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Abstract

This thesisis targeted towards understanding the behaviour of unreinforced masonry
structures (URM) under lateral loads that simulate earthquake effects, as well what aspects of their
composition affects their behaviolio understand the composition of masonryigthechanical
properties, a series of parametric studies were conducted studying several critical factors involved
in the makeup of a masonry specimen. This includes the brick arrangement, global mortar joint
thickness and the individual material stremgtRrom these studies it was found that the brick
arrangement and the global mortar joint thickness have a significant influence on the computed
mechanical properties. In addition, studies were conducted on the effectiveness of empirical
equations at estiating the mechanical properties of masonry. The outcomes of the investigation
indicated that empirical equations when used with conventional masonry can successfully estimate
the mechanical properties of masonry. The final aspect of this thesis waditheasional finite
element modelling of a ¥ scale URM structure that had been tested on a shake table test. The
purpose of those models was to evaluate the applicability of the calibrated empirical estimates of
the mechanical response of masonry in reprioduand estimating the lateral lobdhaviourof a
complete structural system. To this end, the fundamental dynamic properties of the URM structure
and the lateral response resulting from simulated seismic loads were compared with the
experimental evidencdt was found that both objectives were successfully completed and that
numerical modelling techniques can accurately assess the dynamic properties and lateral load
behaviour of a URM structure. The methodology presented included application of a labrizont
gravitational field to reproduce inertia forces generated in buildings with spatial distribution of
both stiffness and mass, such as older masonry structures that lack stiff diaphragms at floor levels
thereby exhibiting a truly-B dynamic response. Tlessessment procedure applied depends on
the pushovetype analysis that was conducted using the gravitational field in the direction of the
considered ground motion. Comparison of the identified locations and intensity of damage against

the experimentalasults is used as proof test of the proposed seismic assessment methodology.
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Chapter 1

Introduction



1.0Introduction

Long before the proliferation of concrete, houses were made of various forms of masonry
T either clay, stone or various types of manufactured blocks. These structures comprised mostly
unreinforced, double or tripleythe construction with floor and roof aphragms resting, or
loosely embedded but not monolithically connected to the structure. Today, many of these
structures are deemed traditional or heritage construction and because they mostly abound in the
older or historicalurban core®r many townstheir maintenance and preservation is related to
bigger objectives, such as projecting the historical past, and defining the ambiance of the place
where they existCampbell, 2003)

The materials of choice in unreinforcedasonry (URM) construction were often a
combination of masonry and timber for the walls and floor systems respe¢iegitazopoulou,
2013) One important aspect missing from these structures is a diaphragm action at each of the
floor levels which causes a hidgvel of unpredictability when determining the behaviour of the
structureto earthquakesRecent earthquakes in various parts of the globe where there is a large
stock of URM constructigrhave caused dramatic losses to URM heritage and have underscored
the vulnerability of these structures to seismic action (see Amatrice Earthquake 2016, Nepal 2015,
L6Aquila 2012, Christchurch N.Z. 2011, Kroati

Due to the complexity of the material behavior under mechanical loads, and the
uncertainties inh@nt to modelling the structural system of a masonry building there are limited
options in the current state of the art (softwarse) to assess the performance limit state and to
guantify with confidence the capacity to resist the seismic hazard ofgiloa.ré&he current focus
of the industry is to utilize modelling techniques to define a procedure which could be as general
as needed to allow assessment of the multitude of URM structural types and materials considered.
This work is the focus of the projeat hand.

1.1Knowledge Gaps

Thisresearch studgxploresa criticalknowledge gajin the field of seismic assessment of
URM structured the uncertainty regarding the dynamic nonlinear behaviour of URM structures
during a seismic eventhis unpredictabilit is owing to (a) the spatial distribution of the mass and
stiffness, and (b) frequent lack diaphragm action at the floor levedsid roof Both of these

aspects characterize heritage masonry structures and differentiate their behaviour from that of
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moden reinforced concrete buildingkack of diaphragm action means that the walls of the
structure move independently without indeterminacy and paths for load redistribution
(Pantazopoulou, 20137 significant part of the mass is distributed height wise in theonmgs

walls rather than irthe floor and roof levelayhich render the utied masonry walls vulnerable

to out of plane action owing to the large lateral inertia forces they develop due to their large mass,
whereas their resistance to out of plane flexural action is negligible, being only supported by the
precompression affected by the overbearing vertical loads since there is no reinforcement available
(Pantazopoulou, 2013pue to the complexity of the behaviour of URM structures owing to the
strong material nonlinearity, and the uncertainties which arise whrenthg to model a URM
structure numerically, there is a shortage of methods which can be used to assess the seismic
response of these structures. Masonry walls are continuousisttlsnonlinearity in behavior

both under irplane and oubf-plane acton. The complexity of this constitutive behavior of the
material renders convergence under reversed cyclic loading a very difficult task; only few
monotonic nonlinear simulations have been published in the literature so far when considering this
detailedrepresentation. Thus, the objective tbe present studyas to explore this gap in
knowledge. In order to do so, the study prioritized developing and -pestaig a detailed
procedure which can be used to model a URM structure. An essential stepreioalibf the
developed procedures with test evidence and acceptance criteria from some of the prevalent
governing assessment codes. This procedure and the overall findittgsre$earch program
provide the basis for thiuture development of Canadianguisions for assessment of URM
construction with particular emphasis on heritage and historical structures in some of the older

parts of the Canadian cities.

