applied vertically to the wall tie using a displacement-controlled apparatus equipped
with a jack. The machine was provided with a clamp for gripping the free end of the tie
efficiently. The vertical displacements of the bricks of the couplets were prevented by two
horizontal steel plates connected by steel threaded rods. Two linear potentiometers were
installed symmetrically on the two opposite sides of the clamp, pointing against the steel plate

on top of the couplet. Their measuring range was 10 mm (Figure 3.6).

3.2.3 Loading protocol

The specimens were subjected to two different loading protocols, which are quasi-static
monotonic and cyclic loading. Monotonic tests were conducted to obtain the maximum strength
capacity of the connection under tension and compression. In addition, the obtained result is
useful to highlight the initial curve without any degradation in strength or stiffness. In order to
capture any strength and stiffness degradation, the repetition of same amplitude cycles and
small displacement cycles should be included for cyclic loading.

Two loading speeds were conducted for the monotonic tests: (1) quasi-static loading rate,
which is considered to be conservative due to a low loading rate and (2) high-speed rate
investigating the effect of speed rates closer to those that occur during earthquakes. The
nominal displacement corresponding to the peak force was determined by the monotonic tests.
From monotonic tests, it was possible to define the cyclic group amplitude with increments of
three cycles each time in the first phase, and then is followed by two degradation cycles that
were repeated at higher amplitudes in the second phase with the purpose of capturing the cyclic
degradation on the tie-mortar bond. Five different loading schemes were applied:

e MT (Monotonic Tensile): the pull-out displacements (introducing tensile loading in

the connection) is increased monotonically with a rate of 0.1 mm/s up to failure.

e MT-HS (Monotonic Tensile High Speed): the pull-out displacements (introducing

tensile loading in the connection) are increased monotonically with a higher rate of 1

mm/s up to failure.
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e MC (Monotonic Compressive): the displacements of the clamp towards the couplet
(introducing compressive loading in the connection) are increased monotonically with
a rate of 0.1 mm/s up to failure.

e MC-HS (Monotonic Compressive High Speed): the displacements of the clamp towards
the couplet (introducing compressive loading in the connection) are increased
monotonically with a higher rate of 1 mm/s up to failure.

e C (Cyclic): the displacements imposed on the clamp are cyclically varied to apply both
tensile and compressive loads to the connection. The loading history for this test is
divided into two phases. In phase 1, three groups of three cycles of amplitude equal to
0.1 mm, 0.25 mm, and 0.5 mm are performed. In phase 2, each cycle comprises two
runs of increased amplitude with respect to the previous cycle and two runs of reduced
displacement, calculated as 40% of the displacements of the two previous runs (Figure
3.7). The loading rate is chosen to maintain a constant duration of every cycle until
reaching 1 mm/s. Afterwards, it is kept constant.
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q -==-Phase 2
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)
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Figure 3.7 Cyclic loading protocol.

3.3 Mechanical characterisation of materials

A series of companion tests were performed to characterise the mechanical properties of the

materials used in the testing campaign. The flexural and compressive strength of the mortar,
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the tensile and compressive capacity of the tie, and the bond strength between the masonry unit

and mortar were investigated.

3.3.1 Flexural and compressive strength of mortar

The mechanical characterisation of the mortars both for CS and CB were defined in terms of
mean compressive strength, fm, and flexural strength of mortar, fom, in agreement with NEN-

EN 1015-11 [82]. The flexural strength, fom, of the mortar was calculated as follows:

3 Fmax b dl
o =2 he 31
where Fmaxb IS the maximum bending load, d; is the distance between the supports (100 mm +
0.5 mm), hs is the height of the mortar specimen (40 mm), and ts is the thickness of the mortar

specimen (40mm). The compressive strength of the mortar, fm, was determined as follows:

_ Epax .C
In =0 32

where Fmax,c IS the maximum compressive load, and |, is the length of the loading plate (40
mm).

Remix BM2 M5 was used in the specimens of CB, while Remix Brickfix BFM was used
in the CS specimens. The results of the flexural and compressive strength tests are reported in
Table 3.2. For CS specimens, the flexural tests were performed on 24 specimens and
compressive tests on 48 specimens. The compressive strength is equal to 5.65 MPa with a
coefficient of variation of 0.15, whereas the flexural strength is determined as 2.43 MPa with
a coefficient of variation of 0.13. For CB specimens, the flexural strength test was performed
on 15 specimens and the compressive strength test on 30 specimens. The compressive strength
is equal to 6.47 MPa with a coefficient of variation of 0.11. The flexural strength is equal to
2.29 MPa with a coefficient of variation of 0.24.

Table 3.2 Flexural and compressive strength of CS and CB.

CS CB
Average C.oV. Average C.oV.
Compressive strength of mortar Fm MPa  5.65 0.15 6.47 0.11

Flexural strength of mortar Fom MPa  2.43 0.13 2.29 0.24

Material property Symbol UM

Figure 3.8 shows the statistical distribution of flexural and compressive strength of both
types of mortar. The majority of the masonry buildings in the Netherlands were mainly of low-
quality mortar [83], and as mentioned, two different mortar types were used [37,68].
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Figure 3.8 Statistical distribution of flexural strength (a) and compressive strength (b) of the
mortar adopted for CS and CB specimens.

3.3.2 Bond strength of masonry

The bond strength between the masonry unit and mortar was determined in agreement with the
bond wrench test proposed by EN 1052-5 [84]. The computer-controlled test set-up was used.
The specimen was rigidly held by a support frame that holds the specimen in accordance with
EN 1052-5 [84]. A clamp, with a lever attached, was applied to the masonry unit. The lever
was used to apply a bending moment to the brick-mortar interface. The load was applied by a
jack operated automatically, and a load cell attached to the jack measured the applied force.
The bond wrench strength, fw, is calculated on the assumption that the stress distribution is

linear over the width of the top masonry unit as follows:

2 F
F1€1 + erz —gtu (Fl + FZ + 13)
W Lw?
Y (3-3)

where F1 is the failure load, measured and applied by the jack. F2 is the normal force as a result
of the weight of the bond wrench apparatus. Fz is the weight of the masonry unit pulled off the
specimen, including the weight of adherent mortar. Furthermore, e is the distance from the
applied load to the tension face of the specimen, e; is the distance from the centre of gravity of
the clamp to the tension face of the specimen, |; is the mean length of the bed joint, and w; is

the mean width of the bed joint. Figure 3.9 reports the classification of the type of failures.
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Figure 3.9 Classification of failure modes in agreement with EN-1052-5 [84] (1 tension face,
2 compression face).

In total, 27 CS and 17 CB couplets were tested for material characterisation. These tests
were carried out on the couplets after the testing when the bond between the mortar and the
brick was not damaged. The mean bond strength was equal to 0.34 MPa (St. Dev. of 0.09 MPa)
and 0.52 MPa (St. Dev. of 0.14 MPa) for the CS and CB specimens, respectively. A stronger
bond was obtained for the CB masonry than CS brick masonry, possibly due to the differences
in the mortar used. The values of the bond strength and the corresponding bond failure types

of the couplets are shown in Table 3.3.

Table 3.3 Bond strength for each group of tested couplets.

CS CB
£ B_ond £ B_ond £ B_ond £ B_ond £ B_ond
No (MPa) failure |No. (MPa) failure |No. (MPa) failure INo. (MPa) failure |No. (MPa) failure
type type type type type
1 0.28 Type A 10| 0.35 Type A |19| 0.26 | TypeA | 1| 0.64 Type A |10| 0.25 Type A
2 0.29 Type D (11| 0.38 Type A |20| 0.40 | TypeA | 2| 057 TypeC |11| 0.39 Type A
3| 033 | TypeA |12| 038 | TypeA [21| 045 | TypeA | 3| 052 | TypeA |12| 054 | TypeA
4 | 024 | TypeD |13| 0.35 Type A |22| 0.46 | TypeD | 4| 041 Type D |13| 0.48 Type A
5 0.13 Type A (14| 0.34 TypeC |23 0.27 | TypeD | 5| 0.64 Type A |14| 0.66 Type D
6 0.32 Type A 15| 0.26 Type A |24| 030 | TypeD | 6| 0.64 Type A |15| 0.66 Type A
7 0.30 TypeC |16| 0.25 Type A |25| 0.54 TypeC | 7| 0.64 Type A |16| 0.49 Type A
8 0.39 Type A (17| 0.30 Type A |26 045 | TypeA | 8| 041 TypeC |17| 0.26 Type A
9 0.38 Type D (18| 0.41 TypeD |27| 0.28 | TypeA | 9| 0.64 Type A | - - -
Avg. 0.34 0.52
SD 0.09 0.14
CoV,| 0.25 0.26
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3.3.3 Tensile and compressive strength of tie

In addition to the mortar tests, tie tests were performed as well. A stainless-steel bar was used
with a diameter of 3.6 mm and 316 Grade. The tension properties of the tie were defined in
terms of average values of elastic modulus, Ea, yield strength, fy, yield strain, &q, tensile
strength, fy, strain at tensile strength, &, and elongation at rupture, &+, according to ASTM
E8/E8M-21 [85]. A summary of the connection mechanical properties resulting from material
characterisation tests is reported in Table 3.4. Young’s modulus was derived as the chord
elastic modulus evaluated between 1/10 and 1/3 of the tensile strength. The yielding of the tie
occurred at a stress level of approximately 1/3 of the tensile strength. For the sake of simplicity,
it is defined as Young’s modulus; in fact, it refers to the stiffness of the cavity wall tie, including
the effect of the geometry of the tie. Hence, the geometry of the tie caused not only a lower
yield strength but also the failure occurred in the zigzag end.

The behaviour of the connection under compressive loading was interpreted in terms of
Euler’s buckling. The compression properties of the tie were defined in terms of strength at
Euler’s critical load, fe, and strain at critical load, &, according to ASTM E9-19 [86].
Additionally, the column effective length factor, K, computed via the experimental results, is

also reported.

Table 3.4 Summary of the outcomes of the material characterisation tests on cavity wall ties.

Loading . Tie
Protocol Material property Symbol UM Average CoV

Elastic modulus of tie evaluated

between 1/10 and 1/3 of the Eat MPa 32920 0.03
maximum tensile stress

) . Tieyield strength Tyt MPa 135 0.01
Tensile loading i yie|d strain & - 00045  0.04
Tie tensile strength fit MPa 411 0.01
Tie strain at tensile strength &t - 0.13 0.08
Tie elongation at rupture &t - 0.14 0.07
Compressive Tie strepgth at_E_uler’s critical load fet MPa 198 0.05
loading Tie strain at crltlca_l load Ect - 0.011 0.18

The column effective length factor K - 0.45 -

3.4 Experimental results

This section presents the results obtained in terms of failure mode, average force-displacement

curve, peak force, and displacement at the peak force and failure, identified as the point of
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reduction by 20% of the peak force as conventionally assumed in several studies available in
the literature (among other [87-89]). After reaching a 20% reduction of their peak force, the
specimens continued to their collapse state to observe full capacity on the connections. The
tensile and compressive force-displacement curves obtained for the monotonic protocols are
shown together in the same diagram for the sake of simplicity. The envelope curve regarding
the cyclic loading was derived according to the recommendations provided in ASTM E2126-
19 [90]. Table 3.5 lists the mean peak force/displacement, along with the standard deviation
and reduction by 20% of peak force. The force-deformation response of all the experiments
conducted is accessible in open-source data storage [91]. It should be noted that all curves
obtained during the experimental campaign are provided in Annex A.

Table 3.5 Mean results of the axial tests on cavity wall tie connections (standard deviations
between brackets).

. . Pre-C Axial strength Displacement at peak Displacement at failure
Specimen  Loading Level

Tensile Com Tensile Com Tensile Com

type  protocol sy k) (kN)p (mm) (mmI;) (mm) (mmI;)

0.1 2.28(0.22) -1.72 (0.25) 11.27 (1.98) -3.25 (0.50) 17.1(1.86) -3.75 (0.55)

MT, 0.3 2.33(0.23) -1.84(0.16) 10.38 (1.49) -3.05 (0.56) 17.9 (4.08) -3.64 (0.78)

MC 0 2.54(0.08) 183 9.72 (2.81) 344 11.6 (4.64) -2.03

cs.70 0.6 2.60(0.23) 165 12.33(0.11)  -2.85 18.1(1.25) -1.30
i MT-HS

Mo.ne 01 230(0.12) -1.83(019) 9.48(0.98) -2.90(0.72) 16.1(0.84) -3.55 (0.83)

Cyolic 0L 176(0.15) -166(0.22) 6.70(228) -2.85 (0.83) 106 (2.36) -370(0.75)

0.3 1.97 (0.43) -1.78 (0.11) 7.03 (2.88) -2.72 (0.58) 11.0(3.33) -3.36 (0.31)

cs70.  MT.MC 01 251(013) -135(0.06) 13.07 (1.20) -4.48 (0.82) 19.23 (3.87) -5.04 (0.76)

oD Cyclic 0L 207 (0.18) -1.45(0.10) 9.74(0.10) -382 (0.65) 145 (1.27) -4.49 (0.31)

0.3 2.07(0.28) -1.44 (0.11) 9.61(0.35) -4.12(0.83) 14.8 (1.54) -4.66 (0.55)

cosg _ MT.MC 01 187(0.14) -1.80(0.23) 8.25(0.60) -252(0.13) 14.4(0.81) -2.92(0.04)

Cyclic 0.1 1.63(0.12) -1.96(0.22) 4.58(0.80) -3.38 (L.77) 10.6 (1.19) -4.54 (2.37)

0.1 3.59(0.56) -1.85(0.18) 7.16 (3.15) -2.12(0.31) 8.60 (3.48) -2.45 (0.36)

MT Mc_ 03 3.65(035) -1.82(0.15) 7.90 (1.64) -2.15(0.22) 103 (2.68) -2.51(031)

’ 0 3.09(0.40) 194 427 (1.84) 222 5.10(2.19) 1155

CB.50 0.6 3.99 (0.34) 199 898 (2.12) 192 9.34 (1.40) -1.59
i MT-HS

MC.e 01 324(0.56) -169(0.40) 550 (259) -2.15(0.20) 7.12(3.52) -3.07 (0.21)

Cyolic 0L 3.37(042) -158(0.07) 6.19(224) -0.44(0.18) 9.24 (254) -118(0.14)

0.3 3.79(0.35) -1.62(0.06) 8.97 (1.14) -0.35(0.17) 11.6(2.10) -1.16 (0.15)

Mortar MT,MC 0 1.95(0.10) -1.90 (0.02) 11.64 (1.94) -2.02 (0.18) 19.0(1.30) -2.72 (0.23)

C“beééor Cyclic 0 208(0.23) -1.78(0.13) 1.83(2.75) -2.66 (0.60) 12.47 (5.23) -3.57 (0.51)

Mortar MT,MC 0 1.54(0.04) -1.82 (0.06) 2.43(0.59) -3.10(0.32) 5.38(2.06) -3.85 (0.33)

C“%’;for Cyclic 0 1.49(0.15) -1.91(0.07) 2.14(0.43) -3.62 (0.59) 3.98 (0.99) -4.25 (0.42)

Note: Pre-C Level = Pre-compression Level; Comp = Compressive
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3.4.1 Failure modes

During the experimental campaign, four different failure modes were observed: sliding failure,
tie failure, buckling failure and expulsion failure, as similarly reported in the literature
[76,92,93]. The obtained failure modes are illustrated in Figure 3.10.

Initial position
Yielding of tie
Fracture of tie
Initial position
Initial imperfection

Buckling of tie

Partly debond
Fully debon

-l

(@) (b) (d)

Figure 3.10 Failure mode sequence for cavity wall tie connections: Sliding failure (a), Tie
failure (b), Buckling failure (c) and Expulsion failure (d).

When the specimens were subjected to monotonic tensile loading, the couplets exhibited
either of the following two failure modes:

e Sliding failure (Type A): the tie slides along the tie-mortar interface (Figure 3.10a);

e Tie failure (Type B): the tie yielding is followed by a fracture of the tie (Figure

3.10b).
The sliding failure mode, which was governed by the straightening of the tie and crushing of
the surrounding mortar, is the most common failure mode in tension, and only a few
connections failed due to the tie failure. 92% of the specimens failed in the sliding failure (Type
A). In the former case, failure occurs due to poor bonding between the tie and the mortar and
due to the low strength of the mortar. Hence, as expected, the primary failure mode is sliding
failure in tension. In the latter case, the mortar and the couplet remain intact; thus, neither
cracks in the mortar joints nor detachment at the brick-mortar interface are observed.
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Regarding the compressive loading, the couplets showed either of the two failure modes:
e Buckling failure (Type C): the failure is caused by the buckling of the tie (Figure
3.10c);
e Expulsion failure (Type D): the failure is achieved by piercing and expulsion of the
cone of mortar around the tie (Figure 3.10d).
The large majority of the couplets loaded in compression were characterised exhibiting
buckling failure. Only in 8% of the tested couplets was expulsion failure observed. Buckling
of the tie is expected as a dominant failure mode in compression. Hence it can be concluded
that the cavity wall tie connection behaviour is more dependent on the tie buckling capacity
than on the bond strength capacity between tie and mortar.

It should be noted that the description of the evolution of the failure modes, as presented
in Figure 3.10, was obtained by stopping a number of additional tests apart from the main
specimens at different values of the imposed displacement and, when needed, the test was
stopped for opening the specimens by performing bond wrench tests to observe the condition
of the tie embedded in the mortar. The results of the additional tests were used to investigate
the evolution of the failure mode and to define the flexural strength of the couplets via the bond

wrench tests.

3.4.2 Load-Displacement curves

Based on the recorded test data, force-displacement curves were generated for each specimen.
The relative displacement between the couplet and cavity wall tie is indicated on the horizontal
axis of the load-displacement curves. It is important to note that the positive displacement and
force in these graphs correspond to the tie pull-out (henceforth called tension) direction of
loading. Hence, the direction of pushing the tie towards the couplet (henceforth called
compression) indicates the negative displacement. In the following, the experimental findings
of the groups of specimens tested are discussed, including CS-70, CS-70-15D, CS-50, CB-50,
Mortar cubes for CS and Mortar cubes for CB.
CS-70 Specimens

Figure 3.11 shows the force-displacement curves for CS-70 couplets for monotonic
loading. It should be noted that the whole curves are reported beyond the point of failure, which
was identified as the point of reduction by 20% of the peak force. The figure also shows the

average curve obtained by averaging the data from eleven specimens as an example.
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Figure 3.11 Experimental results of CS specimens with 70 mm anchored length for a pre-
compression level of 0.1 MPa.

Regarding the monotonic loading for CS-70, the average curves of each testing group are
presented in Figure 3.12. In CS-70 specimens, three different failure modes were observed:
Type A (100%) for monotonic tensile loading and Type C (82%) or Type D (18%) for
compressive loading. Regarding the monotonic tensile loading, the peak strength was reached
when the hooked part of the tie started straightening, followed by the sliding between the mortar
and the tie. An initial linear elastic behaviour of the connection up to about half of the peak
load was followed by hardening up to the peak. The post-peak phase was characterised by
gradual softening up to large displacements (50mm). Qualitatively similar behaviour was

obtained irrespectively on the applied pre-compression level and loading rate.
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Figure 3.12 Average results for monotonic loading for CS specimens with 70 mm anchored
length (a) and observed failure modes (b).

In compression, the linear-elastic behaviour of the connection was observed up to the peak

load, which was achieved due to either buckling of the tie or expulsion of the cone of mortar.
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A drastic reduction of resistance was observed in the post-peak phase. The behaviour of the
specimens was consistent for every test regardless of the failure modes. As regards the cyclic
tests on CS-70 specimens, an example full cyclic curve, which is characterised by the pinching
effect as well as its envelope curve, is presented in Figure 3.13.
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10 ——Capacity curve
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Figure 3.13 Force-displacement envelope curve for CS specimens with 70 mm anchored
length.

The results of the cyclic tests are given in terms of envelope curves in Figure 3.14. As
shown in Figure 3.14, a nonlinear force-deformation response was detected even in the initial
loading stages. After the peak load was reached, a pronounced pinching effect was observed.
This behaviour primarily occurred due to the loss of bond strength around the tie-mortar
interface and the crushing of the mortar around the hook. The backbone curves were similar to
those obtained for the monotonic tests, and the failure mode of the specimens was a
combination of the mechanisms described for the monotonic tests. When the failure mode was
a combination of Type A and Type C, at the end of the test, the tie failed with rupture due to
deterioration of the mortar. The peak load in tension obtained for cyclic loading was lower than
that obtained during the corresponding monotonic tests, and the post-peak behaviour was more
brittle.
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Figure 3.14 Summary of results for cyclic loading for CS specimens with 70 mm anchored
length.

To have a detailed understanding of the obtained results, the average force-displacement
curves defined for every testing variation of the CS specimen are shown in Figure 3.15. The
test has been performed with different types of variations: two embedment lengths, four pre-
compression levels, two different tie geometries, and five different testing protocols for CS
specimens. It was observed that the levels of pre-compression had negligible influence on the
behaviour of connections (Figure 3.15a). Similarly, the loading rate also had no influence on
the behaviour (Figure 3.15b). On the contrary, the loading repetition led to a significant
decrease in the strength of specimens, even though stiffness and ductility did not change
(Figure 3.15c). When bent ties were considered (Figure 3.15d), an increase of capacity in

tension was observed and vice versa in compression.
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Figure 3.15 Force-displacement curve comparison of variations for CS specimens.

CS-70-15D Specimens

CS-70-15D specimens are characterised by the embedment of the hooked end of the tie in
CS couplets with an embedment length of 70 mm and a 15-degree bent tie. Bent ties were
studied to represent the real case installation situation from the field, as seen in common
construction practice. Figure 3.16 illustrates the force-displacement curves obtained for
monotonic loading by averaging the single force-displacement data at a pre-compression level
of 0.1 MPa and the average envelope curves for cyclic loading for different lateral pre-
compression levels. The observed failure modes were Type A (100%) and Type C (100%) for
monotonic tensile and compressive loading, respectively, and a combination of these two
mechanisms for the cyclic tests. The curves for monotonic and cyclic loading were very close
to each other in the initial loading and diverged when the displacement increased; however, the
curves for cyclic loading at pre-compression levels of 0.1 MPa and 0.3 MPa were very close

to one another during all loading. In tension, the force-displacement curve is linear up to about
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one-third of the peak load and then characterised by a hardening branch. In compression,
nonlinear behaviour was observed even in the initial loading stage. The envelope curves for
cyclic loading were characterised by smaller force values for tensile displacements, while the

peak compressive force was slightly larger for cyclic tests.

3.0

25 R Y

1 5 / '—.'_"'- \\\ iiiiiiii -
= L i \\.{2’ \\__,5-«\"1*\;\\ -
< 1.0 :y N e e ~
3 R Tl R M
s 05 T T R
LL
< 0.0 ] -
3 ey D ,;‘j - - = CS-70-15D Monotonic 0.1 MPa Pre-C level
L-05 [mims R R ,':z’ — —CS-70-15D Cyclic 0.1 MPa Pre-C level

10 A — .- CS-70-15D Cyclic 0.3 MPa Pre-C level

' : { --------- CS-70 Monotonic 0.1 MPa Pre-C level
-15 o - - -CS-70 Cyclic 0.1 MPa Pre-C level
b0 e CS-70 Cyclic 0.3 MPa Pre-C level
-20 -10 0 10 20 30 40 50

Axial Displacement (mm)

Figure 3.16 Summary of results for monotonic and cyclic loading for bent and non-bent tie for
CS specimens with 70 mm anchored length.

CS-50 Specimens

CS-50 specimens are characterised by an embedment length of the hooked end of the tie
in CS couplets equal to 50 mm. Figure 3.17 shows the average force-displacement curves
obtained for monotonic loading, as well as the average envelope curves for cyclic loading, both
monotonic and cyclic tests performed at a pre-compression level of 0.1 MPa. The failure
behaviour of the corresponding specimens under tensile loading was defined by Type A, while
under compressive loading, it was defined by Type C. The characteristic behaviour of the
connection was similar with CS specimens with 70 mm anchored length: straightening of the
tie under tension and buckling under compressive loading. The force-displacement curve in the
tension stage was found to be linear up to about one-half of the peak load, after which the
behaviour was detected as nonlinear, while regarding the compressive stage, it was found that
a straight portion of the force-displacement curve was up to the peak load. The failure mode of
the specimens regarding the cyclic tests was a combination of the mechanisms described for

the monotonic tests.
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Figure 3.17 Summary of results for monotonic and cyclic loading for CS specimens with 50
mm anchored length.

CB-50 Specimens

CB-50 specimens are characterised by the embedment of the zigzag end of the tie in CB
couplets with an embedment length of 50 mm. The following variations were performed for
CB-50 specimens for the monotonic tests: four different pre-compression levels and two
different rates of load application. Figure 3.18 shows the force-displacement average curves
obtained for each corresponding variation.

Two types of failure modes were observed regarding the monotonic tensile loading: Type
A and Type B; while for the monotonic compressive loading, the failure mode was Type C.
Regarding the monotonic tensile loading, the peak of resistance of the specimens was achieved
either when the tie reached the ultimate capacity of the tensile strength of 4.1 kN or when the
mortar crushing in the bed joint started around the tie. The position of fracture was observed
next to the embedment of the tie due to the geometry of the tie, and at the end of the test, the
tie failed with a brittle rupture. The force-displacement curve started with a linear part up to
about one-half of the peak load. After that point, hardening took place up to the peak load. Both
failure modes showed a rather brittle post-peak behaviour.
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Figure 3.18 Summary of results for monotonic loading for CB specimens (a) and observed
failure modes (b).

For the monotonic compressive loading, the peak of resistance of the specimens,
independently of the applied pre-compression level and speed rate, was achieved when the tie
buckled. Compressive behaviour started with a linear portion up until the compressive strength
was reached. A hyperbolic reduction of resistance was detected in the post-peak phase. The
behaviour of the specimens was consistent for every test.

Figure 3.19 shows the average envelope curves of the CB-50 specimens for the cyclic
loading. For these specimens, only two pre-compression levels (0.1 MPa and 0.3 MPa) were
investigated. The behaviour and the failure mode of the specimens under cyclic loading was a
combination of those observed for the monotonic tensile and compressive loading.
Additionally, it was observed that the cyclic behaviour was nonlinear and asymmetry since the
early loading stage, and after the peak load was reached, the force-displacement curves were

characterised by the pinching effect for increasing displacements.
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To have a detailed understanding of the obtained results, the average force-displacement

curves defined for every testing variation of the CB specimen are shown in Figure 3.20. The

CB specimens were tested under different conditions: four different pre-compression levels

and five different testing protocols. For CB specimens, it can be observed that the peak strength

increases with the lateral pre-compression (Figure 3.20a), highlighting the presence of a dowel

effect on the specimen behaviour. On the other hand, neither the loading repetition (Figure

3.20b) nor the loading rate (Figure 3.20c) significantly affects the results.
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Figure 3.20 Force-displacement curve comparison of variations for CB specimens.
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Mortar cubes for CS and CB

The ties embedded inside CS and CB mortar cubes were tested under monotonic and cyclic
loading in order to decouple the mortar-tie interaction from other possible influencing
parameters. Figure 3.21 shows the average force-displacement curves for both monotonic and
cyclic loading (in the latter case, the envelope curves) of ties embedded in CS and CB mortar
cubes. When the cubes were subjected to monotonic tensile loading, the failure mode was the
same observed for the ties embedded in couplets: crushing of the mortar and straightening of
the tie (Type A). A first peak was achieved during the loading history when the bond strength
capacity was reached between the tie and mortar. The peak of resistance of the specimens was
then attained after straightening the tie. After the peak, the observed reduction of capacity was
rather ductile for the CS mortar cubes and more brittle for the CB mortar cubes. In compression,
only buckling of the tie (Type C failure) was observed for both CS and CB mortar cubes.
Qualitatively similar behaviour was obtained for each specimen, with a hyperbolic reduction
of the resistance in the post-peak phase. The observed failure mode of cubes for the cyclic

loading was a combined failure mode of monotonic loading.
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Figure 3.21 Summary of results for CS and CB mortar cubes (a) and observed failure mode
(b).
Regarding the tests of specimens with mortar cubes, the behaviour of the ties embedded in
CS mortar is similar to that observed when the ties are embedded in the couplets (Figure 3.22a),

while the force capacity of the ties with CB mortar is halved when they are embedded in the
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mortar cubes (Figure 3.22b) due to absence of dowel effect. Note that the numerous small

hollows present in the perforated CB specimens provide extra resistance due to a dowel effect.
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Figure 3.22 Force-displacement curve comparison of variations for CS (a) and CB (b) mortar
cubes.

Comparing the results obtained during a previous campaign also performed at the
laboratory of TU Delft [39] and those presented in this chapter, the significantly higher
resistance observed in the current campaign is probably caused by an improved quality of the
specimens and better workmanship. Namely, thanks to higher precision and consistency during
the construction phase, the specimens have developed higher mechanical properties.
Considering the current campaign, very consistent results were obtained, while during previous
experimental campaigns, the bond between the tie and the mortar of a number of specimens

failed in a very early loading stage due to poor mechanical properties.

3.5 Conclusions

This chapter aims to assess the seismic response of the wall metal tie connections in typical
Dutch masonry double-leaf cavity walls, which are composed of an inner load-bearing leaf

made of calcium silicate brick masonry and an outer leaf made of clay brick masonry. The tie
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was pulled from either a calcium silicate (CS) couplet or a clay brick (CB) couplet. This section
discusses and compares the experimental results obtained under monotonic tensile and
compressive loading, as well as cyclic loading, and for different connection geometry and
loading protocols.

The following results are reported:

e Comparing the experimental results of the monotonic and cyclic tests in terms of the
peak load, on average, a 19% larger peak load is observed for monotonic tests for the
CS specimens, and a similar increase in peak load is also observed for the CB
specimens.

e Larger values of the bond strength are obtained for the CB couplets thanks to the dowel
action of the mortar in the brick holes. For the same reason, a significant reduction of
pull-out strength is obtained when the ties are embedded in the mortar cubes compared
to the couplets.

e Overall, it can be concluded that the behaviour of the studied wall-tie connection is
mainly governed by the behaviour of tie embedment in the CS leaf.

The studies carried out in this experimental campaign may improve the knowledge of the
connection between the leaves in cavity walls, which can be helpful in identifying and
validating suitable assessment methods and retrofit interventions. The findings of this study
can help improve the testing, standardisation and, eventually, design of wall-to-wall metal ties,
which the construction industry benefits from in the long run. As a finding of such, it can be
suggested that the bonding between the tie and the mortar and the tie stiffness can be improved

for the companies for new products.
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Chapter 4. Experimental characterisation of timber
joist-cavity wall connections

The unreinforced masonry (URM) building stock in Groningen is characterised by flexible
diaphragms, cavity walls, single- or double-wythe walls and lack of effective wall-to-
diaphragm connections, as identified in Chapter 2. As clearly stated in the literature [26,94],
the out-of-plane (OOP) failure mechanism is related to insufficient or absent wall-to-floor
connections. Since little research on timber joist-cavity wall connections for typical URM
Dutch houses can be found in the literature, an experimental campaign was conducted in the
laboratory of the Hanze University of Applied Sciences. The campaign aimed to provide a
complete structural characterisation of connections of timber joists to URM cavity walls in as-
built and strengthened conditions under cyclic axial loading. A total of twenty-two cyclic tests
on timber joists connected to URM wallets, both in as-built and strengthened conditions, were
performed with the following configurations: two different cavity wall tie distributions, two
pre-compression levels, two different as-built connections, and two different strengthening
solutions.

Section 4.1 describes a review of past experimental research to identify the knowledge gap.
Section 4.2 describes sample geometry, test setup, and adopted testing protocol. Section 4.3
presents the tests carried out at the material level to characterise the used materials. Sections
4.4, 4.5 and 4.6 present and discuss the test results for unstrengthened connections, connections
with strengthened timber joists, and connections with strengthened cavity walls and timber
joists, respectively. Special attention is devoted to the failure modes and the hysteretic

behaviour for each group of tests performed.

4.1 Review of Past Experimental Research

A review of as-built and strengthened connections on URM structures is presented in this
section. Wall-to-floor connections are important players in ensuring the global stability of
URM structures against seismic and other dynamic actions. If these connections are inadequate
or absent, an earthquake-resistant box-type behaviour cannot be guaranteed, and local

mechanisms such as bending, sliding, and out-of-plane failure of URM walls can be observed.
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It is important to underline that the prevailing weak links for typical URM buildings are as
follows: (i) connections between floors and masonry walls and (ii) the OOP bending behaviour
of masonry walls [95]. These two links can be associated in such a way that collapse in the
OOP direction can be due to the activation of the local mechanism, i.e., the failure of the
connection may trigger a progressive collapse with the consequent cantilever behaviour of the
walls. If the connection is inadequate, the wall can generate a cantilever-type behaviour, and
the overturning mechanism can be activated easily. On the other side, even when the connection
is proper, the wall can fail under rocking behaviour. Therefore, understanding the behaviour of
connections is of prime importance to understanding and preventing damage to URM
structures.

Traditional wall-to-floor connections in URM structures can be categorised as friction-
based (hereinafter referred to as mortar pocket connections) and anchor-based, such as iron
straps, metal tie-bars or hooked anchors. The masonry pocket connection can be characterised
as the simplest and oldest construction practice in which the joist is inserted over the width of
a masonry wall or half the width of a masonry wall for thin or thick walls, respectively. The
latter, anchor-based connections, are a relatively modern solution in which the timber joist is
connected to the masonry using iron straps. The experimental findings of these two types of
joist-masonry connections are reviewed hereinafter based on tests on full-scale buildings and
the connection only.

As stated in the literature, the out-of-plane behaviour is a common failure mode of
unreinforced masonry structures during a seismic excitation, governed mainly by the absence
of adequate connections between the structural elements such as wall-to-wall, wall-to-floor or
wall-to-roof. In case of poor wall-to-floor connection, frictional resistance may play an
important role in seismic assessment of out-of-plane mechanisms. Bothara et al. [96] conducted
an experimental campaign on a half-scale two-storey URM building constructed using a
conventional timber floor and roof and single wythe clay brick masonry, in which timber joists
were connected to wooden wall plates laid on the longitudinal walls. Since the seismic
performance of the URM building as a whole without focusing solely on connection, was
aimed, it was only reported that limited relative displacement between the floor and the wall
was observed due to the high frictional strength.

In order to understand the dynamic behaviour of historic stone masonry with timber floor
and roof and evaluate possible strengthening solutions, an experimental campaign on three full-

scale two-storey buildings was carried out at the EUCENTRE laboratory in Pavia [97]. The
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structures consisted of timber floors and roofs. The first structure was representative of a
vulnerable building lacking anchors between walls and floor [98], and with the timber joists
simply placed on half the width of the external walls. The specimen showed a local out-of-
plane failure due to the poor connections. In Building 2, the floor diaphragm-to-wall
connections were improved by the inclusions of anchors, which allowed to prevent premature
OOP failures. As a consequence, the building exhibited a global response, and presented higher
lateral strength and stiffness.

An experimental investigation was performed on a full-scale two-story URM building
subjected to a quasi-static test by Yi [99]. Metal ties were used to connect the timber floor to
the masonry wall at every three joists (Figure 4.1a). The rest of the joists were simply supported
at their ends (Figure 4.1b). At the conclusion of the cyclic test, a large amount of sliding was
observed between the joist and masonry wall in the case of the masonry pocket connections.
On the other hand, the joists connected with ties to the wall underwent smaller sliding. It was
also reported that the ties were able to provide sufficient connection to redistribute the seismic
demand from the OOP-loaded walls to the diaphragm.
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Figure 4.1 Joist masonry wall connections details, from Yi [99]: metal tie connections (a) and
masonry pocket connections (b).

With the aim of characterising the seismic behaviour of typical Dutch houses, an extensive
multiscale testing program was performed at EUCENTRE laboratories [72]. Specifically, this
campaign aimed at investigating the seismic behaviour of structural components, assemblies,
and complete buildings. Among others, full-scale shaking table tests of a cavity wall terraced
house [100] and a double-wythe clay-brick detached house [11] with flexible timber
diaphragms were conducted. Two different connections, mortar pocket connections and
connections with hook anchors, were used between timber joists and masonry walls for both

the terraced and detached houses to represent the actual as-built condition. The hook anchors
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were placed on the pocket of the inner leaf for the cavity wall terraced house, while they were
inserted into the masonry between the two wythes for the detached house (Figure 4.2). It was
reported that no sliding or significant differential displacements between joists and masonry
was recorded, although the connections were damaged. For this reason, the connections were
in general assessed to perform adequately. However, since the research focused on the global
dynamic behaviour of the buildings, the performance of the single connections was not further

investigated.
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Figure 4.2 Wall-to-floor connections: hook anchor embedded in the double-wythe clay wall

(a,b,d and e) [11], and detail of the anchor placed on the inner leaf of a cavity wall (c and f)
[100].

With regard to tests conducted at component level, and specifically on mortar pocket
connections, Almeida et al. [101] performed an experimental study to characterise the frictional
resisting mechanism between a timber floor and masonry. In this experimental program, triplet
tests were conducted to investigate the cyclic friction of timber-timber and mortar-timber
connections. The wall-to-floor connection was designed to be representative of unstrengthened
conditions, in which the timber joist is supported by a masonry wall. Two different mortar
types were considered: antique mortar and modern mortar. The antique mortar represented a

weak-quality mortar used in historic buildings consisting of hydraulic lime and sand, while the
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modern one is a high-quality mortar without aggregates. They found that the surface roughness
of the timber can be a governing factor in increasing friction resistance, while the loading rate
had no influence on the friction behaviour. The authors also mentioned that the specimens with
antique mortar did not exhibit a frictional type of behaviour and were hence excluded from the
experiment, since the mortar was grinding, breaking up and degrading into powder.

Lin and Lafave [94] conducted a testing campaign on two different types of typical wall-
to-floor connections, with and without nailed strap anchors. The specimens were subjected to
three different loading methods, namely: static monotonic, static cyclic loading and dynamic
cyclic loading. The specimens represented a common typology for joist-wall connections in
URM buildings. The as-built mortar pocket connections provided a lower strength capacity
compared to the specimens with nailed strap anchors. An average friction coefficient of 0.5
was defined for the former specimens, in good agreement with the values found in previous
literature, e.g. those given in the American Civil Engineer’s Handbook [102].

Ravenshorst and Mirra [103] conducted an experimental investigation on different timber
joist-masonry wall connections in single-wythe calcium silicate masonry walls and double-
wythe clay brick masonry walls based on construction practices from the Netherlands,
particularly Groningen. The specimens aimed to simulate the connections at the roof level in
which the specimens did not have an overburden load at the top. The study aimed at evaluating
the response of wallets under quasi-static and dynamic loading in terms of stiffness, strength
and failure modes. A total of seven configurations were studied, of which two configurations
represented as-built timber-masonry connections, namely mortar pocket and hook anchor,
while the remaining five configurations were strengthened as follows to understand the
influence of the strengthening strategy:

Q) Steel angle anchored to the masonry and screwed to the joist,

(i)  Additional steel bracket placed below the current joist,

(i) Hook anchor glued to the wall,

(iv)  Screws through timber and masonry with an angle of 45 degrees,

(V) Timber blocks with mechanical anchors between the joist and wall.

It was reported that the as-built specimens with mortar pockets exhibited purely frictional
behaviour; on the other hand, the as-built specimens with hook anchors exhibited frictional
behaviour when pushing the joist towards the wall, while a resisting process was involved due
to the hook anchor when the joist was pulled from the wall. The main outcomes from the
experimental campaign can be summarised as follows:
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Q) The specimens strengthened with steel angles anchored to the masonry showed
increased strength, stiffness, and ductility. The failure mode was the yielding of
the screws.

(i) The specimens strengthened with the additional steel bracket exhibited better
strength and stiffness than the as-built specimens with hook anchors. The failure
mode was yielding and bending of screws and steel brackets.

(iii)  The specimens strengthened with the glue exhibited brittle behaviour, and the
failure mode was a detachment of the glued surface.

(iv)  The specimens strengthened with the screws showed brittle behaviour too. The
failure mode was characterised by a large and distributed crack pattern in the
masonry.

(v)  The specimens strengthened with the timber blocks exhibited highly dissipative
behaviour as well as high strength. The failure mode was yielding and bending of
screws and nails.

Previous studies have provided insight into the seismic behaviour of wall-to-diaphragm
connections, and most importantly, the finding of these have shown that connections between
masonry wall and diaphragm are critical to ensure “box-type” behaviour. However, the
experimental campaign at EUCENTRE [72] considers only timber joist-cavity wall
connections on full-scale buildings, while Ravenshorst and Mirra [103] focus on as-built
timber-masonry connections in a single-leaf wall. Hence, there is a lack of experimental results
that consider cavity walls with timber joists in as-built and strengthened conditions
representing timber joist-masonry cavity wall connections in typical Dutch masonry structures.
In order to fill the gaps in the knowledge, an experimental campaign has been carried out at
Hanze University of Applied Sciences to provide a complete characterisation of the axial

behaviour of timber-joist connections in cavity walls, as reported below.

4.2 Experimental testing programme

The experiments presented in this paper aim at providing a comprehensive characterisation of
the cyclic axial behaviour of timber joist-cavity wall connections in as-built conditions and to
assess the performance of possible strengthening solutions. As discussed in Chapter 2, terraced
houses with cavity walls and flexible diaphragms are found as 23.8% of the inventory in the
study of Arup. Additionally, it is expected to have an even higher ratio since terraced houses
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with cavity walls and rigid diaphragms may also have timber attic floors. Therefore, two
vulnerable elements of the Dutch construction practice, cavity wall and flexible timber
diaphragm, are studied together in order to provide a complete characterisation of the cyclic
axial behaviour of timber joist-masonry connections and effective strengthening solutions.
The timber floor or roof is one of the most common horizontal diaphragms in URM
buildings [104]. The common way to connect timber floor joists to masonry walls is by
inserting the joists in pockets in the masonry, which is based on a friction mechanism. Besides,
in some countries, such as the Netherlands, hook anchors are used between timber joists and

masonry walls in as-built condition (Figure 4.3).
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Figure 4.3 Connection example in a typical Dutch house: Elevation view of a cavity wall with
a timber joist (a) and timber joist seated in a pocket located in the inner leaf of a cavity wall

(b) [69].

4.2.1 Overview of Test Specimens

This study aims to characterise the cyclic axial behaviour of timber joist-masonry connections,
reproducing cavity walls with timber joists in as-built and strengthened conditions. Placing a
timber joist in a pocket in the inner leaf of a cavity wall is a common construction technique
observed in the traditional Dutch construction practice and in other parts of the world. All
wallets tested in this study were constructed on a steel beam by an experienced mason to ensure
the best possible quality control. The specimens were built at the BuildinG laboratory. Each
specimen consisted of a cavity wall with metal ties and a timber joist laid in a pocket in the
inner leaf of the wall. The specimens were left to cure for at least 28 days prior to testing (as-

built conditions) or strengthening (strengthened conditions).
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The cavity wall was composed of an inner load-bearing leaf made of calcium silicate brick
masonry (CS) and an outer non-load-bearing leaf made of clay brick masonry (CB) with an
80mm cavity (Figure 4.4). The inner leaf was nominally 1030 mm high, 930 mm wide, and
102 mm thick, while the outer leaf was approximately 950 mm high, 930 mm wide and 100
mm thick in order to provide the simplest, nevertheless realistic simulation of a cavity wall.
The timber joist, with a size of 55 x 155 mm and a total length of 1600 mm long, was inserted
on a 10-mm-thick mortar bed joint below and above the timber sections into the CS leaf.
Embedding the timber joist in the mortar bed joint is a common practice not only in the
Netherlands [100,105] but also elsewhere in the world [106]. The geometrical dimensions of
the joist were adopted based on the study conducted in Chapter 2, achieving a realistic

representation of boundary conditions and inertial mass.

68



Inner leaf (CS wall) Timber CS CB Outer leaf (CB wall)

L I | | joist [ ]
LT T O = [ S — -
| I | I L]/ I I I I
I I | | . [ I I I
| | | | L] I I I I
= I | I I ] I : I : I : I :
g L] ] | ] " i ” I " I " — g
i s v [ e 2ot e o i
C L T 1 P e e S —
| L I\ ] IS | I I
[ Y WY - — 1
L [ [ \\ = [ | || — |
' 930 ' 167-50- 0 930 '
As-built cavity wall ties
(©

Figure 4.4 The wallets during construction (a and b), and geometry of a specimen with two as-
built cavity-wall ties (dimensions are in mm).
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Regarding the as-built wall-to-wall connections, similarly to Chapter 3, L-shaped ties with
a diameter of 3.6 mm and a total length of 200 mm were embedded between two bricks in the
mortar joint. The embedment length differed at each end of the tie: the zigzag end was
embedded for a length of 50 mm, whereas the hooked ends were embedded for a length of 70
mm. Regarding the as-built wall-diaphragm connections, the timber end was either simply
placed into the width of the inner leaf or reinforced by a 14-mm-diameter L-shaped steel anchor
(hook anchor). The details of the cavity wall tie and hook anchor can be seen in Figure 4.5.

Two different levels of pre-compression were applied only to the inner leaf, which are 0.1
MPa and 0.3 MPa. The applied pre-compression levels were considered representative of a
cavity wall at the first and second levels of a typical URM residential building, as similarly
done by Graziotti [68].
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Figure 4.5 Connection details: view of the external side of the inner leaf of a cavity wall (a),
cavity wall tie connection (b), and hook anchor connection (c) (dimensions are in mm).
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Twenty-two tests were performed on timber joist-masonry connections, with multiple
conditions and configurations: (i) six wallets in as-built condition, each one with different
configurations (ii) the first six walls already tested were retrofitted using helical bars and
retested, (iii) ten wallets strengthened using mechanical anchors applied in four different
configurations. Regarding the strengthened condition, the four configurations were: (a) four
walls were tested unstrengthened as control specimens since a different veneer unit type and a
different mortar quality were used for the inner leaf, (b) two walls were retrofitted using timber
blocks, (c) two walls lacking as-built wall ties were retrofitted using the timber blocks and post-
installed cavity wall tie anchors, (d) two walls with as-built cavity-wall ties were retrofitted
using the timber blocks and post-installed cavity wall tie anchors. Table 4.1 summarises the
characteristics of the tested walls. It should be noted that the inner leaf was vertically loaded to
the desired initial pre-compression level; however, variations in vertical pre-compression may
occur since the vertical pre-compression stress was not measure during the experiment; hence
in Table 4.1, it is called "initial pre-compression level”. A detailed description of the boundary

conditions is provided in sub-section 4.2.2.

71



Table 4.1 Overview of the specimens in terms of applied pre-compression level and connections
details in unstrengthened and strengthened conditions.

_ _ Initial As-built condition _Strengthened condition
Sp_(la_umen Specimen pre-comp. Timber joist-wall Number_ of As- | Timber joist- Nur_nber of
ype Name level connection built wall post-installed
wall ties connection ties
J1 0.1 MPa Pocket connection 2 ties - -
J2 0.1 MPa Hook anchor 2 ties - -
3 J3 0.1 MPa Pocket connection 4 ties - -
S S J4 0.1 MPa Hook anchor 4 ties - -
S5 J5 0.3 MPa Pocket connection 4 ties - -
= J6 0.3 MPa Hook anchor 4 ties - -
2 3 J3-C 0.1 MPa Pocket connection 4 ties - -
> J4-C 0.1 MPa Hook anchor 4 ties - -
F1 0.1 MPa Pocket connection 2 ties - -
F2 0.1 MPa Pocket connection 2 ties - -
TJ1* 0.1 MPa Pocket connection 2 ties Helical bar -
g E ‘3 TJ2* 0.1 MPa Hook anchor 2 ties Helical bar -
S5g 22| T3 0.1 MPa Pocket connection 4 ties Helical bar -
g ‘= ‘?g TJ4* 0.1 MPa Hook anchor 4 ties Helical bar -
S 2 g| Tk 0.3 MPa Pocket connection 4 ties Helical bar -
27 TIe* 0.3 MPa Hook anchor 4 ties Helical bar -
o F3 0.1 MPa Pocket connection 2 ties Timber blocks -
- <=§ F4 0.1 MPa Pocket connection 2 ties Timber blocks -
§ 2 % F5 0.1 MPa Pocket connection - Timber blocks inccar:/c:tr)sl
ez X
2 g 2 F6 0.1 MPa Pocket connection - Timber blocks 4 cavity
S oE anchors
S22 . . . 2 cavity
SE=N= F7 0.1 MPa Pocket connection 2 ties Timber blocks h
02 anchors
S -
& F8 0.1 MPa Pocket connection 2 ties Timber blocks inccar:/c:tr)s/

* After testing in the as-built condition, the specimens were strengthened and retested.

4.2.1.1 Specimens for unstrengthened timber joist-masonry connections

Ten wallets were tested in unstrengthened connections, reproducing cavity walls with timber
joists in as-built condition. In common Dutch practice, the timber joist end is either simply
placed on a pocket located in the inner leaf of a cavity wall, as-built masonry pocket connection,
or a 14-mm-diameter hook anchor is added to improve the connection. For the latter solution,
the connection is provided by the hook anchor, fastened to the timber joist with three screws.
In the experimental campaign, the hook anchor was passed through the CS leaf, bearing against
the exterior surface of the CS leaf. The details of the cavity wall tie and hook anchor can be
seen in Figure 4.5b and c, respectively.

A total of 6 specimens were tested under the configuration of masonry pocket connection,
as shown in Table 4.2. Solid clay brick masonry was used for the veneer of 4 specimens as
follows: (i) 2 ties/m2 for a pre-compression level of 0.1 MPa (J1), (ii) 4 ties/m2 for a pre-
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compression level of 0.1 MPa (J3, J3-C) and (iii) 4 ties/m2 for a pre-compression level of 0.3
MPa (J5). Additionally, perforated clay brick masonry was used for the veneer of 2 specimens,
both with 2 ties/m2 and a pre-compression level of 0.1 MPa (F1, F2) and a higher mortar
strength quality was used for the inner leaf of 3 specimens (J3-C, F1 and F2). It should be noted
that the tests were carried out in phases so that the specimens were built at different construction
times. For this reason, a different veneer unit type and mortar quality were used during the
second construction phase when compared to the materials used during the first phase.
However, the use of these materials is justified in the case of traditional Groningen houses

since they can all be found in Dutch construction practice.

Table 4.2 Test wallets in as-built conditions with masonry pocket connections.

Specimen 1D
J1 J3 J5 J3-C F1 F2
Timber-joist
connection ) i ) ) ) )
Ties/m? 2 4 4 4 2 2
Initial pre-
compression 0.1 0.1 0.3 0.1 0.1 0.1
level (MPa)
s Remix | Remix | Remix [Remix/Sakrete) Remix/Sakrete|Remix/Sakrete
Type of BM2 M5|BM2 M5|BM2 M5 mortar mortar mortar
Mortar cB Remix | Remix | Remix | Remix BM2 | Remix BM2 | Remix BM2
BM2 M5/BM2 M5|BM2 M5 M5 M5 M5
Type of clay Solid Solid Solid Solid clay Perforated Perforated
brick clay | clay - clay brick brick brick
brick brick brick

A total of 4 specimens were tested under the timber joist with hook anchor configuration
as shown in Table 4.3 as follows: (i) 2 ties/m2 for a pre-compression level of 0.1 MPa (J2), (ii)
4 ties/m2 for a pre-compression level of 0.1 MPa (J4, J4-C) and (iii) 4 ties/m2 for a pre-
compression level of 0.3 MPa (J6).
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Table 4.3 Test wallets in as-built condition with masoned-in anchor.

Specimen 1D
J2 J4 J6 J4-C
Timber-joist connection | Hook anchor | Hook anchor | Hook anchor | Hook anchor
Ties/m? 2 4 4 4
Initial pre-compression
level (MPa) 0.1 0.1 0.3 0.1
Remix BM2 | Remix BM2 | Remix BM2 |Remix/Sakrete
CS
Tvpe of Mortar M5 M5 M5 mortar
P cg| RemixBM2 | Remix BM2 | Remix BM2 | Remix BM2
M5 M5 M5 M5
Type of clay brick Solid clay brick|Solid clay brick|Solid clay brick|Solid clay brick

A summary of geometrical details and boundary conditions of the as-built specimens is

presented in Table 4.4. 1t should be noted that a detailed description of the boundary conditions

is provided in the following sub-section.
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Table 4.4 Test wall configurations for the unstrengthened specimens.

. . Hook Ovo
Wallet dimensions [mm] and support arrangement Wallet
anchor [MPa]
MM‘“% oo N1 no 0.1
C 1SI T 7 =  —— —
| T I I I I I — % Il . | free| : | . 12 0.1
T I T T r1600 = % X I . "rl—”‘ I ; I yes .
& I I I I ) % | . T . I . T !
gL T &#Za | ] I I I =
] | | I % [ —— —
| I | [
C T T 7 e ———— F1 no 0.1
I Il I ] &= I ] I |
I s 4 I [ % I L T ius_i\ . T L
= m————
930 168000 930 ‘ F2 no 0.1
Inner leaf (CS wall) Cs cCB Outer leaf (CB wall)

J3 no 0.1
Tvo
M C 5 T 1 ] = | — —— — J4 es 0.1
I [ I L] = —— free F—— Y
I I | I 1600 L1 [ T 0 T
I I I I = ] T i I
g T ‘ [ [ B = I Il I Il . Il I I
g I ! | VZ " I " = i I i I i I ; I § J5 no 0.3
T T I i A = . T . T . T . T
| I | | ] I I T T
I I I I C 1 1 I I
s 11 L] = — s —1—
" i ———— — T - J6 yes 0.3
‘ 930 ‘ 10500 930 '
Inner leaf (CS wall) Cs CB Quter leaf (CB wall)
connections J3-C no 0 1
DT hook anchor
= as-built wall tie
J4-C yes 0.1

Note: S = simply-supported edge and Free = free edge

4.2.1.2 Test specimens with strengthened timber joist-masonry connection by
means of helical bars

After completing the testing of timber joist-cavity wall specimens in as-built condition, the six
walls whose veneer was made of solid clay brick masonry (J1, J2, J3, J4, J5 and J6) were
retrofitted by connecting the outer leaf and the timber joist with helical bars and retested. The
helical bar is a twisted stainless steel reinforcing bar under the brand name “HeliBar” [107].

Two helical bars with a diameter of 6 mm and a total length of 335 mm were used. The retested
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specimens were named by adding “T” onto the front of the names of the corresponding as-built
specimens, i.e., TJ1 to TJ6.

To simulate the real installation of helibars, two holes perpendicular to the wall and in the
orientation of the joist were drilled through the whole thickness of the outer leaf and 80 mm
through the joist. Then the clay mortar bed was cut with a minimum length of 120 mm for each
helical bar. Firstly, the post-installed spiral bars were installed through the holes to tie the outer
veneer to the joist. After installing helical bars in the uniaxial direction of the joist, the spiral
bars were bent 90 degrees in the bed joint of the outer veneer with approximately a length of
120 mm. Therefore, out of a total length of 335 mm, a length of 80 mm was embedded in the
joist, 80 mm of the bar was in the cavity gap, a length of 50 mm of the bar was embedded in
the outer leaf and the rest of the tie which was around 120 mm was bent in the clay leaf. Finally,
the slots were filled with high-strength epoxy materials. Installation and schematic overview
of the helical bars are shown in Figure 4.6a and b, respectively. Regarding the boundary
condition, the inner leaf was simply supported, while the outer leaf was considered a cantilever

system, as seen in Figure 4.6c.
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Figure 4.6 Details of the strengthened connections with helical bars: installing procedure for
helical bars (a), schematic overview of helical bars (b), and test wall configuration for the
strengthened connection (c) (dimensions are in mm).