1.2 Summary of Methodology

The research involved a detailed numerical investigati@WR®M building model tested
on a $aketable as well aan array of simulatedRM wallettes, using various modelling tools.
The first stage of the numerical campaign was an investigaboductedon a scaled URM
structural model which was part of a European rigfiitutional experimental program (NIKER
projectsee(Karatzetzou et al2014,Karapitta et al., 2012Vintzileou et al., 2015Adami et al.,
2012). A series of computer models have been developed using SAP2000 wherendiff

properties and connectivity details of the structural system were analyzed while assessing the
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model under a 90% scaled version of the 1986 Kalamata earthquake which occurred in South
Peloponnese, Gree¢eaube, 1987)The stages of this work involvetbveloping the interfacial
contact models of the URM structure (timber to masonry connections) using properly calibrated
spring and gaglements, to account for the compliance between the floor system and the walls
which is characteristic of the URM stiuce.

In light of this need for effective stiffness estimates that would be appropriate for lateral
load analysisa parametric study was conducted to model a series of simple masonry wallettes
using a nonlinear finite element platform (ATENA 3D v3he djective of this study wato
assess the contribution of strength from the masonry bricks and the mortarweahilchhelp
determine an effective modulus of elasticity and failure critiw@can be used fdateral load
analysis of URM structures such @ NIKER model. Over 100 modehriantswere created
based on three unique brick arrangements. These arrangemesysianetrically stacked (SYM),
equally staggered like what is seen in modern industrial brick construction ,(BEQ&)ydom
arrangement agtone blocks (RAN)and a historically inspired stone arrangement (STONE). The
stone arrangement utilizes no systematic geometry when deciding the size and placement of each
brick and is meant to be a representation of what is commonly seen in historic URM structures. In
addtion to the arrangement, the effects of changing the thickness and strength of the mortar joints
were also investigated. The SYM, RAN and EQS arrangements were built into three unique
modelswherethe thickness of the mortar jointgas a study variabléThese combinations of
arrangements and joint thicknesses created a total of 10 unique geometric designs which have been
tested under various loading combinationshus, each model was studied under direct
compression as well as to increasing lateral pushi@adsin orderto determine what effects the
magnitude of overbearing compressive stress has on the lateral resistance of the specimen. The
goal of this extensive study wésst to define a methodology for nonlinear modelling of masonry,
andto compug crucial properties such as the effective modulus of elasticity and strength and
failure of masonry when considered as a composite materiabfidctive modulus of elasticity,
compressive and composite shear strength and associated deformation sapamtieeen
compared tahe estimates ampirical equations provided by various codes such as the Eurocode
8- (2005) andthe ASCESEI 41 (2017 Codes for computing the acceptance criteria for
masonry. An additional goal of this study was to define wipahameters in the design and

construction of a masonry specimen such as the ratio of mortar to bricks and the ratio of the
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respective mechanical properties as well as the overall arrangement of the brick layout have the
greatest impact on the overall perf@ance.

In developing this first stage of the analytical study it became quickly evident that it was
practically impossible to capture the measured dynamic properties of the buildings without
significantly modifying the mechanical properties of masonrynftbe reported values that were
based on conventional material tests. The reason for that is that different mechanisms of resistance
(friction along bed joints and diagonal tension cracking of the weak mortar joints) control the
lateral behaviour than thesharacterized by the masonry compressive strength that is measured
from standard compression testing. Thus it was found that alternative, calibrated estimates for
stiffness and lateral strength would be needed, having probably significantly lower taoes
those obtained from Code expressions.

The last part of the numerical investigation aimed to proof test the calibrated relations
derived from the parametric investigation, through matching of the dyr@dmaracteristics of the
NIKER structure with theeported experimental results. An added objective was to-pgebh
practical methodology for seismic assessment of structures that lack a strong diaphragm action, by
conducting a gravitational analysis whereby the gravitational field is acting inréotial of the
earthquake (here assumed to be the principal axes of the building plan); obtained concentrations
of deformation demand which identify the area of damage in the buildings are correlated with
measured lateral deformation profiles. Importamatesions regarding the applicability of the
approach in the practical analysis software used (SAP 2000) were extracted, as part of the feedback

for the development of pertinent seismic assessment procedures for masonry structures in Canada.

1.30rganization of the Thesis

The research program discussed aids in fulfilling a severe need of methodologies and
knowledge surrounding URM assessment. URM structures make up a large portion of the housing
stock in many European countries and in Canada. For examplalyimpproximately 62.2% of
the housing stock are URM structur@Srespi et al.,, 2019)In Canada practically all brick
construction, whether veneer or massive, was unreinforced up until the sixties. This risk in Canada
is only reduced by the low seismicity of many of its urban centers, but the inherent vulnerability
of this form of construction islso prevalent in regions of higher seismicity such as Montreal and

Vancouver.



1.3.1Chapter 1

Chapter 1 provides an overview of this research. It goes into details on the motivations
behind conducting the work discussing the many complexities and uncertsegéeding URM
structures causing the knowledge gaps this work is intended to fill. The chapter also provides a
summary of the methodology followed to complete the research work. It goes into details on the

various numerical analyses conducted and the reapgand outcomes behind each of them.

1.3.2Chapter 2

In Chapter 2, a detailed state of the art and literature review is presented. In this review,
details regarding the mechanical behaviour of masonry and URM structures are discussed,
specifically the implicaons of flexible diaphragms. The review also presents details regarding
available numerical modelling techniques such as finite element modelling and elastic finite
element modelling using software such as SAP 2000.

The second half of the review preseatgollection ofliterature on past experiments
conducted omphysical specimens as well as modelling techniques which could be used to model
those specimens. Collecting physical specimens was the main priority of this review as they were
needed to form aalabase of baseline data which could be referred to. By collecting a series of
well documented projects, an abundance of data exists which can be used to calibrate any tested

modelling techniques.

1.3.3Chapter 3

In Chapter 3, the preliminary models of the elastic finite element modelling done on the
NIKER project in SAP 2000 is presented. The chapter discusses the various aspects pertaining to
the models such as the mechanical material properties, the model tsleamehthe additional
mass. The purpose of the work is to understand how to model the specimen correctly so that the
dynamic properties of the structure correlate with the referenced physical results.

The chapter then discusses details regarding thiedemprary models that incorporate
different methods for representing the floor systems. The purpose of the models was to determine
the optimal way to model the floor systems and determine if additional modifications are needed

to achieve the desired dynanproperties.



1.3.4Chapter 4

Chapter 4 presents the preliminary details regarding the series of finite element models of
masonry wallettes created. The chapter focuses the aspects involved with creating the models such
as the macrelements, material propersieboundary conditions, and loading conditions. The
outlinesand details regarding the compression and pushessrarediscussed at the end of the

chapter

1.3.5Chapter 5

This chapter focuses primarily on the results of the compression tests run orettteocol
of finite element models of masonry wallettes. The chapter presents the results from each of the
four wallette designs and draws conclusions on the failure states and resultant compressive

strengths from the specimens and determines the optinasgedesign and conditions.

1.3.6Chapter 6

Chapter 6 focuses on the results of the pushover tests run on the collection of finite element
models of masonry wallettes. The chapter presents the results from each of the four wallette
designs and draws conclusions on the failure states and resuleamt stkengths from the
specimens and determines the optimal specimen design and conditions. The chapter also discusses
the comparison of effective modulus of elasticity attained through modelling the slope of the
elastic portion of the pushover resultsSAP with the values provided an empirical equation.

1.3.7Chapter 7

In Chapter 7, a detailed investigation on the implications of varying the strengths of
masonry bricks and mortar is presented. In the chapter a total of five strength combinations are
consideed for each of the masonry wallettes which are then tested under compression. The
resultant compressive streng#rsl modulus of elasticity valuase then compared with the values

provided by a variety of empirical equations.

1.3.8Chapter 8
Chapter 8 presenthe final stage of the modelling done on the NIKER specimen in SAP

2000. In this chapter modifications are discussed which were done following the results of the
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wallette modelling. Then, a series of linear and-hoear analyses that were conducted arel

presented and the results and conclusions are discussed.

1.3.9Conclusion
The final chapter of this thesis is a conclusion which discusses a summary of the findings
following all of the numerical analyses conducted. In addition, the chapter discussdspgext s

the research topic which can be explored following the conclusion of this research work.



Chapter 2

State of the Art & Literature Review



2.0Background of Unreinforced Masonry Structures

During the past two centuriespcietiesaround the globkave been faced with a steep task
of supplying housing and facilities for a rapidly increasing populaBwuactures were constructed
using readily available materials and construction metboalsn from past experiences tracing a
continuous evolution from antiquity, where unreinforced masonry has been the principal method
of choice(Karantoni et al., 2016) Depending on the availability of material, the practices of the
masons and the disposable budget, older unreinforced masonry structures may comprise stone,
fired brick, or adobe; the usual mode of construction consisted of massive vertical walls with
thickness decreasing in the upper floors; masonry structures of that period seldom exceeded four
to five floors, having vaulted basements or lower floors and timber floors and roof in the upper
stories. The vast majority of residential masonry buildinggelver, were mostly one or two
floors, comprising timber floor and roof diaphrag(ase Figure A1) (Karantoni et al., 2016)

Figure 2-1: [A] The First Toronto Post Office (Simon Pulfiser, 2005), [B] Beardmore Building (Bob Krawczyk,
n.d.)