4.2.1.3 Specimens with strengthened cavity wall anchors and timber joist-
masonry connections by means of timber blocks

A third set of specimens was strengthened by means of the addition of timber blocks and
retrofitting anchors. A total of six walls were constructed of the same configuration as specimen
J2, except for a different veneer unit type, namely perforated clay brick and a different mortar
quality used for the inner leaf.
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In order to measure the influence of the strengthening solution for a clear characterisation
of the behaviour of connections, the specimens were divided into four groups: (i) control
specimens, (ii) two walls were retrofitted using timber blocks, (iii) two walls without as-built
wall ties were retrofitted using the timber blocks and post-installed cavity wall tie anchors, (iv)
two walls with as-built cavity-wall ties were retrofitted using the timber blocks and post-
installed cavity wall tie anchors. The specimens were designed to be representative of different
levels of strengthening solutions for the improvement of the behaviour of the wall-to-wall and
wall-to-floor connections on the same wallet configuration.

The installation overview of the timber blocks and post-installed mechanical anchors is
shown in Figure 4.7. Timber blocks with mechanical anchors were used to strengthen the
connection between the timber joist and the inner leaf of the cavity wall. The timber blocks
were placed on both sides of the joist and fastened to the inner leaf by means of anchors with
a total length of 120 mm and a diameter of 10 mm and then screwed to the joist with steel
angles, as shown in Figure 4.7a, b and c.

The post-installed cavity wall tie anchors were used to strengthen the connection between
two leaves of the cavity wall. 225 mm long cavity anchors with 8 mm diameter were inserted
through bricks. The first step consisted of pre-drilling through the brick face of the inner leaf
until almost the middle of the outer leaf. Then, the tie anchor and its plug were placed into the
pre-drilled hole, as shown in Figure 4.7d and e.

For Specimen F5 and F6, which lack as-built ties, a total of four post-installed cavity
anchors were placed at the 5™ and 10" courses from the bottom of the inner leaf. Regarding
Specimen F7 and F8, only two post-installed cavity anchors were located at the 10" course
from the bottom of the inner leaf. A summary of geometrical details and boundary conditions

of the strengthened specimens with the timber blocks is presented in Table 4.5.
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Figure 4.7 Details of the strengthened connection with timber blocks: installing procedure for
anchors used in timber blocks (a and b), steel angle between timber joist and block (c), post-
installed cavity wall anchors (d and e), and final view of the strengthened specimen (f).
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Table 4.5 Test wall configurations for the strengthened condition.

Wallet dimensions [mm] and support arrangement Wallet  ovo [MPa]
Inner leaf (CS wall) CsS CB Outer leaf (CB wall)
Tvo
M 51 1
I I I L1 B T e
I —— e
. | . I : | ! I ] E B —
Anchors I — S | A —
@ L. ] o \F | = T B F3 0.1
T D e
Cavity I I I T Timber blocks|_| [ I I 1l 1
wall ties I s | | | hermes ] ’E I
T T
w0 1bz0~1do - 930 - F4 0.1
CB
gy T T
| | | | cs
B Timber joist
Inner leaf (CS wall) CsS CB Outer leaf (CB wall)
Jvo
&w T rS_ T T ] P_ost-installedi ] I I I Il 1
(L T ties _ OB B I — |::
[ | [ i D e
Anchors ] L i T T ] I
—o ®[] [°] = S = o S—— I:_g F5 0.1
jlig ” IIrl I | [ ] % — T T T T
I ! | — IF‘L ! Timber blocks|”] e
S L ] T 1S | T
Post-installed b
930 1i:§ Insae-, 0 — g F6 0.1
cB
SNPTPRVPITA B | §
[y | cs
B Timber joist
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Inner leaf (CS wall) CsS CB Outer leaf (CB wall)
Tvo

S

i T Eost-insmlledj — I " l 'n—"‘ . I H 1
L] T ties L] = 1 free
T & 1| e e e
1 | 1 I ] I - I - I - I ;
Anchors L . 2 | L = T T I T
) (o] [o°] o = % - o s s s F7 0.1
LA | | L1 = S ——
| | I 1 1 =3 T T T T
Cavity I 1 | I Timber blocks[ | I I I 1
wall ties T 'S T T 1 A L
i L T e
930 rhddo w0 F8 0.1
CB
NPTV | §
[y ] cs

Timber joist

Note: S = Simple support

4.2.2 Test Setup and Boundary Conditions

The wallet specimens were tested on an out-of-plane test setup at the BuildinG laboratory. The
test setup was composed of a stiff reaction frame, two air bellows and an actuator. The reaction
frame consisted of steel HEB-profile members with a width of 2250 mm, a depth of 2250 mm,
and a height of 1900 mm (Figure 4.8).

Carrier
=

N

Bottom steel plate

Figure 4.8 Overview of the testing setup.
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In order to restrain the specimen to the frame, a bottom steel plate was used. A timber
plywood plate was attached to the bottom steel beam to provide a proper surface for the
specimens. The specimens were built on the steel beam in which high-adjustable steel support
was connected during the construction period to support the timber joist, as seen in Figure 4.9.
The support was removed when the specimen was placed in the test setup. After that, the bottom

steel plate was bolted to the two carriers on the legs of the frame.

Back part

Bottom for joist )
steel He'lght Bottom Height
plate adjustment tecl ! Back oart
for joist stee adjustment ack pa
J plate for joist for joist
(@) (b)

Figure 4.9 Detail of the bottom steel plate: schematic view (a) and photograph (b).

The specimens were loaded via the joist with the electric actuator, which has a capacity of
30 kN for both positive (pulling) and negative (pushing) directions, integrated with a data
acquisition system. The actuator was positioned over the joist and was aligned horizontally
along the centreline axis of the joist. The free end of the joist was connected to the actuator,
allowing for the transfer of the applied load in the uniaxial direction of the joist through the
pressure apparat (Figure 4.10). It should be noted that due to the way the free end of the joist

was connected to the actuator, rotation of the joist was prevented.
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Figure 4.10 Tooling configuration for connecting the actuator to the joist with the test setup:
schematic view of the tooling configuration (a) and photograph (b), and schematic view of the
test setup (c).

The specimens were subjected to vertical pre-compression via two air bellows to simulate
the effect of load-bearing walls acting on the inner leaf of the masonry structure. A steel plate
was placed on the top of the load-bearing inner leaf in order to distribute the pre-compression
stress uniformly at every point. In order to prevent OOP movement of the inner leaf of the
cavity wall, a pair of steel braces was introduced to the test setup. The braces were fixed to the
test setup and the top of the inner leaf. The details of applying pre-compression level and steel
braces can be seen in Figure 4.11. A vertical dead load of 100 kg was applied to the middle of

the joist to simulate the self-weight of the portion of the floor supported by the joist.
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Figure 4.11 Test setup: Air bellows, steel plate and braces details (a); detail of actuator and
dead load (b).

The top horizontal edge of the inner leaf was restrained against the vertical translation due
to the presence of the air bellows to apply the overburden. Because of that, in the case of
overturning and subsequent vertical displacements of the top block of the inner leaf, variations
in the vertical pre-compression may occur. Hence, the initially applied overburden is called the
initial pre-compression level, as in Table 4.1. The bottom horizontal edge of the inner leaf was
bonded to the timber plywood, which may cause some degree of timber bearer boundary
condition. Hence, it can be expected that the vertical load will be in between the wall face and
the wall centreline. The first assumption considers a free rotation along the centreline, while
the second considers an end fixity at the bottom of the inner leaf. Morandi [108] reported that
assuming the ends of a wall as a simply-supported boundary condition will lead to considering
a conservative solution. Hence, the out-of-plane boundary condition of the inner leaf was
treated as a simply-supported system in which the rotations at both the top and bottom of the
wall were free. While the boundary condition of the outer veneer was treated as a cantilever
system, in which the top edge of the wall was free to rotate and translate. The boundary

condition of the specimens is schematically shown in Figure 4.12.
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Figure 4.12 Schematic of the boundary conditions.

The vertically fixed restraint condition may induce arching effect in the case of OOP
rocking of the inner leaf. This highlights the importance of considering potential scenarios
where the arching effect becomes relevant in real buildings. Such situations can take place
when load redistribution occurs above the connection as a result of the OOP rocking
mechanism of the wall. This redistribution may develop in case of stiff portions of masonry
above the connections so that local uplifting is prevented.

The location of the sensors is shown in Figure 4.13. A total of three potentiometers were
placed on both surfaces of the inner and outer leaves in symmetric to measure the absolute
displacement. Hence, the three potentiometers of each leaf were positioned at the bottom, mid-
height and at the top of the wallet. The relative displacement of the leaves was obtained
between the symmetric sensors such as Potentiometer 1 and 4, Potentiometer 2 and 5 and
Potentiometer 3 and 6. The relative displacement between the CS leaf and joist was measured
using LVDT 7 and 8. The absolute displacement of the timber joist was measured by the sensor
in the actuator. LVDT 9 is placed to measure the relative displacement between the joist and

timber block regarding the strengthened specimens.
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1 - Potentiometer
2 - Potentiometer
3 - Potentiometer 5 7
4 - Potentiometer 7 5
5 - Potentiometer 9
6 - Potentiometer . .
7-LVDT 8
8-LVDT 4
9-LVDT

Figure 4.13 Location of the sensors during the conducted tests.

4.2.3 Loading protocol

The specimens were subjected to a quasi-static reversed-cyclic according to Method B of the
ASTM standard [90], originally developed for ISO 16670 [109]. With the aim of evaluating
the strength and stiffness degradation of the specimens, a cyclic loading protocol was involved.

A displacement-controlled procedure was applied. A monotonic test needs to be conducted
to determine the ultimate displacement, which will be used as a reference deformation to obtain
the amplitudes of the cycles. Ravenshorst & Mirra [103] conducted a monotonic test on a
single-wythe masonry wall with a timber joist to study its ultimate capacity. Hence, the
reference deformation of the cyclic test in this study was derived from the monotonic test
conducted by Ravenshorst & Mirra [103], as it is very similar. As Method B — ASTM E2126
[90] suggests, the reference deformation, 4m, from the Monotonic tests was chosen as a value
of 20 mm. The loading protocol consists of three fully reserved cycles at the displacement of
1.25%, 2.5%, 5%, 7.5%,10%, 20%, 40%, 60%,80%, 100%, 120%, 140%, 160%, 180%, 200%,
220%, 240% and 280% of the reference deformation. The loading rate was set at 0.3 mm/s.
The cyclic loading protocol is given in Table 4.6 and Figure 4.14.

The tests were concluded based on the visual observation of the damage in the specimens
and mostly for a displacement approximately half the width of the inner leaf, similar to that of
the study of Ravenshorst & Mirra [103], which was also greater than the ultimate displacement
derived from the monotonic test, corresponding a limit to its potential out-of-plane deformation

of a masonry wall subjected to an earthquake.
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Table 4.6 Cyclic loading scheme for masonry-timber joist experiment (adopted from Method B
—ASTM E2126 [90]).

Step Number of cycles Amplitude, % An Target displacement (mm)
1 3 1.25 0.25
2 3 2.5 0.5
3 3 5 1
4 3 7.5 1.5
5 3 10 2
6 3 20 4
7 3 40 8
8 3 60 12
9 3 80 16
10 3 100 20
11 3 120 24
12 3 140 28
13 3 160 32
14 3 180 36
15 3 200 40
16 3 220 44
17 3 240 48
18 3 280 52

60

40

pulling <=

20

Displacement [mm]
(e

pushing == N

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54
Cycles

Figure 4.14 Cyclic loading protocol.
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4.3 Mechanical characterisation of materials

A series of companion tests were performed to characterise the mechanical properties of the
materials used in the testing campaign. The flexural and compressive strength of the mortar,
the bond strength between the masonry unit and mortar, and the tensile and compressive

capacity of the tie were investigated.

4.3.1 Flexural and compressive strength of mortar

The mechanical characterisation of the mortars for inner and outer leaves was defined in terms
of mean compressive strength, fm, and flexural strength of mortar, fom, in agreement with NEN-
EN 1015-11 [82].

The majority of the masonry buildings in the Netherlands were mainly of low-quality
mortar [83]. However, as discussed in Chapter 3, a parametric study was conducted with a
high-strength quality mortar to predict the potential failure mode. Hence, two different mortar
qualities were used in this study for validation purposes. Regarding the specimens of J1, J2, J3,
J4,J5 and J6, a low-strength mortar (Remix BM2 M5) was used for the inner and outer leaves.
Differently, for the specimens of J3-C, J4-C, F1, F2, F3, F4, F5, F6, F7 and F8, the Remix
BM2 M5 was used in the outer leaf, while a high-strength mortar (Remix/Sakrete M10) was

used in the inner leaf, as listed in Table 4.7.

Table 4.7 Used mortar for each specimen.

Specimen 1D
J11J2(J3[J4[J5]|J6|33-C|J4-C| F1 | F2 | F3 | FA | F5 | F6 | F7 | F8
Inner leaf |M5|M5|M5|M5|M5|M5|M10|{M10|{M10{M10{M10{M10|{M10|{M10|{M10|{M10
Outer leaf |[M5|M5|M5{M5{M5|M5| M5 | M5 | M5 | M5 | M5 | M5 | M5 | M5 | M5 | M5

Note: M5 = Remix BM2 and M10 = Remix/Sakrete mortar

The results of the flexural and compressive strength tests are reported in Table 4.8. The

Type of Mortar

tests were performed on randomly selected specimens. For the mortar quality of 5M, the
flexural tests were performed on 60 specimens and compressive tests on 120 specimens. The
compressive strength equals 4.25 MPa, whereas the flexural strength is determined as 1.53
MPa. The specimens built with Remix BM2 M5 showed a coefficient of variation
approximately equal to 30%. For the mortar quality of 10M, the flexural strength test was
performed on 12 specimens and the compressive strength test on 24 specimens. The
compressive strength is equal to 10.78 MPa. The flexural strength is equal to 3.04 MPa. In both

cases, for the specimens built with Remix/Sakrete M10, the coefficient of variation is limited
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to less than 10%. Figure 4.15 shows the statistical distribution of flexural and compressive

strength of both types of mortar.

Table 4.8 Flexural and compressive strength of the mortar used for the CS and CB wallets.

. Remix BM2 (5M) Remix/Sakrete (10M)
Material property Symbol UM Average C.oV. Average C.oV.
Compressive strength of mortar Fm MPa 4.25 0.29 10.78 0.09
Flexural strength of mortar Fom MPa 1.53 0.30 3.04 0.07
0.70 E Remix BM2 B Remix/Sakrate
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Figure 4.15 Statistical distribution of flexural strength (a) and compressive strength (b) of the
used mortar types.
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4.3.2 Bond strength of masonry

The bond strength between the masonry unit and mortar, fw, was determined in agreement with
the bond wrench test proposed by EN 1052-5 [84]. Solid clay bricks were used for the outer
leaf regarding the specimens of J1, J2, J3, J4, J5, J6, J3-C and J4-C. Differently, for the
specimens of F1, F2, F3, F4, F5, F6, F7 and F8, perforated clay bricks were used in the outer
leaf. The units adopted in the whole experimental campaign for the inner leaf were CS bricks,
as listed in Table 4.9.

Table 4.9 Brick details for the inner and outer leaves.

Specimen ID
J4-C| F1
Type [Innerleaff CS |CS |CS|CS|CS|CS|CS|CS|CS|CS|CS|CS|Ccs|cs|cs|cs
of brick|Outer leaf|S-CB|S-CB|S-CB|S-CB|S-CB|S-CB|S-CB|S-CB|P-CB|P-CB|P-CB|P-CB|P-CB|P-CB|P-CB|P-CB

Note: CS = calcium silicate brick, S-CB = solid clay brick and P-CB = perforated clay brick

J1 1 J2 | J3 |J4 |35 | J6 |J3-C F2 | F3 | F4 | F5 | F6 | F7 | F8

Four types of couplets were tested, representative of the tested specimen in the
experimental campaign, namely, the inner leaf with a low-strength mortar (CS-5M), the inner
leaf with a high-strength mortar (CS-10M), the outer leaf built with solid clay brick and a low-
strength mortar (S-CB-5M), and the outer leaf built with perforated clay brick and a low-
strength mortar (P-CB-5M). For each type, a total of 10 couplets were tested for material

characterisation. The values of the bond strength and the corresponding bond failure types of

the couplets are shown in Table 4.10.

Table 4.10 Bond strength for each type of masonry adopted during the tests.

CS - 5M CS-10M S-CB - 5M P-CB - 5M
Sample No. | fw [Bond failure| f, |Bond failure| f. [Bond failure| f, |Bond failure
(MPa) type (MPa) type (MPa) type (MPa) type
1 0.08| TypeA 044 | TypeA |053| TypeD |[0.37| TypeB
2 0.09| TypeA |060| TypeB [049| TypeD |0.27| TypeB
3 0.09| TypeA |059 | TypeA |049| TypeD |0.44 | TypeA
4 0.10| TypeA 034 | TypeA 034 | TypeD |059| TypeB
5 0.10| TypeA |040| TypeA |047 | TypeC |053| TypeC
6 0.08| TypeA |[050| TypeA |037| TypeD |0.48 | TypeC
7 0.08| TypeA 049 | TypeA |[036| TypeD |0.42 | TypeD
8 0.09| TypeA 048 | TypeA 034 | TypeD |050| TypeC
9 011 | TypeA [025| TypeA [032| TypeD |0.26 | TypeB
10 012 | TypeC [052| TypeA |[040| TypeC |0.35| TypeA
Average 0.09 0.46 0.41 0.42
Standard 0.01 0.11 0.08 0.11
deviation
CoV 0.15 0.24 0.19 0.26
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4.3.3 Tensile and compressive strength of helical bars

Regarding the specimens first tested in the as-built condition and then retrofitted and retested,
helical bars were used as a strengthening solution in order to connect the timber joist and outer
leaf. A helical bar is a helical stainless steel reinforcing bar used for masonry repair and
strengthening. In this experimental campaign, two helical bars with a diameter of 6 mm and
304 Grade stainless steel spiral shape were used per each strengthened specimen. It should be
noted that a particular material characterisation test for the helical bars used in this experimental
campaign was not conducted. However, the properties of helical bars were taken from the
product sheet of Helifix HeliBar in terms of tensile and compressive strength capacity, as seen
in Table 4.11.

Table 4.11 Summary of the material properties of the 6 mm stainless steel spiral Helical bar
with 304 Grade.

Loading Material property UM | Results from [107]
0.2% Proof stress N/mm? 995
Tensile loading Ultimate tensile strength kN 9.8
Shear strength kN 5.5
Compressive strength (gap=75mm) kN 2.20
Compressive loading |[Compressive strength (gap=100mm) kN 1.59
Compressive strength (gap=125mm) kN 1.15

4.4 Experimental results of unstrengthened connections

The following sections describe the experimental outcomes for each of the two categories,
namely masonry pocket connections and hook anchor as-built connections. To this end, the
results obtained are reported in terms of failure mode, hysteretic behaviour, and peak strength
capacity by applying the cyclic loading protocol under displacement control up to large
displacements (around 40mm). It is important to note that the positive displacement and force
in these graphs correspond to the joist pull (henceforth called pulling) direction of loading.
Hence, the direction of pushing the joist towards the wall (henceforth called pushing) indicates

the negative displacement.
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4.4.1 Failure modes

The damage progression was quite complex and recorded with all observed cracks at the
conclusion of the cyclic test. The specimens with masonry pocket connection exhibited a joist-
sliding failure mode, which included partial joist-to-wall interaction, while the specimens with
hook anchor exhibited a rocking failure mode. The former failure mode was characterised by
the joist sliding, causing diagonal cracks propagating from the joist. The rocking failure mode
occurred depending on the loading direction due to the hook action of the anchor. As the joist
moved together with the inner leaf, an OOP rocking mechanism was activated in the pulling
direction. Conversely, in the pushing direction, when the joist moved toward the wall, there
was only resistance due to the friction between timber and mortar. Hence, for the specimens
with hook anchors, the damage pattern resulted in more extensive cracks with the cracking of
bricks due to the hook anchor. The crack pattern of each specimen in as-built condition can be
seen in Figure 4.16. The position of the embedded ties and the joist is also presented for ease
of comparison of the position of the cracks with respect to the timber joist and cavity wall ties.

For the specimens with masonry pocket connections, a local failure mechanism with
sliding of the joist was expected to occur. The out-of-plane failure mechanism was
characterised by the diagonal cracks propagating from the joist due to the applied overburden
pressure and good initial bond between the joist and the inner leaf. The diagonal cracks would
not be expected to be observed in the inner leaf when pure sliding occurs, as obtained in the
study by Ravenshorst & Mirra [103]. Regarding the outer leaf, it was observed that the veneer
rotated as a rigid body on the base thanks to the cavity wall ties, effectively transferring the
deformation to the outer veneer. The inner leaf was characterised by one or two large horizontal
cracks at the joist level and the base of the wallet, while the veneer was characterised by a
horizontal crack only at the base.

The considered variations, namely two different tie distributions, two different pre-
compression levels, two different as-built connections and two different mortar types, were
compared as follows:

e Two ties (J1) vs four ties (J3) — a higher number of embedded ties in the cavity
wall leads to an increase in the damage observed in the inner leaf due to the fact
that cracks are concentrated around the ties. The capacity of the wall tie connection
depends on the embedment of the extremity of a tie. For example, the pull-out
capacity of the zigzag end of the tie embedded in clay brick is higher than the pull-

out capacity of the hooked end of the tie embedded in calcium silicate, as
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highlighted in Chapter 3. Hence, the damage around the tie can be observed only
in the inner leaf.

0.1 MPa (J1, J2, J3, J3-C, J4 and J4-C) vs 0.3 MPa (J5 and J6) — the inner leaf
exhibits fewer cracks under the higher pre-compression stress condition. The
stiffness of the wall increases with higher overburden.

Masonry pocket connection (J1, F1 and F2) vs joist with hook anchor (J2) — the
specimens with the hook anchor underwent more damage in the inner leaf.
Low-quality mortar (J1) vs high-quality mortar (F1 and F2) — the specimens with
low-quality mortar exhibit very extensive damage. As expected, an increase in the
mortar strength can lead to an increased bonding performance of mortar as well as

strength of connection, allowing more damage localisation around the ties.
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(d) J4 (ovo =0.1 MPa, joist with hook anchor)

(c) J3 (ovo =0.1 MPa, masonry pocket
connection)
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(e) J5 (ovo =0.3 MPa, masonry pocket
connection)

1 Inner leaf Outer leaf

(f) J6 (ovo =0.3 MPa, joist with hook anchor)

(9) J3-C (ovo =0.1 MPa, masonry pocket

connection) (h) J4-C (ovo =0.1 MPa, joist with hook anchor)
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(i) F1 (ovo =0.1 MPa, masonry pocket (i) F2 (ovo =0.1 MPa, masonry pocket
connection) connection)

Figure 4.16 Crack patterns of the unstrengthened specimens at the conclusion of the tests.
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Both out-of-plane displacements in pulling and pushing for inner leaf (CS) and outer
veneer (CB) at the middle and top levels can be seen in Table 4.12. Figure 4.17 presents an
exaggerated image of the deformed shapes of specimens with maximum displacement in
positive and negative directions to facilitate a better understanding of the failure mode of
specimens. The deformations are amplified 10 times with respect to real deformations and the
deformed shape represents the out-of-plane displacements of the inner and outer leaves
measured by the peak displacement in each potentiometer. Regarding the envelope deformed
shapes, the displacements of the measured points of the leaves were connected by linear
branches. It should be noted that although lateral support was provided along the top of the
inner leaf to prevent OOP movement, this proved to be quite flexible, which could not restrain
the horizontal displacement completely.

The specimens with hook anchors showed higher displacement capacity than that of the
specimens with masonry pocket connections. In the specimens with masonry pocket
connection, the highest out-of-plane displacement at the middle of the inner leaf where the joist
was inserted is 7.2 mm obtained in pulling for Specimen F2, while the rest are around 5 mm.
On the other side, the highest out-of-plane displacement of the outer leaf was observed at the
top of the wall, being free on top at a displacement of 15.8 mm. The deformed shapes were
very similar in both pulling and pushing with a very limited displacement. It can be concluded
that the OOP rocking mechanism was activated due to not only the connectivity between timber
and masonry and the two leaves but also the test setup, causing additional vertical forces due
to the arching effect. A more dedicated analysis of the aforementioned behaviour is provided
in Chapter 6.

Table 4.12 Out-of-plane displacements recorded for both the pulling and pushing directions.

CB leaf CS leaf
Connection Wallet Middle (mm) Top (mm) Middle (mm) Top (mm)
Pulling [Pushing | Pulling |Pushing | Pulling |Pushing| Pulling [Pushing

- J1 1.1 0.6 2.6 0.6 0.3 14 0 1.8
é S J3 51 0.3 9.5 1 0.9 5.5 0.1 6.6
< § J5 1.2 0 25 0 0.2 1.6 0 1.8
’g % J3C 4.1 3.9 6.6 6.2 2 7.1 1.3 8.4
g © F1 3.4 3.3 5.6 4.9 2.9 3 1.8 2
= F2 7.7 9.6 12.8 15.8 7.2 6.7 3.8 3
S J2 6.1 0 11.6 0 0 7.1 0 7.1
= 4 11.2 0 19.5 0.1 0 113 | 01 | 88
X< J6 2.8 0.2 4.4 0.2 0 2.8 0 2.8
T J4C 7.1 6.5 11.9 10.6 8.9 9.5 37 | 47
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Figure 4.17 Deformed shapes of the unstrengthened specimens. The deformations are
amplified 10 times with respect to real deformations. The dashed lines indicate the envelope of
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the deformed shapes in both the positive (pulling) and negative (pushing) directions.
Based on the recorded data, force-displacement curves were generated for the unstrengthened

specimens, as presented in Figure 4.18. The relative displacement between the joist and wall is

indicated on the horizontal axis of Figure 4.18.

4.4.2 Load-Displacement curves
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Figure 4.18 Hysteresis curves of the unstrengthened specimens.

Neither the force-displacement curves obtained for the specimens with masonry pocket
connections nor with hook anchors were symmetrical with respect to pulling and pushing. The
hysteresis loops of the masonry pocket connections were mainly characterised by frictional
behaviour, but additional contributions were observed, as explained in detail in sub-section
4.4.3. The hysteresis loops of the hook anchors exhibited unsymmetrical behaviour. Generally,
material nonlinearity and the effect of the hook anchor were involved in the hysteresis
behaviour. In addition, a pronounced pinching effect was observed due to how the hook anchor
was located, bearing against the exterior surface of the CS leaf in pulling while providing only
frictional behaviour in the pushing.

The unsymmetrical behaviour was expected for the timber joist with hook anchor due to
the contribution of connection depending on the loading direction. In pulling, the joist may
move together with the inner leaf due to the hook anchor as a stiff connection; conversely,
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when the joist moved toward the wall, there was only resistance due to the friction between
timber and mortar.

Regarding the specimens with masonry pocket connection, although frictional resistance
governs the behaviour of the joist in both loading directions, an unsymmetrical behaviour may
be observed. Unsymmetrical curves obtained in this experimental campaign, including the
specimens with masonry pocket connection, were attributed to the nonlinearity of the cavity
wall system with the test setup, causing additional vertical forces, particularly in initial loading
stages, due to the arching action in the inner leaf and the deflection of the joist caused by the
displacement of the point supported on. The additional vertical forces caused by the arching
action and joist are discussed in the following sub-section.

Regarding the specimens with masonry pocket connection, the peak force was observed in
the initial linear elastic stage, and the post-peak was characterised by softening. It is easy to
recognise that a plastic plateau occurred towards the end of the loading cycle, which was
relatively symmetric, relying on friction mechanisms associated with the joist inserted on the
inner leaf pocket. These remarks show that the plastic state was characterised by the sliding of
the joist, hence, without any additional shear force since there was no uplift or lowering of the
contact point between the joist and the masonry. Therefore, the friction coefficient between
masonry and timber is computed based on the last cycles of loading at the plastic plateau for
both loading directions, and its result is equal to a value of 0.6.