Unreinforced Masonry watisplaced by concrete in the early and mitl @ntury however
many structures still exist from these former times; several of this contrast the modern architecture
of bold steel and glass higlses and are considered a part of the ambiance and defirimgntity

of the urban center where they beloagg Figure 2) (Karantoni et al., 2016)
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Figure 2-2: University College, University of Toronto (Jon Bilous, n.d.)

Monumental URMstructures that are still in use today, are now defined as heritage
structuresind are practed by international treaties for heritage preservation (e.g., World Heritage
Convention, UNESCO, Paris 197Phere are several aspects to a struchatcould classify it as
heritage. This includes the original materials or decorations within awstuot thearchitectural
design the methods afonstruction used to buiitl which are considerekiistoric in the present
day era, the uniqueness and importance of the building, its relationship to milestone historical
events of the nation or society towwnship, as well as its past uggantazopoulou, 2013 the
present, heritage structures make up a large portion of the built environment in some core urban
areas of the oldest Canadian cities (Montreal, Quebec, Ottawa, Toronto) and it is widely prevalent
in several parts of the US (e.g., Boston) and Europe (througideitevery URM structure is a
heritage structure, however, mo st heritage st
structuresIn Canada, recent editions of the National Building Coti€anada (NBCC) have
banned load bearing unreinforced masonry from being used in areas where the peak ground
acceleration exceeds 0.0§Bruneau, 1994) This means that no new URM structurean
constructed in the majority of Canada, except in the case dbadrbearing components such as
veneers and infills. However, the existing URM structures that survive from the past serve as an
important evidence of past technological evolutions of hummaniand testify the cultural
developments within our societies. Today, several restrictions and guidelines are in place
surrounding restoration and retrofitting of heritage structures, with the purpose of preserving the
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heritage information (materials, nheds of construction, aesthetics, architectural synthesis), and

the ambiance of the structures and the communities where they exist. Under these restrictions no
irreversible alterations can be made to any aspects of a structure which are now consiteged her

(UN Educational, 1977)Unfortunately, heritage sictures have suffered damage over their
lifespan caused by ageing, exposure to the natural elements and disasters. It has now become a
priority of many communities around the world to preserve heritage structures so they can be in
use and an important pexged testimony of our past for generations to come.

The primary makeup of the heritage structures involves a combination of masonry and
either iron or timber; iron was used in important edifices after the first industrial revolution and
many of the Canadn state or finance buildings constructed inthemm@® 006 s wer e bui |
mannelPardalopoulos & Pantazopoulou, 2013h the contrary, most residential URM buildings
were constructed using timber in the role of lacing, framing, as well as in the function of flexible
diaphragms at roofs and floof&arantoni et al., 2016) Stone masonry was edth rubble
(undressed) or Ashlar (dressed); the former was used Htdstvhousing whereas the latter in
important construction (e.g., the Parliament Building comprises the latter type of masonry); fired
clay bricks were used where industrial brick proguctvas possible and it abounds from ancient

times (e.g., Pompeii, Italy) till today (see Figur8){Pardalopoulos et al., 2019)

Figure 23: City of Pompeii (Alec & Marlene Hatrtill, n.d.)

Masonry may generally be classified as a composite material formed by laying masonry

blocks or units (stone, clay or other materialsjhwnortar which serves as a binding agent.
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Masonry as a composite exhibits an extremely complex mechanical behavior under stress and it is
challenging to analyze with classical continuum mechanics due to its variability in quality and
strength which variegreatly from structure to structure and also throughout generations, making
masonryos capacity and per(loorencoa2dthg a di ffi cul

The present resedrstudy focuses on the seismic response of heritage type unreinforced
masonry (URM) construction, i.e., construction that is characterized by flexible diaphragms. It is
well known based on reconnaissance studies that URM structures are extremely vutoerable
earthquake events due to their structural behavior leading to severe damage and collapse caused
by several characteristic failure sources. The main source of problems in URM construction which
has drawn concern in research and past investigatiors &b#ence of any kinematic restraint on
the lateral displacement of the vertical components of the structural system which would, in usual
frames, be affected by stiff diaphragms. Diaphragms mainly provided by the planar action of floors
and roofing systesiconnect the surrounding load bearing masonry walls and force them to attract
and therefore resist a share of the lateral load according with their translational stifieeds/
et al., 2004) In modern structures they are also the nsanrce of mass mobilized by inertia
forces, which has important effects on the share of total mass participating in each mode of
vibration, with the first translational modes engaging more than 70% of the total mass; in turn, this
simplifies their analysi by allowing consideration of only few modes in estimating their dynamic
response. With flexible diaphragms, the larger part of the structural mass is distributed spatially
throughout the walls, whereas the induced inertia forces are also spatiallyutistniather than
lumped and the contribution of the floor or roofing systems is relatively(Ramtazopoulou,
2013) The lack of rigid diaphragms is caused by the use of thin and flexible timber planks for
flooring and roofing supported on-aiirectional timber girders that are partially fixed in the ends
through embedment in the perimeter walls. Furthermore, in pattee Mediterranean floor to
wall ties were often neglected completely during construction leading to flexible diaphragms
throughout the building stockTomazevic, 1999) Without restraint effected by the floor
diaphragms the structural interlocking the walls is vulnerable, with the walls detaching at the
corners and deflect in out of plane action under the effect of inertia pressures that during seismic
events can lead to severe damage and total f§Maehakis et al., 2020)

Primary modes of failure involve 4plane and oubf-plane response depending on the

orientation of the wall relative to the éail load action. These can be mitigated by stiffening the
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horizontal diaphragms and by improving their anchorage to the vertical walls. Therefore, when
attempting to retrofit a URM structure the first evaluation criterion is the state of the diaphragms
(Bruneau, 1994)If insufficient interlocking exists and thealls are likely to detach from each
other during an earthquake, then improving the rigidity of the diaphragms becomes the priority.
Overall, the behaviour and performance of masonry as a material is difficult to quantify
due to the variability in perforance caused by several factors. This includes the variability in the
material quality based on the chosen bricks and mortar, the unpredictable load paths due to the
shapes of the materials and their placement within the masonry walls, and natural adegradati
owing to aggressive deteriorating mechani sms
cycles, salt crystallization, joint mortar crumbling and delamination). Typically, the mortar used
in historic construction is weaker and does not meetréleired strength of modern codes
(Reitherman & Perry, 2009)The complexities of masonry as a material and as load bearing
elements in URM structures render the anafftmodelling and assessment a challenging task.
Difficulties are found when making assumptions about the connectivity of the components, their
structural function, and in terms of assigning properties to reproduce the constitutive behavior of
masonry. Afer exploring through various sources of literature regarding the overall behaviour of
unreinforced masonry, the main finding was that field is marked by a great degree of empiricism
and uncertainty. For thi®asonthis work was focused on the represgioin and study of the
composite behaviour of masonry under stress representing seismic response and on how to
implementandproperly model these aspects of the response in URM structural analysis for lateral

loads simulating ground excitation.

2.1 Modelling Techniques

Due to the complexity of URM structures, developing and testing modelling techniques
which can be used to assess the vulnerability of a URM structure has been a priority of the of the
scientific community in seismic assessment of masonry (Reeazevic, 1999 agomarsino et
al., 2013 Mendes & Lourenco, 2010)Several tools are currently available which are very
effective for reinforced concrete (RC) and steel structures. Unfortunately, these tools are not easily
extendable to URM on account of important simplifying ideélre that users take for granted
in RC and are not obvious in URM girders that are partially fixed in the ends through embedment

in the perimeter walls. For example, the typical beam/column element which is the staple of
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nonlinear structural modeling ofGRframes must be endowed with Mom&tation Response
backbone curves that have been based on extensive experimentation and analysis of RC beams
and columngLagomarsino et al., 2013Jhere is no such well established literature for RM and

even more so for URM where there is no reinforcement to enable ductility in thelgdist
response. This reduces the versatility of these programs in modeling URM structures in the
nonlinear range. This portion of the state of the art will explore various tools being used in the
industry today to assess URM structures and will commertieaftectiveness and limitations of

each.

2.1.1Equivalent Frame Analysis

Equivalent frame analysis is a simplified approach in which the masonry walls are idealized
into two main types of elements which are defined as piers and spandrels, both of which are
mocelled using beam/column elements (see for example, Euroebd@822 draft version) and
ASCE/SEI 41 (2017). The ease in borrowing software originally developed fdraR@s and
using in it to model masonry structures has made this approach very @opalag practitioners.
One example of a dedicated software that transfers the frame analysis technology from RC to
masonry buildings is the program TREMURI which was developed at the University of Genoa
(Lagomarsino et al., 20L.3)REMURI idealizes the masonry walls as deformable elements where
the damage in the structure is lfkéo occur. The vertical portions of the walls which are parallel
to vertical openings are defined as piers, while the horizontal portions are defined as spandrels.
The piers and spandrels are connected using rigid zones which are areas within the siinicitu
do not typical suffer damage during an earthgudlegomarsino et gl.2013) An overview of
how a structure is idealized using the equivalent frame meiteoshownn Figure 24 below.