The coefficient of friction of 0.6 is deemed appropriate for the contact surface, which is in
between timber and mortar, as largely determined by several studies in the literature
[94,101,103]. It should be noted that the coefficient of friction for the rest of the specimens was
set to a friction coefficient equal to 0.6 since the specimens with masonry pocket connections
were based on frictional capacity.

All the specimens with anchor hooks (J2, J4, J6 and J4-C) showed an asymmetrical
behaviour of the hysteresis curve (Figure 4.18). Comparing the results obtained in pulling and
pushing, the significantly higher resistance observed in pulling was due to the hook anchor,
which acted only in pulling as a stiff connection. Hence, the masoned-in anchor increased the
capacity in the pulling direction. It should be noted that regarding Specimen J4-C, the peak
capacity was higher than the rest of the specimens with hook anchors. It can be seen that at the
very beginning of the loading, the peak force was observed. Therefore, Specimen J4-C exhibits
the peak force in the initial linear elastic stage, and the post-peak behaviour, similarly to the
other specimens with hook anchors, was characterised by a plateau due to the yielding of the
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hook anchor. Conversely, the cohesion contribution of J2, J4 and J6 was almost zero since the
peak force was obtained at a loading stage of about 20mm.

The hysteresis loops of Specimen J2 and Specimen J4 (Figure 4.18b and d, respectively)
were similar. However, the OOP capacity of J4 was slightly higher than Specimen J2 since
Specimen J4 had a total number of four ties, increasing the rocking capacity. Since the
overburden influences the friction force, Specimen J6 applied a pre-compression level of 0.3
MPa and had a higher force capacity than Specimen J2 and J4 (Figure 4.18f).

Regarding Specimen J2, in pushing, after an initial linear elastic behaviour, the capacity
curve provided a plateau with a slight hardening up until the anchor touched. Then a drastic
hardening curve, as highlighted in blue in Figure 4.19a, was entered since the masoned-in
anchor touched the outer veneer, which then provided a hard restrain and prevented the joist
movement. It should be noted that although the cavity gap was 80 mm, the hardening started
when the relative displacement was around 50 mm due to the angle and thickness of the anchor.
After the masoned-in anchor touched the outer veneer, a higher displacement can be seen at
the middle and top levels of the outer leaf (Figure 4.19b).

An interesting observation not only in Specimen J2 but also in the rest of the load-
displacement curves is that several force spikes were observed due to a stick-slip phenomenon
highlighted in green in Figure 4.19c and d. Due to the rough interface between the joist and
masonry, the stick-slip phenomenon occurred as a result of the sliding of the joist during
intermediate reloading and unloading, which led to a change from dynamic to static friction.
Another important observation from these figures is that the determined static friction
coefficient from the specimens with masonry pocket connection was in line with the timber
joist with hook anchor specimens, which can be seen from the plastic plateau in the pushing

direction of Figure 4.19a and ¢ (yellow dashed lines).
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Figure 4.19 Hysteresis loop of force versus relative displacement between joist and inner leaf
for Specimen J2 (a), OOP displacement at middle of inner and outer leaves for the
corresponding cycles (b), and an example of the force spikes occurred during the testing (the
spikes are highlighted in green) (c and d). The examined hysteresis loop of J2 is shown in (c)
and the corresponding force responses in (d).

4.4.3 Mechanical contributions to the total connection resistance

Asymmetrical curves obtained in this experimental campaign can be attributed to the
nonlinearity of system. Additional vertical forces were introduced on the joist-wallet interface
due to the test setup since the vertical displacement at the top of the inner leaf was partially
restrained by the air bellows.

It was noted that the joist was deforming during the experiment because one extreme of
the joist was fixed in the testing machine and cannot displace vertically, but the other extreme
moved due to the OOP rocking of the inner leaf and the sliding of the joist in the pocket, as
shown in Figure 4.20. The OOP rocking determined either an uplift or a lowering of the contact

point between the joist and the masonry due to the classical pivot interfaces at the wall top and
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bottom. The pivot point at the bottom (B in Figure 4.20) was in the corner of the bottom brick,
while the pivot point at the top (T in Figure 4.20) was in the middle, impacting a lower
displacement compared to the rigid body below the joist. Additionally, the sliding can further
modify the height of that point. The joist deformation introduced then an additional shear force

due to the flexural and shear stiffness of the element.

Air bellow
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Figure 4.20 Vertical deformation of joist at embedded edge during testing.

Regarding the second additional vertical force, the way the vertical load was applied leads
to vertically fixed restraint conditions (Figure 4.21), restraining the vertical motion of the
wallets and activating an arching effect after the starting of the rocking failure mode. The
arching effect determined an increase of the compressive stress on the contact area between the
joist and the masonry with increasing horizontal displacement of the inner leaf. Therefore, the
frictional resistance increased gradually at the increase of the OOP displacements of the inner

leaf.
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Figure 4.21 Schematic description of the arching effect mechanism.

Regarding Specimens J3-C, F1 and F2, the obtained peak force was higher, and the
hysteresis curves had a different shape than that of J1, J3 and J5. These differences were
attributed to bond strength. This can be explained by the fact that a stronger bond will cause
not only a higher peak force but also a higher arching force due to the activation of the second-
order effect thanks to the out-of-plane displacement in the inner leaf. In order to highlight the
difference due to the higher bond capacity and arching effect, the obtained test results are
compared in terms of the OOP displacement at the middle of the inner leaf for the specimens
with masonry pocket connection, as seen in Figure 4.22. As expected, Specimen J3-C, F1 and

F2 had a higher OOP displacement in the inner leaf.
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Figure 4.22 OOP displacement recorded at the middle of the inner leaf for the specimens with
masonry pocket connection (red curves represent J1, J3 and J5, and black curves are J3-C, F1
and F2).
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4.4.4 Hysteretic energy dissipation

Energy dissipation capacity for connections should be described as an ability to absorb energy
input from earthquakes and reduce the amount of energy transmitted to other structural
elements. This capacity is a crucial indicator of how well a connection performs under seismic
loading. To determine the energy dissipation capacity of the specimens, the cumulative
dissipated energy was calculated based on the area enclosed in the “Force-Displacement”
loops. In this case, the force refers to the total reaction force of the joist, while the displacement
is the horizontal displacement of the joist. The cumulative energy dissipated by the system for
a specific displacement of the joist is calculated by adding up the energy dissipated per loop up
to that reversed cyclic displacement.

A comparison of the accumulated hysteretic energy for the specimens with masonry
pocket connection and the timber joist specimens with hook anchor is given in Figure 4.23a
and b, respectively. The specimens with masonry pocket connections dissipated slightly more
energy than hook anchors. This would be expected due to the frictional behaviour and
displacement capacity of the masonry pocket connection. On the other side, the specimens with
hook anchors led to damage to the surroundings of the joist due to the nature of the connection
in the pulling direction, causing less energy dissipation. However, since the second-order effect

is activated for both connections, the energy dissipation characteristics were similar.
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Figure 4.23 Cumulative hysteretic energy for the specimens with a masonry pocket connection
(a) and the specimens with a hook anchor (b).

4.5 Experimental results of the specimens with strengthened timber joist-
masonry connection by means of helical bars
Specimens J1, J2, J3, J4, J5 and J6 were strengthened and retested, which are called henceforth

TJ1, TJ2, TJ3, TJ4, TJ5 and TJ6, respectively. It was noticed that the specimens in the as-built
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condition exhibited moderate damage and hence were strengthened in order to fully investigate
the capacity of the specimen. The experimental findings will be described in the following

sections.

4.5.1 Failure modes

Unlike the unstrengthened connections, the retested specimens exhibited a rocking failure
mode as the governing mode. In this case, the rocking failure mode occurred when the outer
leaf began to exhibit a rigid body rotating about its base. A more dedicated analysis of this
failure mode is provided in Chapter 6. The crack pattern of each specimen noted at the
conclusion of the cyclic test and the corresponding deformed shape with maximum
displacement in positive and negative directions are provided in Annex B. The condition of the
cavity wall ties and the helical bars in terms of buckling or rupture are also presented. After the
strengthening, the veneer displaced more which can be explained by the formation of the
horizontal cracks at the bottom and mid-height of the CB leaf during the experiment. Besides,
the CB leaf was more vulnerable due to the boundary condition, as the top edge was free and
with no overburden.

A comparison was performed between the unstrengthened and strengthened connections
for the specimens with masonry pocket connections. Specimen TJ1 exhibited more cracks not
only in the inner but also in the outer leaf compared to Specimen J1 (Figure 4.24). The
specimen showed the rocking failure mode since the strengthened connection between the joist
and wall activated the tilting of the outer leaf firstly around its base and then at the middle
height of the wall. One of the helical bars, the strengthening anchor, failed due to buckling. It
should be noted that the cavity wall consisted of two as-built wall ties, which were not sufficient
to keep the wall stable in case of large deflections.
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Figure 4.24 Comparison between the unstrengthened and strengthened connections in terms
of crack pattern and out-of-plane deflections for specimens J1 (a) and TJ1 (b).

Regarding Specimen TJ2, which was constructed of the same configuration as TJ1 except
for the hook anchor, similar progressive damage was accumulated by the inner and outer leaves.
However, due to the presence of the hook anchor, the bricks below the joist were coming off
the inner leaf. Specimen TJ3 had two more as-built cavity-wall ties compared to the two
aforementioned specimens, which decreased the deformation of the outer veneer. However,
again one of the embedded ties failed due to buckling. As-built wall ties of Specimen TJ4

exhibited more damage compared to Specimen TJ3, which was constructed of the same
configuration except for the hook anchor. In this case, the hook anchor, particularly in pulling,

contributed to higher strength capacity, determining higher load transfer via the cavity wall

ties. The crack pattern of each specimen is presented in Annex B.
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Unlike the other strengthened specimens with the helical bars, in the case of the applied
pre-compression level of 0.3 MPa, Specimen TJ5 and TJ6 exhibited rupture of both helical bars
at the beginning of the loading process (Figure 4.25). As seen in the literature [68,110], a higher
applied overburden pressure can increase the initial stiffness of the wall. The OOP rocking
mechanism could not be activated if the applied strengthening solution for the connection did
not achieve to distribute the horizontal loads to the wall. Both specimens showed a similar
deformation in terms of crack patterns and deformed shapes. Firstly, a horizontal crack
appeared at the bottom of the CB leaf, followed by the rupture of both helical bars without any

displacement, neither in the inner leaf nor in the outer veneer. Finally, after the rupture of the

bars, a joist-sliding failure mode took place.

(a) (b)
Figure 4.25 Rupture of helical bars during testing of specimens TJ5 (a) and TJ6 (b).

A comparison is made between Specimen J6 and TJ6 to investigate the propagation of
cracks and the deformed shape with maximum displacement in positive and negative
directions, as shown in Figure 4.26. When comparing the inner leaf of both specimens, one can
observe that the diagonal cracks, which met around the joist, were extended with new
horizontal cracks in the 1%, 4" and 9™ bed joints from the bottom. When comparing the inner
leaf of both specimens, the outer leaf of Specimen J6 remained in the elastic range during the
whole testing. Conversely, after the strengthening, the outer leaf of TJ6 exhibited a quite
complex damage pattern. The first cracking consisted of a horizontal crack in the 1% bed joint
from the bottom. Secondly, diagonal cracks appeared around each cavity wall tie connection.
Since joist sliding is the governing failure mode for both specimens, a similar deformed shape

was observed.
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Figure 4.26 Comparison of the outcomes of the tests in terms of crack pattern and out-of-plane
deflections for specimens J6 and TJ6.

4.5.2 Load-Displacement curves

Force-displacement curves were generated for the strengthened specimens with helical bars, as

presented in Figure 4.27. The relative displacement between the joist and wall is indicated on
the horizontal axis of Figure 4.27.
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Figure 4.27 Hysteresis curves for the retrofitted and retested specimens.
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The hysteresis curve of TJ1 was quite symmetrical in the initial loading stages,
characterised by a hinge formation at the bottom of CS. After that point, a softening behaviour
took place in pulling and pushing. A second drastic hardening, as seen in Figure 4.28a, began
due to the high stresses that occurred in the cavity wall ties and the helical bars, causing the
second hinge formation at the middle of CB. In order to further explore the second hardening
curve, the focus is placed on the OOP displacement at the middle height of the inner leaf with

a comparison between Specimen J1 and TJ1 (Figure 4.28b). When the second hinge took place
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in the middle of CB, the OOP displacement at the middle height of the inner leaf was increased,
highlighting the contribution of the ties. In addition to that, the inner leaf of TJ1 was displaced
in the OOP direction more than two times compared to Specimen J1 thanks to the cavity wall
ties effectively transferring the deformation from the outer veneer to the inner leaf, as seen in
Figure 4.28b. After the formation of the second hinge in the veneer, the difference between the
OOP displacement of the middle and top of the outer leaf becomes not symmetrical for pushing
and pulling, as highlighted in red in Figure 4.28c; the corresponding deformed shape can be
seen in Figure 4.28d.
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Figure 4.28 Experimental results of specimen TJ1: force transferred via the connection versus
relative displacement between the joist and the inner leaf (a), comparison between J1 and TJ1
in terms of the OOP displacement at the middle of the inner leaf (b), OOP displacement at the
middle height and at the top of the outer leaf (c), and the deformed shape at the end of the test
with a photograph of the corresponding moment during the test (d).
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A comparison between Specimen J1 and TJ1 is presented in Figure 4.29 in terms of the
backbone envelope curve and accumulated hysteretic energy. The main difference between the
two specimens is that the first peak for Specimen TJ1 was due to the capacity of the wall-to-
floor connection, while the second peak differently from Specimen J1 was due to achieving the
total capacity of the cavity wall system, causing mid-hinge in the outer leaf. Specimen TJ1
presented a higher capacity in both loading directions than one of its corresponding as-build
conditions. As mentioned earlier, activating the OOP rocking mechanism by applying the
helical bars led to an increase in the strength capacity of the connection. The strengthening
solution exhibited a similar energy dissipation, as seen in Figure 4.29c. It is worth mentioning
that TJ1 was retrofitted and retested and achieved almost the same amount of energy with a
shorter cumulative deformation compared to J1.

It should be noted that the comparison between Specimen J1 and TJ1, J2 and TJ2, J3 and
TJ3, J4 and TJ4, J5 and TJ5, and J6 and TJ6 is provided in Annex B in terms of the backbone

envelope curve and accumulated hysteretic energy.
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Figure 4.29 Comparison between J1 and TJ1 in terms of average envelope curves in the pulling
(a) and pushing (b) directions, and of cumulative hysteretic energy (c).

111



Regarding Specimen TJ2, connecting the outer leaf and the timber joist with the helical
bars led to a horizontal crack along the 1% bed joint from the bottom of the outer leaf, followed
by the OOP rocking mechanism of the cavity wall. A second horizontal crack took place in the
middle of CB and tended to instability. The strengthened connection provided a better
connection for the wall, which can be detected from the deformation of the outer leaf. However,
the strength capacity did not increase compared to that of the as-built condition since the total
number of cavity wall ties is insufficient to adequately connect the leaves.

Specimen TJ3 exhibited a more brittle behaviour compared to Specimen TJ1 since the
stiffness of TJ3 is higher due to a large number of as-built ties. Unlike the previous specimens,
both hinges at the base and middle height of the outer leaf were detected in the initial loading
stages since the flexural capacity of the wall wasn’t enough to carry the load caused by the
strengthened connection. The two leaves, up to an imposed displacement of 4 mm, were
moving in parallel due to the contribution of the cavity wall ties transferring force and
deformation, and the softening behaviour took place after this point (Figure 4.30a). Another
interesting observation is that after this point, the sliding of the joist took place; thus, the OOP
deformation only occurred in the outer veneer with the hinges, leading to a complete formation
of the rocking mechanism of the outer veneer (Figure 4.30b). Followed by the hinges, the
middle height of the outer leaf (highlighted with a red star) was moving in the opposite direction
of the top part of the outer leaf creating a phase difference movement (highlighted with a yellow

star), as seen in Figure 4.30c and d.
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Figure 4.30 Detail of the experimental results of specimen TJ3. For cycles 17-19: Hysteresis
loop of force versus relative displacement between the joist and inner leaf (a), and OOP
displacement at middle height and of inner and outer leaves, and at the top of the outer leaf
(b). For cycles 25-32: OOP displacement at the middle height and at the top of the outer leaf
(c), and the deformed shape at the end of the test with a photograph of the corresponding
moment (d).

Specimen TJ4 showed the rocking failure mode as the aforementioned specimens and as
shown in Figure 4.31. In pulling, the post-peak phase was characterised by a plastic plateau up
to large displacements (40mm). Although the failure mode was characterised by rocking
behaviour, the global wallet behaviour in the pulling direction was affected by the local anchor
behaviour, the yielded masoned-in anchor exhibiting a plastic plateau on the analogy with a
plain steel bar. While in the pushing direction, the post-peak showed a softening behaviour due

to the hinges at the bottom and middle of the outer leaf.
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Figure 4.31 Rocking behaviour of specimen TJ4 under pulling (a) and pushing (b) loading.

Unlike the aforementioned strengthened specimens, for Specimen TJ5 and TJ6, the
capacity of the strengthened connection was not able to activate the OOP rocking mechanism
behaviour as the helical bars ruptured due to the increased stiffness and lateral resistance of the
wall caused by the higher pre-compression level and the larger number of embedded ties. The
connection exhibited an initial linear elastic behaviour of the connection up to 2 mm
displacement, followed by hardening in the pulling direction and softening in pushing until the
failure of the helical bars. The hysteresis curve was asymmetric, which can be attributed to the
behaviour of the helical bars in tension and compression. The helical bars buckled in
compression while exhibiting a pull-out failure in tension. It should be noted that an increase
in the applied overburden pressure results in an increase in the initial stiffness of the specimen.
Therefore, the helical bars ruptured for both Specimen TJ5 and TJ6, which used the same
strengthening solution (helical bars) and had a pre-compression level of 0.3 MPa.

Annex B (Figure B.2) presents a comparison between the as-built and strengthened
conditions of each corresponding group in terms of the backbone envelope curve and
accumulated hysteretic energy. The left, middle, and right diagrams display the envelope

curves under tensile and compressive loading, as well as the accumulated energy, respectively.
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4.6 Experimental results of the specimens with strengthened cavity wall
anchors and timber joist-masonry connections by means of timber blocks

A total of six walls were constructed of the same configuration as specimen J2, except for a
different veneer unit type, namely perforated clay brick and a different mortar quality used for
the inner leaf. Specimen F4 was damaged during positioning on the test setup and hence
excluded from the cyclic test. The experimental findings will be described in the following

section.

4.6.1 Failure modes

The strengthened specimens, in general, exhibited a rocking failure mode. However, except for
Specimen F3, a local failure mechanism at the anchors between the wallet and the timber blocks
occurred in addition to the rocking failure mode. The specimens presented a failure of the
connection between the timber blocks and the inner leaf due to the presence of post anchors
sufficiently increased OOP capacity shifting than the weakest failure mechanism from rocking
to the failure of the connection. On the other side, regarding Specimen 3 lacking post-installed
cavity wall tie anchors, the inner leaf was not restrained to horizontal displacement via the
cavity wall tie anchors; hence, the OOP capacity of the wallet was weaker than the capacity of
the connections between the timber block and the wallet, exhibiting rocking behaviour.

It should be noted that after applying the strengthening solution, cracks were initiated
on the specimen around the anchors of the timber blocks, which had fastened the timber blocks
to the inner leaf. Hence, the crack pattern before testing is also marked. The crack pattern of
each strengthened specimen can be seen in Figure 4.32 at the conclusion of strengthening and
testing by the left and right diagrams, respectively. The position of the as-built ties, the post-
installed cavity wall anchors, the anchors used for timber blocks and the joist is also presented

to compare the position of the cracks with respect to the anchors.
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Figure 4.32 Crack patterns of the strengthened specimens after strengthening (left diagrams)
and testing (right diagrams).
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The deformed shape of strengthened specimens with maximum displacement in positive
and negative directions can be seen in Figure 4.33. Unlike the previously presented
strengthening solution, the inner leaf undergoes the rocking type behaviour as well, resulting
in the formation of a hinge at the bottom and middle height of the CS leaf. Hence, the rocking

behaviour was the governing failure mode.
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Figure 4.33 Deformed shapes of the strengthened specimens. The dashed lines indicate
envelope deformed shapes in positive and negative directions.

4.6.2 Load-Displacement curves

Force-displacement curves were generated for the strengthened specimens with timber blocks
and post-installed cavity wall ties, as presented in Figure 4.34. The relative displacement
between the joist and wall is indicated on the horizontal axis of Figure 4.34. The strengthened
specimens generally exhibited a higher strength capacity than those in the as-built condition.
The main difference between the previous specimens, as mentioned earlier, and the current
strengthening method was that during the experiment, there was a progressive shift towards
only one side of loading, specifically the pulling (positive) direction, in which slippage
developed due to the pull-out of the anchors from the wallet. On the other side, while pushing
the joist towards the wallets, the slippage of the joist remained in the same position. It should
be noted that despite being a strengthened specimen with timber blocks, Specimen F3 exhibited
symmetrical behaviour for both loading directions due to retrofitting only using the timber
blocks lacking post-installed cavity wall tie anchors, leading to lower OOP capacity of the

wallet, which caused it to exhibit rocking behaviour.
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Figure 4.34 Hysteresis curves of the strengthened specimens.

Specimen F3 (the specimen retrofitted using timber blocks) exhibited the highest strength
capacity in pulling. The hysteresis curve was quite symmetrical, indicating similar behaviour
for both loading directions. In pulling, an initial linear elastic behaviour of the connection up
to about half of the peak load was followed by hardening up to the peak. The post-peak phase
was characterised by softening. An abrupt change of the force was observed in pulling due to
the development of a second hinge at the middle height of the outer leaf (Figure 4.35a and b).
The onset of cracking at the mid-height of the outer veneer was captured by a decreasing
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difference between the middle and top of the outer leaf, highlighted in red in Figure 4.35c, and
the corresponding deformation shape can be seen in Figure 4.35d. Up to the second hinge at
the middle of the outer leaf, cracking occurred simultaneously at the bottom and mid-height of
the inner leaf and the bottom of the outer veneer.
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Figure 4.35 Detail of the behaviour of Specimen F3. Hysteresis curve corresponding to the
development of a second hinge at the middle of the outer leaf (a), OOP displacement at the
middle height of the inner leaf versus relative displacement between the joist and inner leaf
(b), OOP displacement at middle height and top of the outer leaf (c) and the deformed shape
corresponding to the moment of the development of the second hinge (d).

Specimens F5 and F6 have the same configuration. The hysteresis curves of F5 and F6
were unsymmetrical, presenting a similar behaviour. An initial linear elastic behaviour of the
connection up to about one-sixth of the peak load was followed by hardening up to the peak.
The post-peak phase was characterised by softening. Both specimens were characterised by the
formation of hinges in the inner and outer leaf at the very beginning of the loading sequence
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(Figure 4.36a). As seen in Figure 4.36b, both leaves were displaced simultaneously thanks to
the post-installed ties. The as-built and post-ties provided a sufficient coupling of the horizontal
displacement of the two leaves, as seen in Figure 4.36¢. Besides, the timber blocks were
accompanied by a high value of slip at the anchors of timber blocks in the joist pulling direction
of loading; while the joist moved toward the wall, OOP displacement in the inner leaf took

place in the loading direction.
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Figure 4.36 Detail of the experimental results of specimen F6. For cycles 1-16: Hysteresis loop
of force versus relative displacement between the joist and inner leaf (a), and OOP
displacement at middle height and of inner and outer leaves, and at the top of the outer leaf
(b). For cycles 36-38: OOP displacement at the middle height and at the top of the outer leaf
(c), and the deformed shape at the end of the test (d).

Although Specimens F7 and F8 with as-built cavity-wall ties were retrofitted using post-

installed cavity wall tie anchors and Specimens F5 and F6 without as-built cavity-wall ties were
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retrofitted using post-installed cavity wall tie anchors, the capacity of Specimens F7 and F8
were of a similar magnitude to the peak forces from Specimens F5 and F6. As the total number
of ties was the same for all the specimens mentioned above, the specimens only with post-
installed cavity wall tie anchors would exhibit a higher capacity since they have a higher
strength capacity. However, in this case, bonding between the tie and masonry played an
essential role; as reported in this study, the post-installed anchors caused damage during the
installation; hence the pull-out capacity of the anchors was decreased. Overall, the failure mode
was the rocking behaviour besides the failure of the connection between the timber blocks and

the formation of a hinge at mid-height of the inner leaf and the veneer leaf.

4.6.3 Hysteretic energy dissipation

For ease of comparison, backbone envelope curves of the strengthened specimens are obtained
from the peak points of each cycle. The envelope curves under tensile and compressive loading
are shown in Figure 4.37a and b, respectively. The effect of the strengthening of the connection
between the joist and inner leaf and the inner and outer leaves can be seen as follows:

e The specimens with as-built wall ties retrofitted using the timber blocks and post-
installed cavity wall tie anchors had the highest capacity.

e The specimens with as-built wall ties retrofitted only using the timber blocks exhibited
slightly less strength capacity than the aforementioned specimens.

e Interestingly, the specimens lacking as-built wall ties retrofitted using timber blocks
and post-installed cavity wall ties produced the least strength capacity, which can be
explained by the failure of the bond between the post-installed cavity wall anchors and
masonry.

A comparison of the accumulated hysteretic energy for the specimens with strengthened
cavity wall anchors and timber joist-masonry connections is given in Figure 4.37c. The
cumulative dissipated energy was evaluated by calculating the area enclosed by the "Force-
Displacement" loops. The total energy dissipated by the system is determined by adding up the
energy dissipated per loop up to that reversed cyclic displacement. The strengthened specimens
dissipated a similar amount of energy compared to that of the specimens with timber joist-
masonry connections strengthened by means of helical bars and unstrengthened connections.
It should be noted that although the energy was dissipated via more elements compared to the
previous specimens, including bond strength between masonry and as-built connections,

friction in the as-built connections, post-installed cavity wall anchors and the anchors used for
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timber blocks, and residual deformation in the connections and anchors, the total dissipated
energy was similar due to the brittle behaviour of post-installed cavity anchors and the damage
propagated during the installation of the anchors. Hence, comparing the specimens within the
same strengthening solution was similar in terms of energy dissipation due to the same reason

mentioned above.
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Figure 4.37 Average envelope curves for the strengthened specimens in both the pulling (a)
and pushing (b) directions. Cumulative hysteretic energy (c).

4.7 Conclusions

This chapter presents the results of an experimental campaign that consists of quasi-static cyclic
tests performed on as-built and strengthened timber joist-cavity wall specimens. The
experimental campaign aimed at providing a complete characterisation of the behaviour of the
timber joist-cavity wall connections under cyclic axial loading.

Regarding the as-built condition, two different failure modes were obtained: joist-sliding
and rocking failure modes. Regarding the joist-sliding failure mode, the considered variations

had an influence on the capacity. For example, an increase in the pre-compression level resulted
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in a higher friction force, while a higher quality of mortar strength influenced the cohesion
between timber and masonry. The failure mode was characterised by the cohesion and friction
between the joist and masonry. Hence, the diagonal cracks propagating from the joist in the
shape of punching shear were due to the bonding between the joist and the masonry wall.
Additionally, the capacity of the connection was affected by an additional vertical force due to
the arching effect. This force, resulting from the arching effect, increased with larger horizontal
displacements, leading to a higher frictional force at the interface between the joist and
masonry.

The obtained force-displacement curves of the as-built specimens were asymmetrical with
respect to the pulling and pushing loading directions. Although the hysteresis loops of the
masonry pocket connections, namely mortar pocket and hook anchor, were mainly
characterised by frictional behaviour, additional vertical forces were observed due to the
boundary conditions of the specimens. On the other hand, the asymmetrical hysteresis loops
for the hook anchors were attributed to the effect of the hook anchor. In addition, the pinching
effect was developed as the hook anchor was located on the pocket of the inner leaf, bearing
against the exterior surface of the CS leaf in pulling while relying on frictional behaviour only
in the pushing direction.