Step 1- Identification of spandrels Step 2- ldentification of piers Step 3- Identification of nodes Equivalent frame
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= =
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Figure 2-4: I1dealization of a masonry structure using the equivalent frame métlagdmarsino et al., 2013)
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The TREMURI software uses the equivalent frame and idealizesiiteasf two cases and
is up to the engineer to decide. The first case is SSWP which assumes that the piers will fail prior
to the spandrels. The other is WSSP which assumes that the spandrels have negligible strength and
stiffness meaning that the main soeiof strength comes from the strong pigr@gomarsino et
al., 2013) Currently in design codes such as the Italian Building Code the WSSP idealization is
recommended and is the most simplified method of analysis, however, the SSWP idealization is
prohibited for multistory masonry structurédsagomarsino et al., 2013)

TREMURI provides a simplified approach for-phane analyses however, one main
limitation exists. The limitation is that the software models the piers and spandrels as 2D elements
and therefore no odf-plane degrees of freedom exist throughout the length of the elements
(Lagomarsino et al., 2013)This makes the software unable to assessofeplane failure
mechanisms. The owff-plane response is neglectiadhe software since the-plane behaviour
governs the performance of a URM struct(8andes et al.2013. Overall, TREMURI and the
equivalent frame method is a useful and simplified method which should be considered when
tasked with computing the 4plane response of a URM building under an earthquake, and
therefore the underlying assumption is that the building contains stiff diaphragms to secure the

walls against out of plane independent action spanning several floors.

2.1.2Finite Element Analysis

Finite element modelling (FEM) can be used as an effective tool to model masonry and
analyze its mechanical behaviour. When using an appropriate FEM software such as ATENA 3D
which was primarily used throughout this thesis, the first step is to decide howagwry
material will be defined. Since masonry is a composite material made of bricks and mortar, that
means both materials must be either directly modelled as a homogeneous medium or explicitly
accounted for. The two main approaches available are defsiedcremodels or macronodels
(Giordano et al., 2002)n the micremodel modelghe geometry of both the masonry units and
the mortar joints are described in detail using solid finite elements, where a separate constitutive
model is considered for each material (explicit modeling). In the rraodel the material is
treated as homemous and is equipped with a constitutive model which accounts for composite
mechanical properties accounting implicitly for the contribution of masonry units and mortar joints

(Giordano et al., 2002Y he main drawback of the miecroodel approach is that the computational
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power needed rapidly increases as the size of the model incosaaesount of the increase in

the number of joints, contact surfaces and discretized elef@&ptslano et al., 2002 herefore,

the micremodel should only be used when doing small scale analyses such as a wallette study in

order to comprehend the response and extract from it homogenized composite properties that
would be subsequemtlsed to model complete structural systems. In this thesis-micdelling

was done on a series of masonry wallettes and FEM modelling served as a valuable tool to analyze

the mechanical behaviour of masonry.

2.1.3Discrete Element Modelling

Discrete elementhodelling (DEM) is a numerical method which is similar to the explicit
FEM model. The main difference is that the elements modelled are blocks which can be defined
as either rigid or deformable. The blocks interact with each other using-plastic conacts to
develop forces along the conta@®&ordano et al., 2002Dnce a contacsibroken, the respective
blocks are free to form new contacts with different blocks, and this allows the analyses to
reproduce in a detailed manner the failure mechanisms. The main limitation from this type of
analysis is that the performance of the analissreduced when deformable blocks are considered
(Giordano et al., 2002Dveral, this analysis method provides some advantages as it can reproduce
the dynamic characteristics of the failure process, however, a main limitation does exist. Typically
deformable blocks perform poorly, therefore DEM modelling is not accurate analyzsg sthtes
(Giordano et al., 2002)Therefore, the limitation should be considemgdden choosing the

appropriate method to model a structure or specimen.

2.1.4Shell Type Finite Element Analysis

This approach utilizes common and simplistic software available in the industry such as
SAP2000 (CSi Inc. 2021), which considers homogenized, mearlimaterial properties without
distinguishing for masonry unit or mortar joint. Using this approach,-thireensional models of
a structure can be created which can be testpthive and oubf-plane under a variety of loading
conditions. These modetan be used to compute approximate load paths and anticipated damage
within a structure, and can also be used to assess the effectiveness of retrofitting techniques
(Pantazopoulou, 2013)rhis form of analysis was crucial throughout this thesis and will be

revigted in later chapters.
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2.2 Physical Test Models

As this thesis is prioritized around numerical modelling and assessment of URM structures,
the main objective of this state of the art and literature review was to gain insights regarding the
response that woulae reproduced numerically, by reviewing reported observation of the behavior
of URM structures, preferably obtained under well controlled, traceable conditions of loading. To
this end, relevant laboratory experiments conducted on URM structures anddépdetail were
reviewed, with particular emphasis to tests carried out under dynamic excitation on shake tables.
Through this collection, it was the objective to test and calibrate the proposed modelling
procedures of the numerical study. The followsegtion of this review will present a series of
laboratory experiments drawn from the literature. An introduction the tesipsahd loading
conditions will be provided before summarizing the results and conclusions of the experiment. The
goal is to nobnly have a collection of relevant tests for benchmarking of the analytical procedures,
but to also develop a thorough understanding of the observations found and the failure patterns

commonly occurring in the actual dynamic response of URM structures.