A large part of the current chapter on timber-joist connections has been dedicated to
highlighting two significant factors: frictional behaviour and the arching effect. These factors
are essential to consider as they are commonly encountered in real buildings, and their presence
can impact the performance of timber-joist connections. The specific contributions discussed
in this chapter include:

Q) Frictional behaviour: This refers to the resistance observed and expected at the

interface between timber joists and the masonry wall.

(i) Arching effect: Special attention should be given to assessing the out-of-plane
behaviour of masonry walls at the lower floor level, where higher overburdens and
stiffer parts of the wall above may activate the arching action.

In the case of both hook anchor as-built and strengthened connections, failure was
attributed to the rocking of the wallet. Therefore, the capacity was primarily governed by the
out-of-plane behaviour of the cavity wall system. This behaviour was influenced by the flexural
strength of both the inner and outer leaves and the coupling force provided by the ties between
the leaves. In general, only a slight increase in capacity compared to the as-built condition was
observed for the strengthened specimens, as an OOP rocking mechanism was already activated
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for the as-built condition: this limits the capacity of the wall system so that the improvement
of the connection performance has little influence.

By comparing the experimental results of the strengthened connections to the as-built
specimens in terms of peak load, an average increase of 5% in peak load for pulling and 9%
for pushing was observed. It should also be mentioned that, particularly in the strengthened
specimens with timber blocks, post-installed cavity wall anchors work as stress concentrators,
leading to splitting cracks around the anchors. Hence, comparing the specimens with as-built
wall ties retrofitted with timber blocks to the specimens lacking as-built wall ties and retrofitted
via timber blocks and post-installed cavity wall ties, a lower strength capacity was observed.

In closing, the added value of strengthening is the increased displacement capacity of the
joist, thus preventing sliding and unseating of the joist. The contribution of the strengthening
of the timber joist is not an increase of strength but creating deformation compatibility between
wall and joist, thus increasing overall deformation structural capacity and ductility.
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Chapter 5. Mechanical and numerical modelling of
wall tie connections

As part of the final phase of the thesis, following the completion of the experimental campaign
on the cavity wall tie connections, which was explained in detail in Chapter 3, mechanical and
numerical models are developed and verified by the experimental results of the cavity wall tie
connections. The research presented in this chapter focuses on a mechanical model developed
to predict the failure mode and the strength capacity of metal tie connections in masonry cavity
walls and a numerical model adopted for the cyclic axial response of cavity wall tie
connections. The proposed mechanical model considers six possible failures, namely tie
failure, cone break-out failure, pull-out failure, buckling failure, piercing failure, and punching
failure. The mechanical model has been validated against the outcomes of the aforementioned
experimental campaign. Furthermore, the proposed mechanical model is used to extrapolate
the experimental results to untested configurations by performing parametric analyses on key
parameters, including a higher strength mortar of the calcium silicate brick masonry, a different
cavity depth, a different tie embedment depth, and solid versus perforated clay bricks. Section
5.1, which describes the mechanical model for the wall ties, is adapted from Arslan et al. [44].

The proposed numerical model utilises the results of the experimental campaign on tie
connections to calibrate a hysteretic model that represents the cyclic axial response of cavity
wall tie connections. The proposed numerical model uses zero-length elements implemented
in OpenSees with the Pinching4 constitutive model to account for the compression-tension
cyclic behaviour of the ties. Section 5.2, which describes the numerical model for the wall ties,
is already described in the study of Arslan et al. [45].

5.1 Mechanical modelling of cavity wall tie connections

As mentioned, despite the advantages of cavity walls in terms of durability and installation
functions such as moisture control, observations from damaged buildings have shown that
cavity walls are vulnerable to out-of-plane (OOP) failures when the connections between the
two leaves are weak (Figure 5.1). The behaviour of the cavity wall tie needs to be adequately

investigated and to be properly modelled. For this reason, the experimental campaign on the
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wall tie connections explained in detail in Chapter 3 is used here for model validation. Briefly,
the campaign was based on tests at the component level, including a large number of parameter
variations, i.e., two embedment lengths, four pre-compression levels, two different tie
geometries, and five different testing protocols — the experimental campaign aimed to define
the capacity of the cavity wall ties. Different failure modes of the ties were observed during

the experimental campaign: sliding, tie, buckling, and expulsion.
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Figure 5.1 Cavity wall (inset — zoom on inner-to-outer leaf with cavity wall tie).

5.1.1 Review of Past Research on mechanical modelling

In literature, various failure modes were reported for cavity wall tie connections either through
tests at the component level [38,76,111,112] or on full-scale structures [34,74,113-115]. In the
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latter case, the primary cause of failure for most cavity walls was related to the failure of the
wall tie connections [74,76,115], raising the need to provide better mechanical modelling for
this structural component. Different types and geometries of the ties, errors in construction,
insufficient embedment, and installation methods can affect the overall strength and failure
modes of the tie connection. Nevertheless, little research (such as [116-119]) has been
performed to define a mechanical model of cavity wall ties in masonry structures.

The possible failure modes of anchors embedded in masonry bed joints are similar to those
observed for cast-in-place headed anchors embedded in concrete, which have been widely
studied under various conditions, such as for a single anchor far from edges [120-123] or for
an anchor near edges [124,125]. The existing failure modes of anchors embedded in concrete
for tension both far from and near edges are shown in Figure 5.2, namely, rupture, concrete
breakout cone, pull-out, splitting and blow-out failures [126]. The observed failure modes in
concrete can be applied to anchors in masonry since the developed analogy between anchor

and substrate is similar.
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Figure 5.2 Failure modes observed for anchors for tension in concrete from Kuhlmann et al.
[126]: steel failure (a), concrete cone failure (b), pull-out failure (c), splitting failure (d), local
blow-out failure (e), steel failure (f).
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Arifovic and Nielsen [127] too proposed an analytical model for anchors in masonry based
on the theory of plasticity and calibrated after the experimental results conducted by Hansen et
al. [128]. The proposed model was based on the distinction between local and global failure
modes. The local failure modes regard the inner interface between the grout and the anchor,
whereas the global failure modes regard the outer interface between masonry and grout. A total
of five failure modes (combined brick-cone failure, splitting failure, sliding failure of an anchor
in the joint and the brick, and punching failure) were defined to compute the load-carrying
capacity of the anchors. The proposed model in masonry was developed by the analogy of the
approach of the anchorage theory, and it is worth noticing that mortar can behave similarly to
normal concrete [129].

Different failure modes of anchors in masonry walls are also identified by the Masonry
Standards Joint Committee [130], such as rupture failure, pull-out failure and tensile cone
break-out failure. A 45-degree cone model is used for predicting tensile cone break-out failure
with constant tensile stress acting over the projected failure cone by MSJC. However, MSJC
does not take into account the difference between the zigzag end of the tie embedded in clay
brick and the hooked end of the tie embedded in calcium silicate, which is often present in
constructions.

In compression, punching failure is a possible failure mode. Moe [131] proposed an
empirical equation to compute the punching strength based on the experiments conducted by
the author. In this proposed equation, the punching strength is proportional to the square root
of the compressive strength of the concrete. The work of Moe served as a basis for punching
shear design provisions of the ACI Building Code. The assessment of the punching failure is
presented in the ACI 318-14 Building Code provisions [132].

Lintz and Toubia [133] proposed a simplified analytical method to determine the amount
of load transferred via the ties to the brick in veneers and found that placing vertical
reinforcement in the outer leaf may allow for an increase in the design strength.

The metal ties used in Dutch construction practice are not initially designed and built
against seismic forces. This is because Groningen, a northern area within the Netherlands, was
not a seismically prone area until recently when the gas extraction caused small shallow
earthquakes. This is the reason why the metal ties studied may lack the necessary strength and
ductility to resist seismic actions. If designed and constructed properly, however, metal ties can
make a significant contribution to the seismic resistance of masonry cavity walls. In Australian

practice, for example, several types of metal ties can be used in accordance with the Australian
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Masonry Structures Code, AS 3700 [134]. Extensive research supports this; for example, Page
et al. [135] developed an analytical model to predict loads in the wall ties under seismic actions.
The study provides a valuable understanding of the behaviour of cavity walls in terms of the
relative stiffness and the boundary conditions of each leaf and the stiffness of the ties. Another
study was conducted on typical Australian cavity walls to determine individual tie forces
subjected to lateral loads [136]. In this study, a steel strip tie was used between the outer and
inner leaves. The strip ties are more flexible and thus may fail in buckling at a very low load,
compared to the L-shaped ties used in the Netherlands. Page et al. [136] developed a simplified
test method to monitor each individual tie force in the cavity wall so that tie force redistribution
can be detected when cavity wall tie connections reach their capacity.

Considering the models already described in the literature and the outcomes of the
experimental campaign carried out at Delft University of Technology, explained in detail in
Chapter 3, a mechanical model which considers six different possible failure modes is proposed
in this thesis to define the axial behaviour of metal tie connections in masonry cavity walls.
The outcomes of this research are limited to masonry walls with the characteristics considered,
whereas other construction techniques and/or materials would require specific studies. Namely,
the mechanical model refers to connections in cavity walls made with calcium silicate bricks
(CS) and solid or perforated clay bricks (CB). The model has been calibrated and validated
against the experiments introduced in Chapter 3. Finally, the proposed mechanical model has
been used to integrate the outcomes of the experimental campaign by performing parametric

analyses to assess the influence of several key parameters.

5.1.2 Development of mechanical model

A mechanical model is proposed for each of the six basic failure modes, namely tie failure,
cone break-out failure, pull-out failure, buckling failure, punching failure and piercing failure.
Once the strength of each mechanism is known, the governing failure mode is the mode with
the lowest strength that governs the capacity of the connection.

Metal ties are used in masonry buildings to connect the inner leaf made of CS brick
masonry and the outer veneer of clay brick masonry in a cavity wall. Different types of cavity
wall metal ties can be found. The current study focuses on cavity walls made of calcium silicate
brick masonry (for the inner leaf), and perforated clay brick masonry (for the outer leaf),
connected by metal ties with a zigzag end embedded in calcium silicate brick masonry (CS)

and a hooked end were embedded in perforated clay brick masonry (CB), as explained in
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Chapter 3. The geometry used to define the model is shown in Figure 5.3. L-shaped cavity wall
ties with diameter, di, and the total length, I;, are embedded between two bricks in the mortar
joint with thickness, tm. Embedment length, Iy, is different at each end of the tie in the leaves
of cavity walls. The zigzag end with length, In, approximately two times of the diameter of the
tie is embedded in the CB masonry, while the L-shaped hooked end with length, Iy, is embedded
in the inner CS walls. The cross section of the wall is shown in Figure 5.3c, while Figure 5.3d

shows the plan view.
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Figure 5.3 Connection details in cavity walls: tie embedded in CS (a), cavity wall tie(b), cavity
wall side view (c), and cavity wall plan view (d).

It should be noted that the study presented here focuses on the axial behaviour of the cavity
wall tie connections since the stiffness of the ties in shear is low and thus neglected. The
behaviour of the connections under tensile and compressive axial loads is distinguished. In the
literature, pull-out failure and buckling failure are the commonly observed failure modes
[38,112,137].
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5.1.3 Failure modes in Tension

Cavity wall ties can transfer the applied tensile load to the masonry in a variety of forms. Load-
transfer mechanisms may be typically identified by bonding, friction, straightening of the
hooked end or of the zigzag end (depending on the embedment of the tie). Three potential
failure modes are identified: tie failure, cone break-out failure and pull-out failure. A sketch

which depicts each proposed failure mode is shown in Figure 5.4.

t
% |
|

<

(a) (b) (c)
Figure 5.4 Failure modes in Tension of a cavity wall tie connection: Tie failure(a), Cone break-
out failure (b) and pull-out failure (c).

5.1.3.1 Tie failure

Failure of the tie is defined as the attainment of the upper limit on the achievable load-carrying
capacity of a metal tie. In order to detect this tie failure in cavity walls, the outer interface
between the mortar of the bed joint and the bricks, as well as the inner interface between the
tie and the mortar, must provide an adequate bond so that the tie will develop its yield strength.

Tie failure occurs when the fracture strength of the steel is reached while the mortar
remains undamaged (Figure 5.4a). Hence, tie failure can occur when any failure of the interface
between the tie and the mortar or of the mortar is prevented. Therefore, the embedment depth
of the tie needs to be deep, and the bond strength of the mortar should be sufficiently large.
The tensile strength of the tie determines then the strength of the connection. The nominal

strength of the tie is calculated by using Eq. (5-1):

(5-1)
Ntie = As 'fut
where As is the area of the cross-section and fu is the ultimate tensile strength of the tie. The tie
failure represents the upper limit of the achievable tensile load-carrying capacity of a cavity

wall tie connection.
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5.1.3.2 Cone break-out failure

Cone break-out failure in masonry is a cone-like failure which is assumed to occur similarly to
the corresponding mechanism in concrete [138]. The failure mode can be described as
composed of two contributions which are the cone break-out failure in the mortar and the shear
failure along both the interfaces between the mortar and the bricks.

The cone break-out failure in the mortar is characterised by the formation of a prism of
mortar radiating out from the embedded head of the tie. It is assumed that the prism has a failure
angle of approximately 45-degrees and a constant tensile stress uniformly distributed over the
projected area of the failure surface.

Using the approach in MSJC [139], the tensile break-out capacity of a single anchor can

be calculated as follows:

By = 0332 -\/Fr - Ay 52
where 0.332 - f represents the constant tensile stress, and Apt is the projected break-out area
(Figure 5.5). Development of the projected break-out area of a single cavity wall tie may be
restricted by the thickness of the mortar joint, which is a limited space between the bricks.
Therefore, this approach cannot be applied directly to the cavity wall ties, embedded in the

mortar joint. The reduced projected tension area can be calculated by using Eq. (5-3):

(-3)

Ay =21y t,

where tm is the thickness of the mortar joint, Ip is the embedment length of the tie. In addition
to the failure load predicted by Eq. (5-2), for the shear failure along both the interfaces between
the mortar and the bricks, an additional contribution given by the friction at the interface
between the mortar and the brick needs to be considered. Therefore, the contribution of the
initial shear strength and the coefficient of friction of mortar needs to be taken into account on
the interface of mortar and brick.

The revised equation is presented as Eq. (5-4), where the first term defines the tensile break
out of the mortar, whereas the second and third terms are related to the friction coefficient and
the initial shear strength of mortar, respectively.

(5-4)
Neone = 0.332- Ay [fon +2(0- £, + fr0) " Ay

(5-5)

132



where in Eq. (5-1) to (5-5),

Tensile Strength of the tie MPa fu
Compressive strength of the mortar MPa fm
Tie embedment length mm Ly

Friction coefficient of Mortar - u

Initial shear strength of mortar MPa fvo
Selected pre-compression level MPa fo
Effective area of the cone of the mortar mm? Aw

The initial shear strength and coefficient of friction vary for different masonry typologies.
It should be noted that the initial strength of the perforated clay masonry can be much higher
than CS or solid clay masonry due to the dowel effect [140].

A, =effective area

Loading

direction A =projected area

Figure 5.5 Effective area of the cone of the mortar joint used to compute the shear strength.

5.1.3.3 Pull-out failure

Pull-out failure occurs due to poor bonding along the inner interface between the tie and the
mortar. Therefore, the pull-out failure is characterised by straightening the tie followed by
extensive slip, whereby the surrounding mortar does not have a significant splitting or crushing.
The pull-out failure may govern the failure when the mechanical interlock is inadequate, and
thus it cannot develop sufficient frictional resistance in the inner interface.

Kuhn and Shaikh [138] proposed a method for determining the pull-out strength of hooked
anchors embedded in concrete and masonry construction which was also defined in MSJC
[139]. The equation is applicable to bent-bar anchors (J- or L-bolt), which can be seen in Figure
5.6. The axial tensile strength of bent-bar anchor bolts for straightening and pull-out of the

anchor from masonry can be computed according to MSJC [139] as follows:
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Banp = 1.5 frn-ey-dy +207 - (I, + e, +dy) - d, 5-6)
where ey is the projected leg extension of the bent-bar anchor, measured from the inside edge
of the anchor at the bend to the farthest point of the anchor in the plane of the hook, ds is the
diameter of the anchor, and I, is effective embedment length of the bent anchor. The pull-out
strength was calculated as the sum of two components, namely bearing force and friction force.
The former component was for straightening the hooked part of the anchor. The bearing
strength was the product of the projected surface area of the hooked end in the direction of
force multiplied by the compressive strength of the concrete. Additionally, an empirical
constant, 1.5, was employed to calibrate the bearing strength by fitting various test data for
pull-out strength available in the literature. The latter expression representing friction was
characterised by multiplying the surface area of the anchor with an estimated bond strength of
concrete (2.07 MPa).
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Figure 5.6 Bent-bar anchor bolts from MSJC [139].

In their study, the bond strength between the hooked anchor and masonry was assumed as
a value of 2.07 which may not be the same with different mortar quality. Hence, in order to
take into account different bond strength values, the equation by Kuhn and Shaikh [138] is
revised with a modified empirical constant with an additional parameter, the square root of
compressive strength, to be adopted for metal ties embedded in masonry, considering different
tie geometries (hooked end, zigzag end, bent), mortar (mortar between CS bricks or CB bricks)
and types of bricks. The pull-out force, Npui, for the hooked part of the tie embedment in the
CS, can be computed by using Eqg. 6:
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12 By 1 - ¢ (5-7)
Noutics = 15 fou by e + @ fo o (b +4) d b ———5—
c t

where @ is the angle of the tie with respect to the axis, in radians, in the case of a bent tie
(Figure 5.7). The model is based on the sum of three components: bearing forces of the
embedded hook and the deflection of the anchor due to bending representing imperfect
application in practice, and a friction force. The first part of the expression of the equation, the
same as Eq. (5-6), refers to the bearing of the hooked anchor embedded in CS. The second term
represents the frictional resistance and is computed by the surface area of the tie multiplied by
the square root of mortar compressive strength, fm, and a modification factor. The second term
revised is due to the steel-concrete interface bond, proportional to the square root of
compressive strength via a factor [141,142]. The modification factor, o, was calibrated against
the experimental results leading to a semi-empirical relationship, whose value is chosen to
equal to 0.5 for CS masonry. The last term represents the force needed to deflect the hooked
end of the tie.
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Figure 5.7 Schematic of a bent tie (¢ in radians).

The pull-out strength N for CB brick can be computed using Eqg. (5-8):
(5-8)
Nowitcs = L5 fn by d +a[fp - 1, - dy
where « is a modification factor calibrated against the experimental results, whose value is
chosen equal to 1 for CB masonry. A conservative value has been chosen for the modification
factor since the shape of tie where embedded in mortar is zigzag representing thus deformed
bar condition.

Different equations for computing the pull-out strength of CS and CB, particularly for
computing the friction force, are needed due to the differences in behaviour of the embedded
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ends of the tie. The hooked part of the tie embedded in CS masonry is also taken into account
for the friction force, while the zigzag end of the tie embedded in CB masonry is assumed to

be rectilinear.

5.1.4 Failure modes in Compression

The failure modes of cavity wall ties in compression are classified into the following
categories: buckling, punching, and piercing. The failure modes can be seen through the cross-

section of mortar joint in Figure 5.8.

' '
. |
L g LA
@ () ©

Figure 5.8 Failure modes in Compression of a cavity wall tie connection: Buckling (a),
Piercing (b) and Punching (c).
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5.1.4.1 Buckling Failure

The failure of a cavity wall tie may be initiated by the buckling of the tie due to its initial
imperfections or a non-axial load. For example, buckling of the tie was found to be the most
frequent failure mode in compression in the experimental campaign carried out on the wall tie
connections, as already mentioned in Chapter 3. The buckling capacity of a metal tie can be
simply computed via the Euler formula [143]. In order to determine the critical buckling load,
the Euler formula was used as a starting point; the equation was then revised in the case of bent
ties.
The compression strength is determined as the Euler’s critical load as follows:

n? - Ey - (5-9)
Npyck = W
where K is the column effective length factor, Ez: is the elastic modulus of the tie, It is the

second moment of area of the tie and I is the cavity length between two leaves. For bent ties,
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the compression strength can be computed as follows to take into account the initial

deformation:

n? Ey -1, 12-E3 -1, ¢ (5-10)
K212 l.-d’

Nbuck =

The factor K is chosen as 0.5 for all the typologies due to the clamped-clamped boundary
conditions of the tie provided by the embedment in the mortar joints, which prevent rotations
and translations at the two ends of the tie (Figure 5.9). It should be noted that in an earlier
experimental work by Derakhshan et al. [67], it was found that bent ties, which often are
observed in practice due to the misalignment of the mortar joints, did not return significantly
different performance compared to straight ties, and especially the buckling load was not
affected.
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Figure 5.9 Column effective length factors for Euler’s critical load from Column Research
Council & Johnston [144].

5.1.4.2 Piercing Failure (Bearing Failure)

The piercing failure is characterised by a portion of mortar punched out from beneath the cavity
wall tie. The width of the piece of mortar is limited by the width of the embedded head of the
tie, whereas the length corresponds to the length of the bent part of the tie. No mechanical
model has been proposed in the literature to determine the piercing strength of a wall tie
connection in a masonry wall since a cavity wall tie is a tiny element, making it vulnerable and

is mainly associated with buckling failure. However, the phenomenon of mechanical behaviour
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of piercing in masonry is developed by the analogy of the bearing failure in concrete. Thus, the
approach for computing the bearing strength in concrete can be used as starting point also for
connections in masonry walls.

The piercing failure of the cavity wall tie closely resembles the bearing failure of rigid
plates in unreinforced concrete, for which Hawkins [145] proposed a mechanical model.
Hawkins [145] proposed a method for determining the bearing strength of concrete, which
shows good agreement in predicting the failure modes and loads in tested specimens. His model
is based on a wedge theory, where the wedge, which forms under the bearing plate, splits the
surrounding concrete. Hawkins (1969) assumed that the movement of the wedge is restrained
by frictional forces and normal forces along the wedge. Similarly, the piercing failure of cavity
wall ties can be characterised by a cone of mortar radiating underneath from the base of the tie,
and the slope of the piercing envelope with respect to the surface of the mortar joint is
approximately 90-degrees. The piercing capacity of the cavity wall ties can be calculated

according to an equation that is derived following the approach proposed by Hawkins
(Eq.(5-11)):

A, (5-11)
Nl’ier = A (fp +125-f; (\[A_j_1>)

with:
(5-12)
f, =0332/fn
5-13
5-14
Az = lh ) ld ( )

where fi is the tensile strength of the mortar, Az is the area of the loaded end which is under
either the hooked end or zigzag end, and A2 is the piercing area of mortar under the loaded end.
It should be noted that cohesion between the brick and mortar is neglected due to the relatively
small failure area. The details of A; and A> can be seen in the drawing in Figure 5.10. The
expressions of In and dt in Eq. (5-13) and Eq. (5-14) are chosen as the thickness of mortar for

CB masonry due the zigzag shape of the tie.
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Figure 5.10 The areas of mortar joint used to compute the Piercing strength.

5.1.4.3 Punching Failure

One of the most common failures in concrete is the punching shear of slabs. The punching
failure can be defined as a possible failure mode for cavity wall ties as well [127]. The punching
failure of cavity wall ties can occur underneath the base of the embedded tie in the mortar joint,
and it is characterised by the development of cracks from the end of the embedded tie and up
to the face of the mortar joint, followed by the detachment of a conical body from the mortar
joint. Thus, the approach suggested by ACI for concrete can also be applied for computing the
punching capacity of metal ties in cavity walls; as a result, traditional analytical procedures to
determine the punching shear strength of unreinforced concrete slabs can be followed.

The formulation proposed by the ACI code is based on an empirical relationship derived
for punching in concrete [132]. Concrete is a material that is not directly comparable with
mortar. It is, however, the closest material to mortar, from which an analogy of behaviour can
be derived. An idealised control perimeter, u, at a distance, lq, from the end of the tie to the
surface of the mortar is considered in the ACI code. The idealised control perimeter for a cavity
wall tie can be seen in Figure 5.11. Hence, the punching resistance of cavity wall ties can be

determined as follows:

(5-15)
Nyume = 0332+ [f +u- la
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It is assumed that punching failure occurs when the normal stress determined by the force
applied in compression reaches a critical value equal to 0.332 - f»® in MPa. Cohesion between

the brick and mortar is neglected due to the relatively small failure area.

2%
— — u=2+2l,+ 2tm/

-——g+h—
(a) (b)

Figure 5.11 Idealised control perimeter for cavity wall tie specimens for punching failure:
mortar joint section (a), front view (b).

5.1.5 Calibration of the proposed model against the tests performed at TU Delft

The capacity of the connections derived from the experimental campaign on the cavity wall
ties used for the calibration of the mechanical model is summarised in Table 5.1. As already
mentioned in the experimental campaign on the wall tie connections, the embedment length
and the geometry of the tie significantly affect the capacity of the connection, while the applied
pre-compression does not have a significant impact. Since the outcomes of the experiment tests
are not affected by the four levels of pre-compression applied (0 MPa, 0.1 MPa, 0.3 MPa, and

0.6 MPa), this variation is hereinafter not considered.
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Table 5.1 Summary of cavity wall tie connection properties.

. - . . Typology
Material Characteristic Unit Symbol Failure type CS70 CB50
Piercing 3.6 10
Diameter of the tie mm d Failure
All 3.6 3.6
Tensile Strength of the tie MPa fut All 411 411
Compressive strength of the mortar MPa fm All 565 6.47
Tie embedment length MPa L, All 70 50
Mortar joint thickness mm tm All 10 10
Friction coefficient of Mortar - U All 0.81 0.66
Initial shear strength of mortar MPa fro All 024 0.82
Selected pre-compression level MPa fo All 0.1 0.1
Pull-out 25 0
Failure
Based thickness of the tie mm Iy Ple_rcmg 25 10
Failure
Punching 25 7.2
Failure
Edge distance mm lg All 30 50
Modification factor - a All 0.5 1
Elastic modulus of the tie MPa Eat All 32920 32920
Cavity length mm [, All 80 80

The values of the capacity predicted via the proposed mechanical model for each failure
mode, namely tie, cone break-out, pull-out, buckling, punching and piercing failures, are
compared to the experimental results of the wall tie connections tests in terms of force capacity
by grouping the results per type of connection and loading (monotonic and cyclic), as shown
in Table 5.2.
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Table 5.2 Predicted and average experimental failure modes and capacities of the tested wall
tie connections.

Typology Tie Cone  Pull-out Buckling Punching Piercing
Failure Break-out Failure Failure Failure Failure
Failure
CS70  Proposed 4.18 4.25 2.04 1.69 3.09 2.17
Model
Experiment - - 2.35 1.83 - 1.51
(Mono)
Experiment - - 1.88 1.78 - 1.63
(Cyclic)
CB50 Proposed 4.18 5.28 3.19 1.69 5.70 1.94
Model
Experiment 4.22 - 3.43 1.83 - -
(Mono)
Experiment 3.95 - 3.32 1.60 - -
(Cyclic)
CS50 Proposed 4.18 2.40 1.77 1.69 6.73 2.91
Model
Experiment - - 1.87 1.80 - -
(Mono)
Experiment - - 1.62 1.90 - -
(Cyclic)
CS70-15D Proposed 4.18 4.25 2.27 1.42 3.09 2.17
Model
Experiment - - 2.51 1.35 - -
(Mono)
Experiment - - 2.07 1.44 - -
(Cyclic)

As discussed in Chapter 3, pull-out failure under tension and buckling under compressive
loading are the most common failure modes observed during the experimental campaign: 92%
of the specimens undergo pull-out failure in tension and 92% of buckling failure in
compression. The predictions obtained with the proposed model agree satisfactorily with the
experimental results. Also, the mean peak force is computed with adequate accuracy, as shown
in Figure 5.12; the error between the experimental results and the proposed mechanical model
for the pull-out and buckling failure is never larger than 13% for monotonic loading and 11%
for cyclic loading. The error is computed as the difference between the mean experimental
result and the proposed mechanical model divided by the mean experimental result. The error

can be calculated by using Eq. (5-16):
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N, —N, (5-16)

where Ne is the mean experimental result, and Np is the result from the proposed mechanical
model. As shown in Figure 5.12, in the underperformed part, the brackets indicate the number
of specimens that are below the predicted value of the proposed mechanical model for each
failure mode compared to the total number of specimens tested for each corresponding
variation. Conversely, the bracket shows the number of specimens above the predicted value

for each corresponding variation in the outperformed part.

= 5%
é 359% t Outperformed B Monotonic  Cyclic
0
3 [3/16]
g 25% [6/2(}] [1/9]
E
[=H
159 2/21 /
z 5% [6/12] [2/21] [2 6]
=
2 %
S
2 -5%
e 5/16]
5 -15%
5 [1/3] [2”3] [172]
g -25% [2/21] [6/25]
% 150, [9/30] [0/6] [8/9]
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= 0
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Pull-out failure Buckling failure

Governed failure mechanism for each typology

Figure 5.12 Error for the predicted values using the proposed mechanical model versus the
experimental data. Error bars indicate standard deviation.

5.1.6 Accuracy and limitations of the results of mechanical model

This section provides a discussion based on the calibration of the proposed mechanical model.
There are some cases in which the experimental failure does not always correspond to the
lowest predicted capacity. The unexpected results of the model can be summarised as follow:

e The failure mode of CS70, CS50, CS70-15D in tension, and CB-50, CS50, CS70-15D
is correctly predicted.

e Regarding CS70 in compression, two different failure modes were observed during
the experiment. The model predicts the most frequent failure mode (buckling)
correctly as the lowest predicted capacity. In contrast, the experimental capacity for
piercing obtained in the case of this failure mode is lower than the one indicated by

the proposed model. The observed piercing capacity was low in the experimental
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campaign because the straightening of the hooked end of the tie resulted in a smaller
load-bearing area of the head.

e Regarding CB50 in tension, there were two different observed failure modes from the
experiment, namely tie failure and pull-out failure. The values predicted by the model
are close to the strength measured at failure for both modes. However, in a few cases,
the specimens had larger pull-out strength, possibly due to unexpected interlocking
between tie and mortar, determining eventually the failure of the tie in place of the
pull-out failure (which is predicted by the proposed model as the lowest capacity).

It should be noted that, particularly for punching failure, although not observed in the
experiments as discussed in Chapter 3, a combination of failure modes may also occur in some
cases. One of the reasons why such a combination was not captured experimentally may be the
fact that once a failure mode is activated, the localisation of damage accelerates the
development of that failure mode.

After the mechanical model, the study was intended to conduct a parametric study using
the proposed mechanical model to evaluate the effects of untested configurations of cavity wall

tie connections, as explained in the following section.

5.1.7 Parametric study

The experimental campaign on cavity wall ties considered a large number of variations which
were seen in common construction practice, such as two different embedment lengths, two
different tie geometries, four pre-compression levels, and five different testing protocols. More
parameters can influence the behaviour of the cavity wall tie connections, but it is impractical
to conduct an experimental campaign considering all the possible influence parameters. Hence,
a consistent sensitivity study of the key parameters was performed, making use of the proposed
mechanical model. The following additional variations of the parameters are considered: (i) a
different (15 MPa) mortar strength for CS couplets, (ii) a shorter (60mm) cavity depth, (iii) a
different (70 mm) embedment depth for CB walls and (iv) solid brick for CB. All the studied
parameters are summarised in Table 5.3. The parameters described below are varied

individually.
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Table 5.3 The studied parameters for the extension of the proposed model.

Mortar Strength

Embedment depth

Type of Brick

Cavity
Type CBLeaf | CSLeaf | CBLeaf | CSLeaf | CBLeaf | CSLeaf | Wdt
L. Perforated
Tested combination M5 M5 50mm 70mm . CS 70 mm
CB brick
P1-15 MPa Perforated
CS mortar M5 M15 50mm 70mm CB brick CS 70 mm
P2 -60 mm Perforated
Cavity width M5 M5 50mm 70mm CB brick CS 60 mm
P3 - 70mm Perforated
embedded CB M5 M5 70mm 50mm CB brick CS 70 mm
P4 — Solid Solid
Clay Brick M5 M5 50mm 70mm CB brick CS 70 mm

5.1.7.1 Mortar with higher strength class

The majority of the masonry buildings in the Netherlands were mainly made of low-quality

mortar [83]. For the parametric study, a higher mortar strength (15 MPa) is chosen for the CS

specimens. Figure 5.13 shows how the strength of the connection is predicted to change for

each failure mode and for each specimen type when the new higher value of the mortar strength

is considered. As expected, an increase in the mortar strength leads to an increase in break-out,

pull-out, punching and piercing strength. On the other hand, the increase in the mortar strength

does not influence the buckling capacity or the steel rupture failure. As a consequence, the use

of stronger mortar leads to more frequent steel rupture failure in tension and buckling failure

in compression.
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Figure 5.13 Comparison between the proposed model and the parametric study-1: CS70 (a),

CB50 (b), CS50 (c) and CS70-15D (d).

5.1.7.2 Reduced cavity width

A cavity width of 60 mm is considered an alternative to the more usual value of 80 mm to
consider potential errors and inaccuracies in the construction practice. Figure 5.14 shows the
variation of the predicted strength for each failure mode and each specimen type. It is noted
that the predicted strength for the cavity width of 60 mm is conducted without changing other

m Parametric study-1 = Proposed model

Tie Failure . 418 a8
Cone Break-out Failure  [NNER7 SR
Pull-out Failure 319 (319
Buckling Failure 1.69 [1.69
Piercing Failure --
Punching Failure _—
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00
Peak force (kN)
(b)
® Parametric study-1  ®Proposed model
Tie Failure 418 (418
Cone Break-out Failure 425 494
Pull-out Failure 227 (4330
Buckling Failure 1-‘
Piercing Failure -_
Punching Failure . 3.09 [B03
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00
Peak force (kNN)
©)

parameters, such as the embedment length of CB or CS.

A change in the cavity width affects only the buckling capacity of the ties in compression
since a decrease in the gap between the two leaves leads to an increase in the buckling capacity
(Figure 5.14). Therefore, the reduced width of the cavity may affect the governing failure mode

in compression.
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Figure 5.14 Comparison between the values of peak force computed via the proposed model
for the original value of the parameters and for the parametric study-2: specimens CS70 (a),
CB50 (b), CS50 (c) and CS70-15D (d).

5.1.7.3 Longer embedment depth for CB

In the experimental campaign, discussed in Chapter 3, the CS specimens were investigated
under two different embedment depths (50 mm or 70 mm), but only a length of 50 mm was
considered for the embedment of the ties in the CB specimens. In this section, the effects of an
increased embedment length of 70mm in CB walls (which may be due to an imperfect
application) are evaluated.

An increase in the embedment depth in the CB specimens determines a higher strength
capacity in cone break-out and pull-out failure and a lower strength for punching and piercing
failure (Figure 5.15).
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Figure 5.15 Comparison between the values of peak force computed via the proposed model
for the original value of the parameters and for the parametric study-3: specimens CS70 (a),
CB50 (b), CS50 (c) and CS70-15D (d).

5.1.7.4 Solid clay bricks

As already mentioned, perforated bricks were used for the clay masonry outer leaf. In addition,
the embedment in solid clay brick masonry for cavity walls is conducted to provide a better
representative result for cavity walls. Jafari et al. [140] provide the initial shear parameters,
including initial shear strength and coefficient of friction for the solid brick for CB specimens,
which are employed for the parametric study. A comparison between the proposed model and
the studied parameter is shown in Figure 5.16. Due to the absence of the dowel effect, cone

breakout failure is more likely to be observed.
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Figure 5.16 Comparison between the values of peak force computed via the proposed model
for the original value of the parameters and for the parametric study-4: specimens CS70 (a),
CB50 (b), CS50 (c) and CS70-15D (d).

5.1.7.5 Summary of the failure modes for all the different configurations studies

A summary of the results obtained via the parametric study is reported in Figure 5.17 and Table
5.4. Overall, the parametric analysis showed that the governing failure mode, marked in bold
letters in Table 5.4, can change due to the variation of the parameters, as expected.
Nevertheless, the most frequent failure modes remain pull-out under tension and buckling in
compression. A different mortar strength for CS couplets affects the failure mode due to the
development of a more efficient bonding between the mortar and tie in tension, while it does
not have an influence on compression since the buckling failure is governed. Due to the shorter
cavity depth, which leads to an increase in the buckling strength, the failure mode changes to
piercing failure. A different embedment depth for CB walls may change the governing failure
mode in both tension and compression due to the reduced distance to the edge, so that the
connection may be vulnerable to piercing failure. Finally, the use of solid clay bricks does not
have a significant influence on the governing failure mode, neither in tension nor in

compression.
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Figure 5.17 Governing failure modes predicted by the parametric study.

Table 5.4 Force capacity of the connections predicted by the parametric study (the governing
failure mode is marked in bold letters).

Tension Compression

Tvoolo Tie Cone  Pull-outBuckling Piercing Punching
YPOIO9Y  ailure Break-out Failure Failure Failure Failure
(kN) Failure (kN) (kN)  (kN) (kN) (KN)

CS70 4.18 4.94 411 -1.69 -4.06 -5.03

P1- CB50 4.18 5.27 3.19 -1.69 -1.94 -5.70

15 MPa CS mortar CS50 4.18 2.89 3.67 -1.69 -5.27  -10.97
CS70-15D 4.18 4.94 433 -142 -4.06 -5.03

CS70 4.18 4.25 2.04 -3.00 -2.17 -3.09

pP2- CB50 4.18 5.27 3.19 -3.00 -1.94 -5.70

60 mm Cavity width CS50 4.18 2.39 1.77  -3.00 -2.91 -6.73
CS70-15D 4.18 4.25 234  -252 -2.17 -3.09

CS70 4.18 4.25 2.04 -1.69 -2.17 -3.09

P3- CB50 4.18 9.86 446  -1.69 -1.42 -3.42

70mm embedded CB CS50 4.18 2.39 1.77 -1.69 -2.91 -6.73
CS70-15D 4.18 4.25 227 -1.42 -2.17 -3.09

P4- CS70 4.18 4.25 2.04 -1.69 -2.17 -3.09

Solid Clay Brick CB50 4.18 3.54 3.19 -1.69 -1.94 -5.70
CS50 4.18 2.39 1.77 -1.69 -2.91 -6.73

CS70-15D 4.18 4.25 227 -1.42 -2.17 -3.09

Parametric study
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5.2 Constitutive modelling for numerical analyses of cavity wall tie
connections

The experimental campaign on the wall tie connection tests is used to calibrate a hysteretic
model in OpenSees [146]. The nonlinear behaviour of metal ties is modelled in terms of
pinching behaviour, strength and stiffness degradation. The model is based on the quantitative
evaluation of the force-displacement curve obtained during the experiment in order to simulate

the cyclic behaviour of the cavity wall metal tie connections.

5.2.1 Review of Past Research on numerical modelling

The Pinching4 constitutive law in OpenSees [147] is often adopted since it is capable of the
nonlinear hysteretic response in terms of pinching, strength and stiffness degradation [148—
151]. The Pinching4 material was developed by Lowes et al. [152] to simulate the inelastic
response of typical beam-column joints under reversed-cyclic loading. The constitutive
material is developed to define the load-deformation response of the joint with respect to
material, geometric and design parameters.

A comparison between two hysteretic models from OpenSees was conducted by Shen et
al. [149]. Pinching4 and Saws materials were calibrated in order to simulate the output of a
series of monotonic and cyclic loading tests on CLT shear walls and different bracket
connections conducted by Schneider [153]. The configuration of the CLT shear wall and
connections can be seen in Figure 5.18. In the experimental campaign, it was mentioned that
the behaviour of the CLT wall samples was governed by the connections due to their inherent
energy dissipation and ductility [153]. The connections were modelled using Pinching4 and
Saws uniaxial material models. After that, Pinching4 and Saw models were compared with the
experimental results, and the Pinching4 model exhibited better performance than the Saws
model due to the capability of Pinching4 in terms of pinching effect and degradation in strength

and stiffness.
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Figure 5.18 Tested wall and connection configuration from Shen et al. [149].

Reneckis and LaFave [113] utilised the test data from Choi and Lafave [76] to develop and
calibrate nonlinear finite element models that represented the full-scale experimental brick
veneer wall panel specimens. They mentioned that the tie could be modelled by axial links with
nonlinear inelastic material properties in order to capture different tie connection features based
on the observations of the test (Figure 5.19). It was concluded that brick veneer wall damage
could be captured at various stages by examining whether the tie connections at key locations
in the models exceeded their ultimate load and/or specific displacement capacities.
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Figure 5.19 Model geometry from Reneckis and LaFave [113].
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Jo [154] developed a simplified finite element model in OpenSees that was calibrated using
the test results conducted by the author to represent the in-plane and out-of-plane wall system
behaviour of concrete masonry unit-tie-masonry veneer wall systems. The ties were modelled
as truss elements with general hysteretic material behaviour (Figure 5.20). He mentioned that
the OOP response of walls was governed by the axial behaviour of the connections between
the clay masonry veneer and the backing system (wood-stud frames or reinforced concrete
masonry).

top support
(elastic spring)

8ft - long veneer, out-of-plane
(elastic section property, vertically

distributed lumped masses) \

$

8ft-long CMU wall, out-of-plane

(elastic section property, vertically
distributed lumped masses)

connectors, out-of-plane

(realistic hysteresis) flexural hinge

(bilinear inelastic)

/
2%

777
- =

Figure 5.20 OpenSees model for OOP behaviour from Jo [154].

Okail et al. [155] developed a series of OpenSees models to simulate the seismic behaviour
of brick veneers connected to a wood frame by means of metal ties. Beam-column elements
with fibre cross-section were used to model the masonry veneer, whereas the wood shear walls
were simulated through elastic beam elements. The metal tie connections were modelled via
nonlinear truss elements. A proper hysteretic model was selected to simulate the cyclic
behaviour of the metal ties. The numerical model showed a good match with the experimental
data. Based on the results, it was found that the connection force distribution was dependent
on the cracking of the veneer.

The current study aims at a computationally efficient approach to simulate the
experimental results of wall connections in cavity walls under cyclic loading representative of
earthquake motions. The study is supported by the experimental work explained in Chapter 3.

The open code OpenSees software [146] has been used in this study.
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5.2.2 Hysteretic model for cavity wall tie connections

The experimental results of tie response in CS and CB units explained in Chapter 3 have been
simulated in this work within the OpenSees environment [146]. In order to do that, the average
experimental curves were fitted into zero-length element backbone curves, as explained below.

The “Pinching4” model [152] was chosen as a material model due to the pinching effect
and the degradation in strength and stiffness under cyclic loading. The properties of the
Pinching4 material in Opensees are shown in Figure 5.21 and define a backbone curve, the
unloading-reloading path that represents the pinching behaviour, and the parameters for
strength and stiffness degradation. The curve proposed in this section is hence created by
inserting appropriate variables into the Pinching4 material in OpenSees.

(dmax,f(dmax))
ePd2,ePf2)

ePds,ePf3)

F (kN)

|
|
I
|
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(eNda,eNfa) / = ’(*/,uForceN.eNf3)

S

(rDispN.dmin,rForceN.f(dmin))

(eNds,eNfs)
Figure 5.21 Pinching Material model from OpenSees [156].

The Pinching4 constitutive law described above was used in zero-length elements to
simulate the wall connection behaviour. The zero-length elements considered for this
simulation correspond to springs with only one degree of freedom (DOF), i.e., the axial
response, having a hysteretic response that is defined by using the calibrated Pinching4
material. The other DOFs in the model are left constrained.

The tension backbone curves differ from the compression backbone curves for each tested
typology due to the different failure modes in tension and compression. Therefore, the
backbone curve should be defined separately in tension and compression for each typology in
Pinching4 material. However, the strength and stiffness degradation parameters cannot be

defined separately in tension and compression due to the limitation of the Pinching4
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constitutive law. The material parameters were hence calibrated in order to match the overall
simulated responses from the experimental results.

Due to its flexible format, the Pinchingd material can actually successfully fit a wide
variety of experimental results. The point of this study is to propose a general model by using
an averaging procedure. In order to do this, the backbone shape given in Fig. 2 has been fitted
to every tested typology individually and the input parameters have been found for the best fit.
As an example, an experimental hysteresis was chosen from one of those typologies to validate
the numerical model with the experimental data (Figure 5.22).
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Figure 5.22 Comparison between experimental and numerical result.

Additional parameters of the Pinching4 model define the cyclic response. Two parameters,
rDisp and fForce, define the ratio of the deformation/force at which the reloading starts to the
maximum deformation/force demand of the previous cycle in the loading direction of interest
for positive and negative. The uForce parameter defines the ratio of strength developed after
unloading from the negative/positive load to the maximum strength developed under
monotonic loading. The cyclic deterioration for unloading, reloading stiffness and strength are
controlled with gKLim, gDLim, and gFLim, respectively. The values of cyclic degradation
parameters (gKLim, gDLim, and gFLim) and pinching parameters (rDispP, rDispN, rForceP,
rForceN, uForceP and uForceN) simulate the force-deformation history for selected specimens.

The values suggested for all these parameters are reported in Table 5.1.
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Table 5.5 Suggested values of the modelling parameters for OpenSees Pinching4 material
based on experiments and mechanical model (number of the equation from the mechanical
model between brackets).

Parameters Suggested ValuesSuggested ValuesSuggested ValuesiSuggested Values
CS70 CB50 CS70-15D CS50
Positive backbone
ePf1 (KN) 0.77 2.16 0.77 0.60
ePf, (KN) 1.89 3.32 2.15 1.72
ePfs (kN) 151 2.66 1.72 1.38
ePfs (KN) 0.80 0.50 1.50 0.90
ePd; (m) 0.001 0.001 0.001 0.001
ePd, (m) 0.01 0.01 0.01 0.01
ePds (m) 0.011 0.011 0.011 0.011
ePds (m) 0.011 0.025 0.04 0.011
Negative backbone
eNf; (kN) -1.68 -1.68 -1.42 -1.68
eNf, (kN) -1.34 -1.34 -1.10 -1.34
eNfs (kN) -0.60 -0.30 -0.60 -0.60
eNf, (kN) -0.10 -0.10 -0.10 -0.10
eNdz (m) -0.003 -0.001 -0.003 -0.003
eNd, (m) -0.004 -0.003 -0.004 -0.004
eNds (m) -0.005 -0.0056 -0.005 -0.005
eNd, (m) -0.04 -0.050 -0.040 -0.040
Pinching
rDispP 0.95 0.53 0.53 0.53
fForceP 0.22 0.20 0.20 0.20
uForceP 0.04 0.05 0.09 0.09
rDispN 0.80 0.70 0.76 0.76
fForceN 0.53 0.66 0.66 0.66
uForceN 0.04 0.70 0.94 0.90
Unloading stiffness degradation
gKi 0.15 0 0 0
gKz 0.15 0.1 0.1 0.1
gKs 0.15 0 0
gKs 0.15 0.1 0.1 0.1
gKLim 0 0.2 0.1 0.1
Reloading stiffness degradation
gD: 0.1 0.2 0.1 0.1
gD2 0.2 0.2 0.1 0.1
gDs 0.1 0.2 0.1 0.1
gD4 0.2 0.2 0.1 0.1
gDLim 0.1 0.1 0.1 0.1
Strength degradation
gF1 0 0 0 0
gF, 0 0 0 0
gFs 0 0 0 0
gFs 0 0 0 0
gFLim 0 0 0 0
Energy degradation (gE) 10 10 10 10
Damage type Cycle Cycle Cycle Cycle




The average cyclic hysteresis curves, obtained following the procedure and using the
parameters described above, are presented in Figure 5.23 for each tested typology of wall
connections. The figure shows that the results obtained with numerical analyses have a fairly
good match with the average experimental curves. The calibrated hysteretic models are capable
of capturing important aspects of the tie response, such as the initial stiffness, strength, sudden
drop of strength and cyclic response in the degradation part of the response. However, the
Pinching4 material has no input parameter to capture buckling deformation besides the
abovementioned aspects. Hence, it is a phenomenological model due to mainly aiming to
reproduce not only the overall behaviour of the tie but also different embedment lengths and
tie geometries. Also, it is said by Mazzoni and Scott [157] and among others [158,159] that
phenomenological models are expected to be computationally faster but less accurate than

mechanical laws.
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Figure 5.23 Simulated and experimental response for CS70 (a), CB50 (b), CS70-15D (c) and
CS50 (d).

A comparison of the accumulated hysteretic energy (i.e., the area within the hysteresis
loop) is given in Figure 5.24, where it can be seen that the proposed numerical model performs
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well in terms of hysteretic energy dissipated by the wall connection. The numerical model
dissipates more energy per cycle for smaller displacements, whereas smaller energy dissipation
is observed for larger displacements compared to the experimental results. This can be
attributed to the lack of ability of the model to simulate the unloading-reloading path from
tension to compression accurately after the buckling of the tie, as mentioned above, that
determines the compressive peaks for positive displacements, which the Pinching4 constitutive
model does not capture. At the end of the tests, the total energy dissipation for the numerical

model is very close to the average peak energy dissipation for each tested typology.
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Figure 5.24 Cumulative hysteretic energy for experiments and numerical simulations for
specimens CS70 (a), CB50 (b), CS70-15D (c), and CS50 (d).

5.3 Conclusions

This chapter aims to develop a mechanical model to predict the failure mode and the strength
capacity of wall metal tie connections in masonry cavity walls and a constitutive model to
simulate the experimental results of cavity wall tie connections. In the first part of the chapter,
the study investigates connections embedded in double-leaf cavity walls composed of an inner
load-bearing leaf made of calcium silicate brick masonry and an outer leaf made of perforated
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clay brick masonry, while in the second part, the study utilises the results of the experimental
campaign discussed in Chapter 3 to calibrate a hysteretic numerical model that represents the
cyclic axial response of cavity wall tie connections.

The proposed mechanical model for the cavity wall tie connection considers six possible
failure modes, which are tie failure, cone break-out failure, pull-out failure, buckling failure,
punching failure and piercing failure. The prediction of one of these failure modes is based on
the characteristics of the used materials, type of bricks and ties, embedment length, different
tie geometries, mortar quality and bond strength between tie and mortar. A good agreement
between the experiments and the proposed model is found in terms of both identification of the
failure mode and the determination of the peak capacity of the connection.

The following results are reported:

e The proposed mechanical model is capable of predicting the failure modes observed
during the experimental campaign, which are pull-out and buckling failure. When
two different failure modes were observed in the experiments for a specific type of
connection (CS70 in compression and CB50 in tension), the model predicted the
most frequent failure mode correctly.

e The model accurately predicts the strength capacity of the cavity wall ties. The ratio
between the experimental results and mechanical model (Ntest/Npredicted) for pull-out
and buckling failure is determined as 1.04 and 1.04 with standard deviations of 0.15
and 0.10, respectively.

e The parametric analysis showed that the studied parameters, which are mortar with
higher strength, reduced cavity width, longer embedment depth and a different type
of brick, moderately influence the failure type and the corresponding capacity of
metal tie connections between the leaves in a cavity wall. A higher mortar strength
has an impact on the tensile behaviour of the connection as it increases the bond
between the mortar and the tie; conversely, for compression, the failure mode is not
affected by the mortar strength since the governing failure mode depends exclusively
on the properties of the metal tie. A decrease in the cavity width increases the critical
buckling load, leading to a different failure mode in compression; however, in
tension, the strength capacity of the metal tie connection does not change.

The experimental results of the aforementioned experimental campaign are used to develop
a general load-deformation hysteretic numerical model for different typologies of cavity wall

connections. The numerical simulations make use of nonlinear zero-length spring elements,
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whose axial response is defined by a constitutive law (Pinching4) already implemented in the
open code OpenSees. Alternatively, similar procedures can be adopted in other structural
analysis software used in earthquake engineering. The material parameters of the Pinching4
law are derived from the experimental tests. The strength degradation, stiffness degradation
and pinching behaviour of the load-deformation responses are modelled differently for each
typology. The phenomenological model can mainly reproduce the observed experimental
force-displacement curves except for the buckling response of the ties.

The presented mechanical model can be adopted by structural engineers, particularly
estimating each contribution of the studied mechanism in case to have at least one of these
mechanisms and to assess the performance of such connections during seismic events in
masonry cavity walls with the characteristic considered, whereas other construction techniques
and/or materials would require specific studies. In addition, the hysteretic model can be
employed by structural engineers for accurate modelling of the response of wall-to-wall

connections under dynamic earthquake loading.
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Chapter 6: Mechanical modelling of timber-masonry
connections

In the following chapter, two mechanical models are introduced to examine different failure
modes in timber-joist connections within masonry cavity walls. One model focuses on the joist-
sliding failure mode, where the Coulomb friction model [160] is adopted and further extended
to include the arching effect using the model proposed by Paulay and Priestley [161]. The other
model investigates the rocking failure mode, applying the model proposed by Tomassetti et al.
[162] to predict the strength capacity of the connections (whose experimental performance is
presented in Chapter 4). The study aims at identifying the contributions of various resisting
mechanisms to the force capacity of the connection.

The adopted mechanical model examines two different failure modes: joist-sliding with
partial wall-joist interaction and out-of-plane (OOP) rocking behaviour of the masonry walls.
Section 6.1 reviews the past research on the mechanical modelling of the frictional and rocking
mechanisms. Sections 6.2 and 6.3 present the adopted mechanical modelling for joist-sliding
with joist-to-wall interaction and rocking failure modes, respectively. Section 6.4 compares the
values of the force capacity of the connections predicted via the mechanical model with the
experimental results by grouping the results per type of connection in both unstrengthened and
strengthened conditions. Section 6.5 discusses the accuracy and limitations of the considered

mechanical model.

6.1 Review of past research on mechanical modelling of timber joist to
masonry connections

In the experimental campaign on timber-masonry connections reported in Chapter 4, two
different failure modes were observed: joist-sliding, which includes partial joist-to-wall
interaction, and OOP rocking failure mode. The joist-sliding failure with the partial joist-to-
wall interaction mechanism was governing weak joist-masonry connections. Otherwise, when
the connection was over-resistant due to retrofitting, failure occurred due to the OOP rocking
of the wallet. The former mechanism depended on cohesion and friction between joist and

masonry, as well as by the arch effect activated due to the joist-to-wall interaction, whereas the
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latter was characterised by the rocking behaviour of either one or both leaves of the wallet.
Considering the observed failure modes, a summary of the models proposed in the literature to
describe the frictional behaviour of the joist-wallet interface and the rocking behaviour of the

wall is discussed in the following paragraphs.

6.1.1 Literature review on Frictional behaviour of joist

Friction and cohesion at the masonry-joist interface play an important role in predicting the
governing failure mode for timber-joist connections. When the applied shear force at the
interface of the embedded part of the joist exceeds the frictional capacity, sliding of the joist
occurs. Friction is the force resisting the relative motion between two surfaces, such as solid
surfaces sliding against each other and producing heat and resisting to this movement. Coulomb
(1736-1806) classified two types of friction as follows: (i) static friction, which is the resistance
until starting the relative motion and (ii) dynamic friction, which concerns the resistance when
the surfaces move with respect to one another.

The static friction coefficient can be computed as the maximum tangential force that
develops before the onset of the sliding mechanism divided by the normal load acting on the
interface. In contrast, the resisting force due to dynamic friction can be described in terms of
the residual resisting force, which is achieved after the force drop due to the activation of
sliding. In the study of Suh & Turner [163], static and dynamic friction were compared for the
dry materials. It was concluded that the dynamic friction coefficient was less than the static
friction coefficient, generally of the order of 25%. Another study by Doherty [95], evaluated
the performance of unreinforced masonry (URM) connections containing damp proof course
(DPC) membranes under dynamic loading in order to assess their seismic integrity. In addition,
he compared the dynamic friction coefficient determined from the experiments conducted by
the author with the quasi-static friction coefficient determined by Griffith & Page [164]. It was
highlighted that the quasi-static friction coefficient was not more than 20% higher than the
dynamic friction coefficient.