2.2.1A full -scale shaking table test on a tvabory stone masonry building Guido Magenes,
Andrea Penna, and Alessandro Galasco, ahdking Table Test of a Strengthened Full
Scale Stone Masonry Building with Flexible Diaphragms Magenes, G., Penna, A.,
Senald I. E., Rota, M., and Galasco, A.
This test series was conducted at the EUCENTRE at the University of Pavia and involved
a collection of 3 stone masonry structures with each having been strengthened to a different degree.
The focus on the referenced reigovas on the neretrofitted structure and therefore considered
a URM structure(Magenes et al., 201.0When designing the structure, the researchers were
constrained by the size of the shake table, as well as the payload of the table (< 100 tons). After
developing a nearly full scale model design as depicted in Figirbe2ow, the specimen was
built outsde the lab before being transferred inside to be placed and tested on a shake table
(Magenes et al., 2010)
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Figure 2-5: Design of constructed specim@viagenes et al., 2010)

The specimen was constructed with double leaf masonry having a wall thickness equal to
32 cm. The leaves of masonry were joined together and filled with a combination of rubble,
comprising small stones and morti&tagenes et al., 2010Jo determine the mechanical material
properties of the masonry, a series of compression tests were done on small specimens which
concluded that #gncompressive strength was 3.3 MPa having a modulus of elasticity of 2550 MPa
(Magenes et al., 2010)he floor and roof systes were built from timber and were designed to
form flexible diaphragms with the walls to represent the unreinforced conditions which are the
reference condition in this experiment.

To prepare the specimen for analyses, an additional 3.2 tons of massapydied
throughout the floor levels to correct the scale of the specimen. In addition, the structure was fixed
to the shake table using clamps to ensure no sliding ocoiMiegknes et al., 2010)o analyze
the specimenthe seismic data from the 1979 Montenegro earthquake wagMagdnes et al.,

2010) The seismic excitations were scaled, and trials were done with different PGA (peak ground
accelerations) of 0.05g, 0.10920g, 0.30g, 0.406Vagenes et al., 2010)
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During the analyses each of the PGA values were applied in increasing order to the
structurelt was found that the structure reachienear collaps@erformance limitat a PGA of
0.30g.Failure occurredon the top corner of the north wall which began to overturrobptane,
the roof supports also slid once the north wall begaratskate(Magenes et al., 2010frinally,
the south wall began to overturn as it was connected to the northAftatl conducthg the 0.4g
test, the test was repeateiih the steel rodengagedo help create rigid diaphragm conditioits
was found that the specimen was able to resist the failure mechanisms which were previously
experienced, and some small microcracks which wereiously opened began to clddéagenes
et al., 2010)

Overall, this experiment outlined the importance of rigid diaphragittsn a masonry
specimen. The steel tie rods utilized were able to improve the diaphragm conditions and
successfully improved the performance of the specimen. In comparison, the specimen which was
strengthened could withstand an increased level of sipakiich was up to 84% higher than the

unstrengthened modéWiagenes et al., 2014)
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2.2.2Seismic Performance of an unreinforced masry building: An experimental

investigationi Jitendra K. Bothara, Rajesh P. Dhakal, and John B. Mander

This project involved constructing a half scale unreinforced masonry structure which was

inspired by what was common practice in th& 26ntury New 2aland. The scale was set to %

scale due to space constraints within the lab. The final dimensions and design as shown in Figure

2-6 had a footprint of 2.8 m by 1.92 m and an overall height of 3.295 m which included the story
heights as well as the pitcheabf (Bothara et al., 2010)
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Figure 26: Design of physical speciméBothara et al., 2010)

The masonry walls were constructed of model solid clay bricks, as single leaf walls with a

mortar joint thickness of 12 mm throughout. The strength properties of the masonry included the
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compressive strength which was estimated experimentally as 16.2ndRareodulus of elasticity

equal to 6100 MPé&Bothara et al., 2010)To meet the scaling requirements a total of 4.2 tons of
additional mass was applied to the structure along the walls and floor levels, and an additional 2
tons was applied to the timber pitched roof. To roof was overdesigned in order to support the
additional mass applied on tgBothara et al., 2010)'he physical specimds shownin Figure

2-7 below placed on a shake table for dynamic testing.

a |

Figure 27: Physical specimen on shake tafi®thara et al., 2010)