Casapulla et al. [165] conducted a study on the simple overturning mechanism of a
masonry wall weakly connected to the timber diaphragm. They defined a priori failure mode
based on the frictional resistance at the support of the timber diaphragm. This was represented
as a cohesionless Coulomb’s law, as seen in Figure 6.1, so that the connection is limited by a

horizontal friction force as follows:
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Fp=Q-u (6-1)
where u is the beam-wall friction coefficient, and Q is the vertical load transferred to the wall.
The physical characteristics of the contact surfaces can affect cohesion and friction. Therefore,
the value of friction coefficient of 0.1 representing light horizontal diaphragms, 0.3 for
intermediate diaphragms, and 0.6 for heavy diaphragms have been chosen for the contact
surface in order to investigate the stabilising role of the frictional resistance due to the presence
of a simply inserted horizontal diaphragm. Finally, for the rocking mechanism, the sensitivity
of the load multiplier with respect to the studied friction coefficients was defined. Casapulla et
al. [165] found that when a joist is inserted in a masonry pocket, an increase in the seismic
masses associated with heavier floors reduces the load multiplier. Hence, the friction

contribution has a significant influence on the horizontal loads related to the floor masses.

Figure 6.1 Schematic view of the specimen with a masonry pocket connection (adopted from
Casapulla et al. [165]).

The joist-sliding failure mode was recently studied by Almeida et al. [101], who conducted
an experimental campaign with cyclic friction triplet tests between mortar and timber units.
Friction was described as a surface force that restrained the sliding motion of bodies and was
categorised into three types: (i) independent of the normal area of contact, (ii) proportional to
the normal force and (iii) independent of the sliding speed. Dry friction or Coulomb friction
(which is the friction coefficient caused by surface roughness) was derived without considering
the contribution of cohesion. The coefficient of friction was defined as follows:

= friction (6-2)

2 Neontace
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where the contact force, Neontact, IS multiplied by 2 due to the two friction surfaces of the tested
specimen. The static friction force was characterised by a maximum shear force, which
developed before the onset of sliding of the joist. In contrast, the resisting force due to dynamic
friction can be described in terms of the residual resisting force, which was achieved after the
force drop due to the activation of sliding. In their study, it was found that the dynamic and
static friction coefficients were similar for mortar-timber specimens.

Apart from friction, cohesion is another contribution to the interface between timber and
masonry. Cohesion plays an important role in the force-displacement property, including peak
force and post-cracking hysteric behaviour [108]. Although the cohesion bond between brick
and mortar was commonly studied in the literature [62,166,167], a few studies have focused
on the contribution of cohesion between timber and masonry [168,169]. A Coulomb type of
representation can be adopted to determine the friction and cohesion bond between masonry
and timber (Figure 6.2a). The Coulomb friction criterion [160] is based on a linear failure
envelope to determine the critical combination of shear and normal stress that will cause failure.
The ultimate shear strength at the interface between timber and masonry at a particular level of
normal stress can be calculated by the Coulomb criterion (6-3), as seen in Figure 6.2b. The
post-peak phase is characterised by cohesion softening, followed by a plateau representing
residual dry friction.
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Figure 6.2 Definition of cohesive-frictional behaviour in shear: Coulomb friction law (a),
Coulomb friction and cohesion softening for interfaces subjected to shear and compression.
164



As mentioned earlier, the observed joist-sliding failure mode included a partial joist-to-
wall interaction; hence a second-order geometric effect was activated. The second-order effect
introduces the arch effect, increasing overburden and, hence affecting frictional behaviour. No
studies in the literature focused on frictional behaviour with the second-order effect regarding
the mechanical behaviour of timber-masonry connections. However, the second-order effect
on masonry structures and how it may affect the force capacity of the walls have been studied
extensively in the literature [108,170-172].

The strength capacity of masonry walls can be affected by second-order geometrical effects
when large displacements dominate the out-of-plane behaviour. Several factors play an
essential role in activating the second-order effects, including limited or zero tensile strength,
the effect of creep deformation and boundary conditions. Regarding the limited or zero tensile
strength, in the attainment of cracking, there will be no contribution to the stiffness due to the
cracked zone on the section. While regarding the boundary condition, the second order can be
activated in the fixed-fixed boundary condition since the vertical displacement is restrained.
Magenes [173] said that the first analytical model for the compressive response of URM walls
under vertical loading could be considered the base for the arch effect caused by the second-
order effect going back to 1937 and was proposed by Nils Royen. Similar approaches have
been followed by other authors in the following decades [174-177].

Paulay and Priestley [161] proposed a simplified procedure based on elastic buckling
behaviour for the OOP response of masonry walls, particularly for one-way vertical spanning
URM walls, based on the exact solution for the compressive response of masonry walls
conducted by Sahlin [176]. The simplified analytical model was developed to define the load-
deflection (P-4) relationship for the masonry wall, taking into account the second-order
geometric effect. Figure 6.3 shows the behaviour of a slender unreinforced wall under the

eccentricity of the applied vertical load.
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Figure 6.3 Schematic presentation for the second-order effect in masonry walls from Paulay
and Priestley [161].

The vertical load, P, and corresponding displacement, 4, can be computed according to

Paulay and Priestley [161], as follows:

A= 0.5-tw-<y— ¥ _g_E(f_Wf) (6-4)

B fo (R (6-5)
P—0.75'fs'tw'<y+ y2—6—E(a)>

1
y=-——— (6-6)
2 t,

where tw is the thickness of the wall, y is the dimensionless distance from the extreme
compression fibre at the top and bottom sections of the wall to the line of action of the load, P,
h is the height of the wall, and e is the eccentricity of the axial load. An increase in the lateral
displacement, 4, leads to an increase in the bending moment at midspan. It should be noted that
the lateral displacement, 4, or the load, P, can be obtained by using Eq. (6-4) or (6-5),
respectively, for a given stress value at the extreme compression fibre at mid-height, fs.

In the following, a mechanical model that takes into account the frictional behaviour and
second-order effect is selected amongst the models described in the literature. The adopted
model is based on the Coulomb criterion with the contribution of a second-order effect due to
the joist-to-wall interaction. This mode will be used in the following sections to predict the
joist-sliding capacity of the cavity wall systems whose experimental outcomes are reported in
Chapter 4.
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6.1.2 Literature review on Rocking behaviour

The rocking behaviour of rigid blocks or assemblies has been widely studied in the literature
[162,170,178-180] since it is one of the most common out-of-plane (OOP) failure mechanisms.
The type and quality of masonry, geometry of the wall and vertical load can influence the
rocking failure mechanism [181]. URM cantilever walls subjected to out-of-plane loading first
crack along the base of the wall and then undergo rocking behaviour. For URM cantilevers,

the overturning force can be simply computed assuming zero tensile strength as follows:

(6-7)
W=7y ty, hl
w-t, (6-8)
N0_2 'hb

where W is the weight of the wall, ym is the density of the wall, and N, is the overturning force
at the height, hy. Regarding fixed-fixed URM walls, the resulting force due to vertical bending
moment in vertical-spanning action at a specific height of wall can be calculated using a
formula in the Australian Masonry Standards, AS3700 [182], as follows:

=fw "Zg +fa " Za (6-9)

N n

where fy is the flexural tensile strength of the wall, Zq is the section modulus of the bedded
area, fq is compressive stress acting on the bed joint due to vertical load and hy, is the height of

the applied force.

(@) (b)

Figure 6.4 Out-of-plane failure mechanism: cantilever wall (a) and fixed-fixed boundary
conditions with an applied vertical force.
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The assessment of the out-of-plane behaviour has been studied mostly for single-leaf walls
[95,178,183-186]. An example of bi-linear curve proposed by Doherty [95] by assuming

infinite material stiffness for the rigid bodies can be seen in Figure 6.5.
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Figure 6.5 Semi-rigid non-linear force-displacement relationship from Doherty [95].

Griffith et al. [185] performed an experimental program to provide experimental evidence
to support the proposed model by Doherty et al. [95]. In this experimental campaign, a total of
14 one-way vertically spanning URM wall panels were tested. The load was applied from at
mid-height of the wall by means of an actuator. The boundary conditions represent a simply
supported wall with a vertical load at the edge of the wall face. Force-displacement
relationships are computed via the Linear elastic theory and the Rigid body theory. The linear

elastic strength of the load-bearing wall is calculated by using the following equation:
4 (6-10)

Fip = Ez(fw + fa)

where Z is the section modulus for the wall cross-section, h is wall height, fw is the tensile bond

strength, and fq is the compressive stress at the middle height of the wall due to the vertical load

applied at its top plus the weight of the upper half of the wall. The strength using rigid body

theorem proposed by Doherty et al. [95] is as follows:

168



Frp = %W(l + ) o
where W is the weight of the wall, h is the height of the wall, t is the wall thickness and v is
ratio of the applied vertical load to the weight of the upper half of the wall. Both equations
consider only a single wall since cavity walls have a complex dynamic behaviour due to the
presence of the load-bearing leaf and the non-load-bearing leaf connected by cavity wall ties.
Hence, a static force-displacement (F-u) relationship is proposed for the OOP analysis of one-
way vertical spanning strip cavity walls [162], assuming that the cavity wall ties provide
sufficient axial stiffness and bonding between two leaves [68]. Since the experimental
campaign described in Chapter 4 considers cavity walls with efficient wall ties, the model
proposed by Tomassetti et al. [162] will be used in the following sections to predict the rocking

capacity of the cavity wall system.

6.2 Joist-sliding failure mode including joist-to-wall interaction

As mentioned in Chapter 4, it was observed that an additional vertical force was introduced at
the joist-wallet interface. This affected the capacity of the connection. In the test setup, the
horizontal top and bottom edges of the specimens were fixed. Hence, when the middle of the
wallet was displaced in the out-of-plane (OOP) direction, the deformation of the specimen and
the uplifting resulting from cracking caused an increase in the axial vertical force (due to
confinement) and consequently affected the frictional mechanism. It should be noted that this
phenomenon can only be observed when the boundary condition of the specimen restricts
vertical displacements at the top of the wallet, meaning that the vertical movement of the wall
is fully or partially restrained. The additional resistance depended on the upward force related
to the horizontal displacement of the cracked middle section of the wallet. Since the vertical
movement was restrained, cracking due to the horizontal displacement led to a migration of the
neutral axis of bending and hence introduced an elongation along the centroidal axis resulting
in greater compressive forces. The elongation is computed based on the corresponding
horizontal displacement where the joist was inserted in the pocket through simple geometric
observations.

It is worth emphasising that the arching effect may not be taken into account if a structure
is characterised by load-bearing URM walls with flexible diaphragms since the vertical motion

of the wall is not restrained [190-192]. However, it would be a case not for the upper level of
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a masonry building but for the lower floor level since the structural weight is higher at the
lower floor level, causing to larger overburden on the masonry wall, thus, may cause arching
action. Besides, as highlighted by Magenes [193], the strength capacity of URM buildings
subjected to lateral loading is derived through vertical compression, apparent flexural strength
in one- or two-way bending and arching action. In the current research, not only due to the
presence of restrained overburden loads at the top of the wallet representing a concrete ring
beam or a bounded wall condition etc., in a real building but also the filling with mortar
between the joist and wallet allowing the arch force to be transferred at the interface, it is
essential to compute the strength capacity of URM building in terms of each possible
contribution including vertical compression, flexural strength or thrust action.

The additional resistance determined by the second-order effect is schematically illustrated
in Figure 6.6. The curve expresses the relation between the horizontal force transferred by the
timber joist to the masonry and the relative displacement between the joist and wall. Without
any additional resistance due to the boundary condition, a curve based on Coulomb's law
consisting of cohesion and friction (Hc+Hy), highlighted in red, would be expected. In the case
of vertically restrained conditions, a modified Coulomb envelope curve is proposed to
incorporate the contribution of arching (Hs) at the joist-masonry wall interface. This modified
curve, highlighted in blue, exhibits increased stiffness and peak force (Hm) compared to the
unrestricted conditions. The additional vertical arching force is proportional to the OOP
displacement at the mid-height of the inner leaf. For this reason, it is related to the level of
connectivity between the joist and masonry. When joist and wall are well connected, such as
in the initial elastic branch, the OOP displacement at the mid-height of the inner leaf
corresponds to the horizontal displacement of the timber joist. For this reason, the maximum
contribution of the second-order effect is obtained at the peak load. After the peak, the level of
connectivity between joist and wall decreases and relative displacements due to sliding rise
between the two structural elements. The OOP displacements of the wall become then
gradually smaller than those of the joist, reducing then the effect of the arching force. The post-
peak phase of the proposed curve is therefore characterised by a softening behaviour attributed
to the cohesion softening behaviour and the disappearance of the second-order effect, followed

by a plateau due to dry friction.
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Figure 6.6 Proposed envelope curve compared to the conventional Coulomb model. The
vertical axis indicates OOP force transferred by the timber joist to the wall, while the
horizontal axis indicates the relative displacement between the joist and wall.

The conditions for the activation of the second-order effect are illustrated in Figure 6.7In
this schematic illustration, the height of the thrust line, h', is the path followed by the resultant
of the forces acting on an arch across its span. When a unique displacement, u, of joist and
inner leaf is observed thanks to the initial strong bond between masonry and timber, the second-
order effect is activated, introducing an elongation along the centroidal axis and hence leading
to additional compressive normal stresses at the joist-wall interface. This increases the
frictional capacity of the joist-masonry connection. The sliding of the joist starts when this

force is exceeded due to the absence of additional anchors.
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Figure 6.7 Schematic representation of the conditions that determine the activation of the
arching effect.

The arching effect described here above was evident in the experimental results. In Figure
6.8, it can be clearly seen that the sliding force exponentially increases with the displacement
of the wall as well as the wall-to-joist relative displacement increases. Considering a simple
friction mechanism between the timber joist and the wall, the only effect that can highly
nonlinearly increase the resisting force is the arching effect. The progression of this arching
effect with the increasing displacement is shown in an example in Figure 6.8 for a singled-out

example cycle from the experiments.
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Figure 6.8 Example cycle from the force-displacement curve of Specimen F1 with the deformed
configurations at three different positions of the inner leaf. The example highlights how the
nonlinearity of the cavity wall system and the specific boundary conditions resulted in the
arching effect.

This arching effect was previously reported in the literature [172,187] and Eurocode 6
[188]. To quantify the increase of resistance determined by the arching effect (Hs) a mechanical
model already reported in the literature that includes both the Coulomb friction and second-
order contributions is considered. The model is also used to analyse the contributions of these
two mechanisms to the masonry pocket connections. In this model, the total frictional capacity
consists of the cohesion and friction between timber and masonry and the additional out-of-
plane strength (arching force) caused by the activation of the second-order effect. A number of
parameters are required to compute the total capacity:

- friction coefficient,

- cohesion,

- normal force acting on the topside and underside of the embedded part of the joist,
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- the arching force due to the OOP displacement of the inner leaf. This force, too,
determines an additional normal force at the interface between the masonry and the
joist.

Regarding the specimens in the as-built conditions, the cohesion contributed to the reaction
force until the peak force, assuming that the interface between the joist and mortar was not
cracked. Therefore, the measured force up to the peak, Hg, is divided by the upside and
downside contact surface between the joist and the mortar, 2 - tw - tj, in order to compute the
interface shear strength. The shear strength, according to Coulomb’s law, is obtained as
follows:

Hg (6-12)

T=5g—"T"=C+ Uu-oy+ U-o
21, ¢ H:-oy T U 0Og

where 1 is the shear strength, ¢ is the cohesion, x is the friction coefficient, on is the normal
stress at the interface due to the initial imposed axial load and os is the normal stress at the
interface due to the arching effect. The normal stress on is computed as the sum of the initial
forces imposed at the top of the wallet, Ny, divided by the contact area. The stress due to
arching, os, is computed as the additional vertical force due to the arching action in the inner
leaf, Ns, again divided by the contact area.

Ny (6-13)
oy =
Nty
Ng (6-14)
Oc =
ST,

where tw is the thickness of the inner leaf and tj is the thickness of the joist. The aforementioned
three contributions are introduced in the following subparagraphs:
(1) Initial pre-compression load (Nv)
The initial force acting on the contact areas between the joist and the masonry was determined
by the weight of the masonry, the overburden force above the joist and the applied vertical load
at the middle of the joist. It should be noted that the joist deflected during the experiment
because one extreme of the joist was fixed in the testing machine and could not displace
vertically nor rotate, while the other extreme displaced vertically due to the OOP rocking of
the inner leaf and the sliding of the joist in the pocket, as shown in Figure 6.9 (the out-of-plane
rocking of the wall is amplified to provide a clearer visualization of the vertical displacement).
However, the vertical deformation was very limited due to the vertical confinement of the wall
caused by the applied boundary conditions. Hence, the shear force that would be caused by the
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elastic deformation of the timber joist can be considered negligible and was not included in the
proposed mechanical formula. An example of computing the vertical deformation and
corresponding shear force due to the flexural and shear stiffness of the element is provided in
Annex C.
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Figure 6.9 Amplified schematic representation of the OOP rocking of the inner leaf.

(2) Additional vertical force due to the arching effect (Ns)
The tilting of the wall induced additional compressive stress at the contact point between the
joist and the masonry due to the arching effect within the masonry wallet, which determines an
increase in the frictional force at the timber-masonry interface. The additional compressive
stress was due to the rotation of wall blocks, behaving as rigid bodies. As these blocks rotated,
the contact area between the joist and masonry reduced. In order to compute the arching force,
Ns, firstly, the additional compressive stress, fs, and the corresponding effective section depth,
X, should be calculated. The additional compressive stress at the contact area between the joist
and the masonry due to the arching effect, fs, was determined based on the study of Paulay and
Priestley [161] by using Eq. (6-4) for a given OOP displacement of the inner, u. While, the
effective section depth, x, for the corresponding OOP displacement of the inner can be

computed as follows:

X= 3(%‘” —e—u) (6-15)

where e is the eccentricity, and u is the OOP displacement of the inner, in which used to
calculate the additional compressive stress. The arching force on the joist was computed,

assuming a triangular stress profile as described in [161], as follows:
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fiox (6-16)

(6-17)

where C is the thrust force per unit width of the joist and tj is the width of the joist. A schematic
representation of arching effect is illustrated in Figure 6.10. It is important to note that the peak
OOP deflection of the inner leaf was observed until the failure of bonding between joist and

masonry followed by a decrease in the deflection and the sliding of the joist.

C = arching force
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Figure 6.10 Schematic view illustrating the arching effect: cavity wall with timber joist
subjected to OOP displacement (a), idealized wall segment (b) and triangular stress block of
masonry based on Paulay and Priestley [161](c).
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After computing the vertical forces on the joist due to initial pre-compression load, Ny,
cohesion, ¢, and arching force, Ns, the contribution of pre-compression load, Hy, cohesion, Hc,
and arching force, Hs, with respect to the horizontal direction and the OOP force as the sum of
these contributions, Hwm, are computed according to the following equation, as can seen in
Figure 6.11:

(6-18)
HM = HV + HS + HC
(6-19)
HV =2 u- NV
(6-20)
HS =2 u- NS
6-21
He=2"c4 &2
where A; is the contact area of the joist, computed as tw*j.
Ovo Ovo
0
We W, l
1) Force due to overburden (g,)
- O'N'-I- O'S HM = HV + HS + HC ll! 2) Weight of the masonry above
T the joist (W) NV
pury — 3) Half of the applied vertical joist
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- . W Oy + Og 1) Arching force } NS
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Oy + 0= ———
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Figure 6.11 Schematic used to compute the normal force acting at the interface between
masonry and joist.

6.3 Wall rocking failure mode due to joist movement

As explained in the previous section, in the case of the specimens with masonry pocket
connection, the bond between the joist and wall is weak, not enough to create cracks in the wall
itself. When an additional connection is present, such as a hook anchor or other strengthening
solutions, the interaction between the wall and joist increases significantly, eventually leading
to the failure of the wall itself due to OOP rocking. An example of a specimen with
strengthened cavity wall anchors and timber joist-masonry connection by means of timber

blocks at the failure can be seen in Figure 6.12. As evident from the figure, both leaves were
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damaged severely, and the failure mode was governed by the OOP rocking behaviour of both

leaves of the wallet.

Inner leaf Outer leaf

(b)

Figure 6.12 Rocking behaviour of a strengthened specimen: observed view at the failure (a)
and corresponding crack patterns (b).

As discussed in Section 6.2, the arching effect activated due to the joist-to-wall interaction
should also be taken into account for the rocking behaviour. However, it is complex to
determine the additional force for the full wall width because of the lack of experimental data
supporting this in the OOP rocking, not only the nonlinearity of the problem but also the change
in lateral deflection from the resting till the instability displacement of a leaf. Hence in this
section, although known to exist to some degree, the additional overburden coming from the
arching effect to the full wall width is omitted.

As a result, the simplified envelope curve illustrated in Figure 6.6 is updated by adding the
OOP rocking failure mode, as shown in Figure 6.13. The vertical axis indicates OOP force
transferred by the timber joist to the wall, while the horizontal axis indicates the relative
displacement between the joist and wall. A bi-linear idealisation is used to define the rocking
F-A curve. Since the additional overburden due to the arching effect determined an increase of
the frictional capacity, the final failure of the system should be close to the OOP rocking
capacity. It should be noted that, in reality, the size of the wall is bigger than those tested in

this experimental campaign, and more joists will be inserted in the wall. Since the size effect
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is not included in this study, the strength capacity may differ with increasing wall size. Hence,

the results of the rocking failure mode are constrained by the dimensions of the specimens.
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Figure 6.13 Simplified envelope curve for both failure modes: the red line indicates the
Coulomb friction law. The blue line is the proposed curve to predict the joist-sliding failure
mode, including the Coulomb friction criterion and the arching effect. The orange line is the
bilinear curve to predict the rocking capacity of the cavity wall system.

In the study of Tomassetti et al. [162], the seismic behaviour of vertically spanning URM
cavity walls subjected to out-of-plane movements was defined by the bilinear force-
displacement model. The simplified force-displacement model was derived from a nonlinear
rigid-body kinematic analysis of the cavity wall. The model represented an upper bound of the
OOP static resistance of a masonry cavity wall. The bilinear model of nonlinear rocking
behaviour yielded the two parameters of the model, which were the total rigid force
(FctFo,iwtFoow) associated with the sum of the two rigid body mechanism forces of the two
walls and the coupling force contribution of the embedded ties, and the instability
displacement, uins, the maximum wall displacement.

The cavity walls initially exhibited a linear response controlled by the masonry flexural
stiffness. The initial elastic phase of one-way vertical spanning strip walls was evaluated
according to the boundary conditions. Since the exact boundary conditions were difficult to be
defined, double fixed and double pinned configurations were considered as two limit
configurations, as shown in Figure 6.14. In order to compute the pre-cracking phase, two

different factors, a: and ap, corresponding to the type of bottom and top boundary conditions,
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respectively, are defined. As mentioned in Chapter 4, the boundary condition of the inner leaf
is defined as a pinned-pinned configuration, while the outer leaf is considered a cantilever wall.
Hence, a: and ay are set equal to 0, which indicates the development of the full cracking moment
only in the middle of the wall. In this case, as seen in Figure 6.14, for the pinned-pinned
condition, the rocking behaviour develops simply with cracking at the middle of the wall (Point

A*), and B is equal to a value of 5.
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u

Figure 6.14 Pre-cracking phase for one-way vertical spanning strip walls considering the two
limit boundary condition situations, which are fixed-fixed (A-B-C) and pinned-pinned (A*)
from Tomassetti et al. [162].

The linear elastic response of the OOP plane one-way bending is computed by adopting
the equilibrium method according to plastic analysis principles. Before computing the cracking
force, Fer, the top and bottom cracking moments, My, and, Mp, need to be defined based on the
identified boundary conditions. Hence, only one level of stiffness is associated with computing
the cracking force due to the formation of one hinge for the pinned-pinned condition. The linear
elastic response of the OOP plane one-way bending, cracking force, Fer, cracking displacement,

Ucr, panel height, hy, can be computed as follows:

i+ |¢- w2 _(ab-Mb—at-Mt)_(ab-Mb—at-Mt)Z
4-t,° ty,° ty* (6-22)
for = 5k
2 t,°
1(w (ap *My —a; - M,) (6-23)
Z=m+a(2+%o%+ T
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(6-24)

(6-25)

(6-26)

(6-27)

where W is the weight of the wall, tw is the wall thickness, fu is the masonry flexural strength,

at and ap are factors varying from 0 to 1 to define the degree of moment restrained associated

with the related top and bottom extremities, h is the height of the wall, and h; is the panel height

where the maximum tensile stress equals the masonry flexural strength.

After the formation of the horizontal crack at mid-height of the wall, the rocking behaviour

fully developed. The formation of three hinges which are at the wall bottom (A-4 ), mid-height

(B-B”) and top (C-C") can be seen in Figure 6.15. The rigid bodies rotated around the pivot

points A’, B and C’. a1 and az represent the geometric angles for defining the slenderness of the

two rigid bodies above and below the mid-height crack of the wall. Wy and W- are the weight

of the two rigid bodies below and above, respectively. ovo is the vertical overburden stress

applied with eccentricity e. hy and hy are the height of the two rigid bodies below and above,

respectively.

o

Figure 6.15 Rocking behaviour for a one-way vertical spanning strip walls: geometry at rest
(left) and deformed shape (right) from Tomassetti et al. [162].
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Due to the hinges, the wall can undergo large displacement. The proposed model also
considers the eccentricity due to the migration of the top resultant overburden force along the
top edge of the wall. Regarding the bilinear curve, as seen in Figure 6.16, rigid force, Fo, and

the instability displacement, uins, are computed by using the following equations, respectively:

2 0,0 "ty (6-28)
FO = h—(W +0v0 ' tw) . tw +m(tw + 26)
1 1
2 n 0,0 " tw (tW + 2e)
_hi(W +0,-t,)t, h — hy (6-29)
ins = 2 2 0,0 ° tW

MW +o,0 6) Rh—h
where h; is the panel height where the maximum tensile stress equals the masonry flexural
strength, avo- tw is the overburden force, W is the weight of masonry, t is the thickness of the
masonry and e is eccentricity. The coupling force contribution of ties in cavity wall can be

computed as follows:

Eo=2Vty 2 My (o)
c t w h]_ . hz t hl . hz
n 6-31
i=5" (6-31)
1
n 6-32
M=) M (6-32)

where Vi and M are the sum of the n tie plastic moments and the corresponding shears at the
inner leaf edge interfaces, respectively. As shown in Figure 6.16, the force capacity of the
cavity wall specimens can be defined as the sum of the cracking force of the two leaves
(considered independent of one another) and the coupling force:
F = Fypy + Foow + F. €59
The formulation, based on the rigid body theorem, can be used to define an upper bound
for the experimental results discussed in Chapter 4 on the as-built and strengthened timber
joist-cavity wall specimens. This assumption is used for both the strengthening solutions

described in Section 4.5 and Section 4.6.
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Figure 6.16 Bilinear envelope curve for the force-displacement curve of a one-way spanning
wall, proposed by Tomassetti et al. [162].

6.4 Comparison of predictions with the experimental tests

The values of the force capacity predicted via the analytical models described in the previous
sections are compared to the experimental results. The comparison is presented by grouping
the results per type of connection: namely, joists with no anchors, joists with a hook anchor,
and strengthened specimens. The horizontal displacement of the middle height of each leaf (CS
and CB) and the peak force in pulling and pushing are shown in Figure 6.17 to highlight the
initial rocking behaviour due to bonding and friction between the joist and masonry. It is
essential to define the out-of-plane displacement of the inner leaf in order to compute the

additional vertical force due to the arching action in the inner leaf (Ns).
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Figure 6.17 Hysteresis curve for the tested specimens (left) with the corresponding OOP
displacement at the middle of the inner and outer leaves (right), for specimens J1 (a), J3 (b),
J5 (c), J3-C (d), F1 (e) and F2 (f). Red and blue stars highlight the peak force in both the
pulling and pushing directions, respectively.

With the aim to define the friction coefficient between joist and masonry, the joists with

no anchors were used since the capacity of the connection was mainly governed by the friction
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between the joist and the mortar towards the end of the loading cycle where the plastic plateau
occurred. Hence, the friction coefficient is computed based on the last cycles of loading at the
plastic plateau for both loading directions, and its result is equal to a value of 0.6. It should be
noted that the coefficient of friction for the rest of the specimens is set to a friction coefficient
equal to 0.6 since the specimens with masonry pocket connections are based on frictional
capacity. The cohesion, according to Coulomb’s law, is obtained by using Eq. (6-12). It should
be noted that the cohesion is firstly obtained for both directions, and the average of these two
values is taken.

The obtained values for shear stress are summarised in Table 6.1. The shear stress, T, is
defined as the peak force (as measured experimentally) in pulling or pushing divided by the
contact area at the interface between the mortar and joist. The reason why the shear stress in
pulling (column (1)) and pushing (column (2)) was separately computed is due to the
asymmetric behaviour of the test results. The asymmetric behaviour is attributed to the
nonlinearity of the cavity wall system with the test setup, causing additional vertical forces due
to the arching action in the inner leaf and the deflection of the joist caused by the displacement
of the point supported. Due to the same reason, the normal stress acting on the joist and the
arching stress are defined separately. As expected, the normal stresses in pulling and pushing
are equal, shown in column (3), and computed according to Eq. (6-13). The arching stresses in
pulling (column (4)) and pushing (column (5)) are defined as the additional force acting on the
joist in the vertical direction divided by the contact area at the interface between the mortar and
joist. Finally, cohesion is computed according to Eq. (6-12) for pulling and pushing separately.
After that, the mean value of cohesion in pulling and pushing was defined. Hence, the cohesion
(column (6)) is the same value in pulling and pushing. It should be noted that an example of

the calculation of the joist-sliding failure mode is presented in Annex C.
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Table 6.1 Stress values acting at the interface between masonry and timber joist.

(1) (2) 3) (4) (5) (6)

Shear Stress (MPa) | Normal Stress (MPa) | Arching Stress (MPa) | Cohesion (MPa)
[7] [on] [os] [c]

Pulling | Pushing | Pulling & pushing Pulling | Pushing | Pulling & pushing
J1 | 0.19 0.26 0.15 0 0.10 0.10
J3 | 033 0.47 0.11 0.23 0.42 0.11
J5 | 031 0.41 0.35 0.03 0.20 0.08
J3-C| 0.49 0.44 0.15 0.40 0.37 0.14
F1| 0.56 0.62 0.15 0.38 0.51 0.23
F2 | 0.51 0.56 0.15 0.41 0.44 0.19

After computing the shear stress, the total resistance due to cohesion and friction can be
estimated via Eq. (6-19). Such value is compared to the measured peak force obtained in the
experiments, as seen in Table 6.2. An error of up to 5% is found, which can be considered
acceptable due to the nonlinearity of the system. The error is computed as the difference
between the mechanical model and the experimental result divided by the experimental result.
Table 6.2 Comparison between the peak forces measured experimentally and predicted by
means of the proposed mechanical model. The different components contributing to the total

force (cohesive force and friction force due to both the initial normal force and the arching
effect) are identified.

v | @ &l ® |6 ® | o | ® [ 9 | w
Pulling Pushing
Exp. Prediction Exp. Prediction
Peak Friction forces Friction forces
Cohesion [ Initial | Arching | E'TOr | Peak Force | Cohesion | Initial |Arching| EMor
Force
(kN) (kN) force effect (kN) (kN) force | effect
(KN) (KN) (KN) (KN)
J1 2.29 1.19 1.09 - -0.4% 3.13 1.19 1.09 0.73 2.1%
J3 4.02 1.35 1.09 1.66 2.1% 5.59 1.35 1.09 3.05 1.7%
J5 3.77 0.97 2.53 0.20 -1.8% 4.89 0.97 2.53 1.43 1.0%
J3C 5.87 1.73 1.09 2.89 -2.8% 5.28 1.73 1.09 2.63 3.3%
F1 6.71 2.80 1.09 2.74 -1.1% 7.49 2.80 1.09 3.67 1.0%
F2 6.45 2.26 1.09 2.96 -2.1% 6.68 2.26 1.09 3.18 -2.3%

Note: in the table, columns (2)-(4) and (7)-(9) are computed according to Eq. (6-19).
Regarding the rocking failure mode, the parameters of the bilinear curve are determined
by means of Eq. (6-28)-(6-30) can be seen in Table 6.3. The values were obtained for each

configuration. An increase at the pre-compression level leads to a significant increase of rigid
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force obtained as the sum of the forces associated with the rigid body mechanisms of the two
leaves. Besides, a higher mortar strength quality has an impact on the rigid forces, as can be
seen from Specimen F1-F8. It should be noted that an example of the calculation of the rocking

failure mode is presented in Annex C.

Table 6.3 Parameters used to define the bilinear curves for rocking failure.

Specimen Fer (KN) | uer (mm) [ha/h | Fo (KN) | Fo*(KN) | Fc (KN) | Uins (MmM) | Uins™(mm)
J1-J2
6.19 0.13 |0.51| 6.81 8.66 0.2 76.5 100
TJ1-TJ2
J3-J4-J3C-JAC
6.39 0.13 |0.51| 7.01 8.86 0.4 76.5 100
TJ3-T)4
J5-J6
8.80 0.13 |051| 17.84 | 23.31 0.4 75.4 100
TJ5-TJ6
F1-F8 8.27 0.11 |0.51| 6.64 8.48 0.2 76.5 100

The failure of the specimens with a hook anchor was governed by rocking behaviour.
Therefore, the force associated with the sum of the two rigid body mechanism forces of two
leaves is compared to the experimental force-displacement curves. The bilinear curves were
plotted versus the OOP displacement at the middle height of the inner and outer leaves, as seen
in Figure 6.18a and b, respectively. The bilinear curves are computed as described in section
6.3, either considering the eccentricity of the top axial load equal to zero (RB Mechanism) or
to half of the wall thickness (RB* Mechanism). Although the specimens with hook anchors
exhibited rocking behaviour, the limited contribution due to the hook anchor to the inner and
outer leaves can be seen in Figure 6.18a and b; hence, the obtained test results do not exceed
the bilinear curves. It should be noted that the bilinear curve is defined only for the weakest
configuration, which has a pre-compression level of 0.1 MPa and two cavity wall ties, because

the test results are already below the rigid body mechanism of that configuration.
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Figure 6.18 Comparison between the test results of hook anchor specimens and the
corresponding bilinear curves: force versus the OOP displacement at the middle height of the
CS (a) and of the CB (b) leaves.

All the tested specimens, namely J1 to J6, were retrofitted and retested, labelled as TJ1-
TJ6. After the application of the strengthening measures, rocking failure mode occurred. It
should be noted that the forces measured during the tests with a pre-compression level of 0.3
MPa do not exceed the predicted rigid body force associated with a pre-compression level of
0.1 MPa and 2 ties/m? (Figure 6.19). The value for each configuration is reported in Table 6.3.

The final collapse of the retested specimens is due to the instability displacement of the outer
leaf, as seen in Figure 6.19.

TJ1 T)3 T5 - RB Mechanism
TJ2 — T)4 — "6 - RB* Mechanism
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(@) (b)

Figure 6.19 Comparison between the test results of retested specimens and the corresponding
bilinear curves: force versus the OOP displacement at the middle height of the CS (a) and of
the CB (b) leaves.
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As seen in Figure 6.19, the hysteresis curves exceed the envelope of the rocking
mechanism, particularly the specimens with hook anchors in the pulling direction. Although
the arch effect is omitted for the specimens that exhibited rocking behaviour, the specimens
with the hook anchor in pulling exhibit plateau show that the continuation of OOP displacement
in CS leaf causes the arching effect. A slight increase in capacity is observed regarding the
retested specimens due to the helical bars. Besides, the OOP displacement of the inner leaf was
very limited since the anchor fastened to the outer leaf.

With the aim of improving the displacement capacity of both leaves in both directions, the
timber joist-masonry connection was strengthened by means of timber blocks. In addition, the
retrofitting anchors were also used. The bilinear curves are plotted for the inner and outer
leaves, as shown in Figure 6.20a and b, respectively. The rocking of both the inner and outer
leaf is the governing failure mode for the specimens strengthened with the timber blocks since
this measure provides a very strong connection between the joist and the wall. Hence, similarly
to the retested specimens, the hysteresis curves are either very close or exceed the envelope of
the rocking mechanism due to the arch effect.

F3 F6 — F8 - RB* Mechanism
F5 — F7 - RB Mechanism
751 751
5.0 ; 501
= 2.5 = 257
] =4
@ 0.0] o 0.0
g Y
£ 251 2251
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—-7.51 -7.51
-100 -50 0 50 100 ~100 _50 0 50 100
QOP displacement at middle of C5 {mm) OOP displacement at middle of CB (mm)
(@) (b)

Figure 6.20 Comparison between the test results of specimens strengthened with timber blocks
and the corresponding bilinear curves: force versus the OOP displacement at the middle height
of the CS (a) and of the CB (b) leaves.

The properties derived from the tests used in the mechanical model are summarised in
Table 6.4.
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Table 6.4 Summary of the joist-masonry connection properties.

Material Characteristic Joist CS SOIL'C! clay Perfora_ted clay
rick brick
Elastic modulus from Jafari [62] (MPa) 12000 | 2749 5019 5201
Friction coefficient between joist and i 0.6 i i
masonry
Masonry weight above the joist (kN) - 0.06 - -
Overburden force above the joist (kN) - 0.6 - -
Height of wall (mm) - 1030 950 950
Width of wall (mm) - 930 930 930
Thickness of wall (mm) - 100 100 100
Compressive strength of wall from Jafari i 593 i i
[62] (MPa) '
Flexural strength of wall (MPa) - 0.1 0.28 0.42
Density of wall (kg/m3) - 1683 1740 1250

6.5 Conclusions

This chapter aims to identify the contribution of different resisting mechanisms to the force
capacity of timber-joist connections. The adopted mechanical model examines two distinct
failure modes: joist-sliding with partial wall-joist interaction and out-of-plane (OOP) rocking
behaviour of the masonry walls.

The joist-sliding failure, which involves a partial joist-to-wall interaction mechanism,
governs weak joist-masonry connections. Regarding the OOP rocking failure mode, the failure
mechanism shifts from the connection to the wall system. If the joist-masonry connection is
strong, i.e., the connection retrofitted or characterised by high strength, the failure mode is
characterised by the rocking behaviour of either one or both leaves of the wallet.

An interesting finding was that, due to the OOP displacement of the wall leaves rocking
over the timber joist, an arching effect was activated, causing additional friction. The total joist
push/pull capacity is computed as the sum of two contributions according to this: initial friction
force and the additional friction caused by the arching effects.

The considered model presented here is capable of accurately predicting the peak capacity
of the joist connection. Based on the results of the modelling of timber-masonry connections,
the following observations have been made:

e The studied analytical model successfully defines the contribution of each

mechanism in terms of the resistance at the failure for the joist-sliding failure mode.

191



Regarding the rocking behaviour, the bilinear curve effectively predicts the capacity
of the wallet.

e The error between the analytical model and the experimental results for the
specimens without hook anchors amounts to approximately 5% in terms of peak
forces in pulling and pushing.

e Due to the variations in the configurations, different results in strength were
observed when comparing the experimental results of unstrengthened and
strengthened connections. When comparing the experimental results of the as-built
masonry pocket connection with two ties to the same configuration but strengthened
with helical bars in terms of peak load, an average increase of 13% in pulling and
12% in pushing is observed. Similarly, when comparing the experimental results of
the as-built masonry pocket connection with two ties to the same configuration but
strengthened using the timber blocks and post-installed cavity wall tie anchors in
terms of peak load, an average increase of 5% in pulling and 9% in pushing is
observed.

This chapter addressed two crucial factors: frictional behaviour and arching effect. These
factors are present in real buildings and hence should be taken into account. Frictional
behaviour pertains to the resistance between the timber joists and the masonry wall interface.
In the latter case, even when the vertical displacement of walls is not restrained, the arching
effect due to the out-of-plane behaviour of masonry walls, especially at lower levels, needs to
be evaluated. This is due to the increased structural load, resulting in greater vertical pressure
and possible arching effect.

The author believes that the presented model can be utilised by structural engineers to
estimate each contribution of the analysed mechanism in case they have at least one of these
mechanisms. In addition to that, it can be used to assess the performance of such connections
during seismic events in masonry cavity walls with the characteristic under investigation,
whereas other alternative construction methods and/or materials would necessitate dedicated

research.
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Chapter 7: Conclusions and recommendations for
future research

7.1 Conclusions

The research presented in this thesis aims to investigate the seismic response of wall-to-wall
tie connections and wall-to-floor timber-masonry connections commonly used for cavity walls
in the traditional Dutch construction practice, specifically in the Groningen province. A series
of how-to questions are formulated in the introduction section (Chapter 1) to fulfil the overall
objective. To this end, the research has been structured in three phases: (i) An inventory of
existing buildings and connections in the Groningen area is set up (Chapter 2); (ii) The
mechanical behaviour of the prevalent connection typologies identified in the inventory for
cavity walls is characterised experimentally: first, wall-to-wall tie connections are simulated
by means of a metal tie embedded in the mortar of a masonry couplet (Chapter 3). Second,
wall-to-floor connections are simulated by means of masonry wallets and timber joists (Chapter
4); and (iii) Mechanical models are proposed and validated against the performed experiments
for the studied connections, namely the wall-to-wall tie connections (Chapter 5) and the wall-
to-floor connections (Chapter 6).

Chapter 2 presents a dataset of buildings and connection details in the Groningen area with
the purpose of identifying the most prevalent connection typologies used in buildings with
cavity walls. A total of 267 addresses and 59 inspection reports received from Nationaal
Codrdinator Groningen (NCG) were processed, and the following structural characteristics
were identified:

e The preferred construction type in the area before World War II was the detached house.
However, after World War II, the terraced house became increasingly popular,
accounting for over 65% of the buildings in the inventory constructed after that date.

e From the studied dataset, a similar number of detached houses with solid walls and
timber floors and detached houses with cavity walls and timber floors was found.

e Approximately 20% of the URM buildings have timber floors, while around 26% of

the inventory comprises attic floors made of timber.
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e The dimensions of a cavity wall vary from building to building, with median values of
100 mm for the inner leaf, 80 mm for the cavity, and 100 mm for the outer leaf.

e Hook anchors are the most commonly documented as-built connections between timber
floors and masonry walls.

It was observed not only in the studied dataset but also from the literature that World War

IT was a milestone in terms of construction technique. Consequently, after the war, not only the
cavity-wall terraced house typology became predominant in the region but also the cavity-wall
construction technique was used in the construction of newly built detached houses. Hence,
cavity walls and flexible timber diaphragms have been selected as representative of the Dutch
construction practice in typical terraced and detached houses. In this thesis, the following
structural characteristics are identified for traditional Groningen houses:

e Cavity walls consist of an inner 102-mm-thick load-bearing leaf made of calcium
silicate (CS) bricks and an outer 100-mm-thick external veneer made of clay bricks
(CB) separated by a cavity of 80 mm. The inner leaf is constructed using solid bricks,
while both solid and perforated clay bricks are commonly employed for the veneer.

e Regarding wall-to-wall connections (the connections between the two leaves), L-
shaped ties with a diameter of 3.6 mm and a total length of 200 mm are selected. The
ties are embedded in the mortar joint of both the CS and CB leaves: the zigzag end of
the tie is embedded in the CB leaf, while the L-shaped hooked end is embedded in the
inner CS wall.

e The connection between a flexible floor and a masonry wall consists of a timber joist
with a size of 55x155 mm (L x H) connected to the inner leaf of the cavity wall either
by masonry pocket connection or hook anchor connection.

Two experimental campaigns have been conducted to study the structural configurations
described above. The first experimental campaign was conducted at the laboratory at Delft
University of Technology and provided a complete characterisation of the axial behaviour of
traditional wall tie connections in cavity walls (Chapter 3). The tested specimens consisted of
masonry couplets (two stacked bricks connected by means of mortar) and a metal wall tie
embedded in the mortar joint at one end. The connection between the metal tie and the masonry
couplet was then tested. The embedment in the CS and the CB couplets was tested separately.
Couplets with perforated CB were used to represent the external veneer. Several variations
were considered: two embedment lengths (50 mm and 70 mm), four pre-compression levels of

the couplets (0 MPa, 0.1 MPa, 0.3 MPa and 0.6 MPa), two different tie geometries (the zigzag
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end embedded in CB and the L-shaped hooked end embedded in CS), and five different loading
protocols, including monotonic and cyclic loading. Regarding the loading protocols,
monotonic tests were conducted to obtain the maximum strength capacity of connection under
tension and compression. In addition, a cyclic loading protocol was also considered to capture
any strength and stiffness degradation.

The following failure modes were observed: sliding failure (the tie slides along the tie-
mortar interface), tie failure (the tie first yields and then fractures), buckling failure (the tie
buckles), and expulsion failure (failure is achieved by piercing and expulsion of the cone of
mortar around the tie). The most common types of failure were observed as sliding during
tensile loading and buckling during compressive loading, which was observed in 92% of the
tested specimens for both tension and compression. The experimental results also showed that
the force capacity of the connection was strongly influenced by the embedment length and the
geometry of the tie, depending on whether the zigzag end or the L-shaped hooked end was
embedded in the mortar. In contrast, the level of pre-compression applied to the couplets and
the loading rate did not significantly affect the force capacity.

Specifically, the following conclusions are drawn based on the performance of cavity wall
tie tests on couplets:

e Monotonic tests show, on average, a 19% larger peak load than cyclic tests for the CS

specimens. A comparable increase is also observed for the CB specimens.

e In tension, the strength capacity of the tie embedded in clay couplets is approximately
70% higher than when embedded in calcium silicate couplets; such high capacity can
be attributed to the dowel action of the mortar in the brick holes of clay bricks which
provides extra confinement to the mortar and, hence, resistance.

e In compression, the large majority of the couplets exhibit buckling failure due to the
buckling of the tie. Therefore, the strength capacity is similar for the CS and CB
specimens.

e Overall, despite testing the embedment of the tie in CS and CB couplets separately, it
can be concluded that in the case of cavity walls in real construction practice with a CS
inner leaf and a CB veneer, the behaviour and performance of the studied wall-tie
connection is mainly governed by the tie embedment in the CS leaf.

The second experimental campaign took place at the laboratory of the Hanze University of

Applied Sciences. The campaign involved quasi-static cyclic tests conducted on both as-built

and strengthened sub-assemblages consisting of a cavity-wall masonry wallet with a timber
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joist pocketed in the wallet, as described in Chapter 4. A total of twenty-two specimens were
tested, with varying configurations in terms of two different tie distributions, two pre-
compression levels, two as-built connection details, and two strengthening solutions. The as-
built connections involved either the timber joist pocketed in the masonry or a hook anchor
bearing against the exterior surface of the inner leaf. Two different failure modes were observed
for the as-built connections: specimens with a masonry pocket connection exhibited joist-
sliding failure mode and joist-to-wall interaction, while specimens with the hook anchor
exhibited the rocking behaviour of the wallet.

Regarding the strengthened specimens, two different strengthening approaches were
considered: (i) connecting the joist and the outer leaf by means of helical bars and (ii)
strengthening the connection between the joist and the inner leaf via timber blocks. The tests
on the former strengthening solution were conducted after completing the testing of the as-built
specimens; the helical bars were then drilled through the outer leaf and the timber joist, and the
specimens were retested. The latter strengthening solution was applied to newly built
specimens. Besides, a different mortar quality was used for the inner leaf for validation
purposes since a parametric study was conducted, as explained in Chapter 5. Both the
strengthened specimens with helical bars and timber blocks exhibited rocking failure mode.

During the tests, the arching effect contributed to the capacity of the wall-to-floor
connection since the top horizontal edge of the inner leaf was restrained against vertical
translation. The arching effect generated an additional confining force at the timber-masonry
interface and increased with larger horizontal displacements, eventually leading to higher
frictional force at the interface between joist and masonry.

The assessment of both unstrengthened and strengthened specimens yielded the following
conclusions:

e The joist-sliding failure is governed by cohesion and friction between timber
and masonry.

e The capacity of the connection is sensitive to material parameters and boundary
conditions. Higher values of the axial load in the wallet lead to larger friction forces.
Similarly, higher mortar strength quality improves the cohesion between timber and
masonry.

e Hook anchors or other strengthening measures ensure a good connection

between the joist and the masonry wallet. The failure of the sub-assemblage is then due
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to rocking and is governed by the geometry of the wallet and the tensile strength of the
masonry.

e Comparing the experimental results of the as-built and strengthened
connections in terms of peak load, the strengthened specimens exhibit an average peak
load increase of approximately 5% in pulling and 9% in pushing. The increase is limited
due to the arching effect that enhances the capacity of the as-built connections and to
the activation of the rocking failure mode, which constitutes an upper bound for the
capacity of the sub-assemblage.

e Regarding the strengthened specimens, post-installed cavity wall anchors may
act as stress concentrators, resulting in splitting cracks around the anchors, especially
if the installation process is not executed with utmost care. Hence, the specimens that
had as-built wall ties retrofitted with timber blocks showed higher strength capacity
than the specimens that lacked as-built wall ties and were retrofitted via timber blocks
and post-installed cavity wall ties.

When both the conducted experimental campaigns are considered, i.e., testing of cavity
wall tie and timber joist-masonry connections, the observed failure mode shows similarities.
First, bonding plays an essential role in connections. Higher bonding capacity at the local level
(tie-mortar or timber-mortar) may lead to different failure modes: the failure modes change
from pull-out failure to cone break-out failure for cavity wall tie connections and from joist-
sliding failure to rocking failure for the timber joist-masonry connections. Second, improving
connections is important to prevent the out-of-plane (OOP) overturning of masonry walls, but
it may lead to a different response and failure mode of the structure, which is not always
favourable. l.e., strengthened cavity wall anchors exhibit brittle behaviour, while for the
strengthened timber joist connections, the failure mode shifts from the local connection failure
to the rocking of the wallet. On the other hand, shifting the failure mode by strengthening
connections may be beneficial in identifying the second weak link in URM failure patterns.
This can provide a comprehensive insight into the behaviour of connections in masonry
buildings.

The two testing campaigns also highlighted differences in the structural response of the
connections. The most remarkable one regards the contribution of the arching action to the
capacity of the connections. Unlike timber joist-masonry connections, the arching action does
not affect the performance of a cavity wall tie connection, as the variation of the levels of pre-

compression has negligible influence on the capacity of such connection.
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Mechanical and constitutive models were proposed to predict the structural response of the
wall-to-wall tie connections and wall-to-floor connections. The experimental results presented
in Chapter 3 and Chapter 4 were used as a benchmark for validation. Chapter 5 presents a
mechanical model that is capable of predicting the failure mode and the strength capacity of
wall metal tie connections in masonry cavity walls. A computationally efficient approach to
simulate numerically the experimental results is also provided. The proposed mechanical
model for the cavity wall tie considers six possible failure modes: tie failure, cone break-out
failure, pull-out failure, buckling failure, punching failure, and piercing failure. Although cone
break-out and punching failure modes were not observed during the experimental campaign, a
combination of failure modes, in this case between either the cone and bond failure or the
piercing and punching failure, may occur in some cases.

The proposed mechanical model of cavity wall tie connections accurately predicts the most
frequent failure mode in both loading directions, which are pull-out and buckling failure. The
ratio between the experimental results and the outcomes of the mechanical model for pull-out
and buckling failure is computed as equal to 1.04 and 1.04, with standard deviations of 0.15
and 0.10, respectively.

In order to predict the connection behaviour for untested configurations, a parametric
analysis was conducted using the proposed mechanical model. The proposed model highlights
the sensitivity of the connections to the examined parameters, and five different failure modes
are observed. Specifically, a different mortar strength for CS couplets affects the failure in
tension, except for the pull-out failure, cone break-out and tie failures were also observed. A
shorter cavity depth changes the failure mode in compression from buckling failure to piercing
failure. A different embedment depth for CB walls changes the governing failure mode from
pull-out failure to tie failure in tension and buckling failure to piercing failure in compression.
On the contrary, the use of solid clay bricks does not have a significant influence on the
governing failure mode, neither in tension nor in compression.

The experimental results of the cavity wall tie tests were used to develop a general load-
deformation hysteretic numerical model for different typologies of cavity wall connections. A
constitutive material model, Pinchingd with zero-length element, already available in the
library of the open-source software OpenSees, was chosen due to the pinching effect and the
degradation in strength and stiffness observed during the experimental campaign conducted on
the cavity wall tie connections. The material parameters of the Pinching4 law were calibrated

from the experimental tests. The strength degradation, stiffness degradation and pinching
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behaviour of the load-deformation responses were modelled differently for each typology. The
final models were able to reproduce the observed experimental force-displacement curves
adequately.

Finally, Chapter 6 analyses the main contributions of the resisting mechanisms to the force
capacity in timber joist-masonry connections. The two observed failure modes, namely joist-
sliding and wallet rocking, are considered in the mechanical model. Regarding the joist-sliding
mechanism, the model is capable of predicting the different contributions observed during the
experimental campaign: namely, cohesion, initial axial force imposed at the top of the wallet,
and additional axial force due to the arching effect, with the last two affecting friction at the
interface between joist and wallet. The total joist capacity is then computed as the sum of these
contributions. Regarding the rocking behaviour, a mechanical model already reported in the
literature is able to predict the capacity of the wallet. Overall, the mechanical model shows
good agreement when adequately calibrated, as an error of up to 5% is estimated with respect
to the experimental results.

It should be noted that although the mechanical model was based on two models already
proposed in the literature, the combination of these models to compute the joist capacity
generates a novel approach.

The presented mechanical models can be adopted by structural engineers to predict the
peak force capacity of wall tie connections and estimate the contribution of each mechanism
to the overall connection capacity of timber joist-masonry connections. This will allow the
engineers to determine whether strengthening is needed and what type of intervention should
be adopted. Finally, the numerical modelling of cavity wall tie connections can also be used
within nonlinear finite element analyses of full-scale structures for accurate modelling of the
response of wall-to-wall connections under dynamic earthquake loading.

The studies carried out and reported in this thesis provide comprehensive insight into the
behaviour of cavity wall tie and timber-masonry connections not only for URM buildings in
the Netherlands but also in other regions of the world, such as Australia, New Zealand, and
North America, as well as in various parts of northern Europe. The research improves the
knowledge of the cavity wall tie and timber joist-masonry connections, which serves to
improve the design and assessment methods, as well as to identify adequate retrofit

interventions.
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7.2 Recommendations for further research

The study presented in this thesis sheds light on the characterisation of wall tie and wall-to-
floor connections. Some areas of this work that deserve further research attention include the
following:

(a) Conducting an extended inventory of existing buildings and connections in the
Groningen area based on one or multiple additional inspection surveys. The inventory
conducted in this study was limited to a small number of addresses (267) and represents,
therefore, only a preliminary investigation; there is a need for a larger scale inventory
to assign more typologies since the area consists of more than 250.000 buildings. An
inspection survey may be undertaken to validate the inventory regarding the identified
connections.

(b) Continuing the experimental campaign on cavity wall tie connections. In addition to the
variations considered during the experimental campaign, the following should be
investigated: solid clay bricks for the load-bearing leaf, the same mortar for both cavity
leaves and the use of corrugated metal wall ties. Additionally, the performance of
corroded ties should also be assessed.

(c) Conducting in-situ quasi-static tests for cavity wall tie and timber-joist connections in
the Groningen area. The specimens from the experimental campaigns were replicated
in the laboratory; hence, conducting in-situ testing on connections could enhance the
pool of experimental data as well as provide new insights into understanding and
assessing the performance of the connections.

(d) Developing a numerical model by implementing the proposed mechanical models for
the cavity wall tie and timber joist-masonry connections. The proposed mechanical
models for both connection types can be used as a basis to develop a general load-
deformation hysteretic numerical model.

(e) Implementing the experimental results for modelling the structural behaviour of
complete full-scale unreinforced masonry walls. The presented results can be used in
numerical models that aim to model full-scale masonry cavity walls with a timber
diaphragm in which the connection details are explicitly taken into account.

Additionally, those numerical models can be extended to a complete building.
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