The specimen was tested under several earthquake records ofimgche@nsity, acting
either along the longitudinal or the transverse principal axes of the plan. From the tests it was found
that the damage sustained varied depending on the direction of application of the ground motion
record. For walls oriented pardll® the line of action of the earthquake,-filane loading),
damage was more likely to occur in an area that would be susceptible to higher shear stress values,
like the bottom story. For walls oriented normal to the seismic actiorpfgalane bending
occurred, the damage was dependent on the intensity of inertia pressure acting normal to the wall,
and was more severe in areas of higher acceleration such as the t¢Bctuaya et al., 2010)

In addition, fragility curves were proposed which could be used to predict the level of

damage which would be expected in a given region of known site characteristics and distance fr
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the epicenter, during an earthquake (Fi$)2The three performance limit states included in the
figure are identified depending on the intensity of damage starting from green which represents no
damage (immediate occupancy of the structure). Thendedamage limit state is marked in
yellow, representing moderate damage, which corresponds to a repairable damage level. The next
limit state is identified by orange color, representing extensive damadpch means that the
structure is damaged beyongha& but has not reached the state of collapse. The final limit state

is marked in red which stands for total collagBethara & al., 2010) These curves have been
calibrated using expected peak ground accelerations causing allowable drift limits for each level
of damage (performance criteria). These limits have been calibrated into fragility curves like the
one shown in Figure 2-8 below. DBE stands for desigpase earthquake, whereas MCE
corresponds to the maximum credible earthquake event for a given hazard, calculated from
Probabilistic Seismic Hazard assessment tools given the local seismicity of the region of interest.
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Figure 2-8: Fragility curve (Bothara et al., 2010)

Using the fragility curve above, a vertical linencbe drawn at the value of expected peak
ground acceleration from a design earthquake. Using that vertical line, the portions of the line
which fall into each of the four states represents the percentage of the building stock which will
reach each of théamage statg8othara et al., 2010)

Overall, this project served as a demonstrative case study for performance based seismi
assessment of URM buildings The proposed fragility curves were intended to be used for rapid
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assessment given the seismic hazard in a region and can also provide insights on the level of retrofit

required in the area.

2.2.3Shaking Table Tests on Two Muitieaf Stone Masonry Buildingé Mazzon, N., Valluzzi,

M., Aoki, T., Garbin, E., De Canio, G., Ranieri, N., and Modena, C.

This project involved two stone masonry structures. The first structure wasengthened
therefore representing unreinforced masonry conditions. The second was strengthened using a
hydraulic injection consisting of a lime ba@@azzon et al.2009. The two structures shown in
Figure 29 had a footprint of 2.40 m by 2.8 m and had an overall height of 3(60azzon et al.,

2009.

Figure 29:Physical specimen tested on a shake téldlazzon et al.2009.

After running the various gumd motions, it was found that the unreinforced model could
only withstand a peak ground acceleration of 0.45g while the strengthened model could support a
peak ground acceleration of 0.fdazzon et al.2009. Overall, it was found that the lirmased
injection provided numerous benefits. It was found that the injection can reduce issues such as
separation of masonry layers specifically in theaplane direction. It waalso found that the
injection did not alter any of the dynamic characteristics such as the modal re@ylanzen et
al., 2009. Therefore, it was concluded that lifhasedinjections can effectively improve the
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performance of a URM structure while not causing drastic changes to its mechanics. In terms of
its application on heritage URM structures, it would have to meet the defined restrictions including

reversibility.

2.2.4Sh&ing Table Tests on 24 Simple Masonry BuildingsBenedetti, P., Carydis, P., and

Pezzoli, P.

This project was an extensive effort undertaken by the ISMES facilities in Italy and the
LEE facilities in Greece. This project incorporated 24 Y scaled mastogguses which were
subjected to a total of 119 tests conducted on a shakdBaledetti et al., 1996)

The structures designed and built in each of the two countries followed different principles.
The 6 specimens build at the LEE facilities in Grele@garched window openings with the wall
thickness equal to 45 cm aBown in Figure 20 below(Benedetti et al., 1996 he specimens

were also constructed with poor quality mortar to represent the existing building stock in the area.

Figure 210: Stone masonry structure designed at LEE in GréBeaedetti et al., 1996)

In Italy, the structures were constructed with poor practices to match what was common in
that are, specifically poor connection of the adjoining masonry WBksedeitet al., 1996)The
specimens also followed different design procedures then what was done in Greece. This can be
observed by the lack of arches in the openings in Figldre [2elow, but also the use of different
masonry types (stone masonry in thexfer, vs fired clay brick in the latter).
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Figure 211: Stone masonry specimens built at ISMES in [@bnedetti et al., 1996)

Throughout the shake table tests, strengthening techniquesapglied to the structures
to strengthen them and assess the effectiveness of the retrofitting measure. Overall, it was revealed
that simple retrofit techniques such as crack sealing caused significant increases to the lateral
resistancéBenedetti et al., 1996furthermore, the study emphasized that a major aspectaavolv
in structural performance is the original construction quality. It was found that damaged structures
which were built using high quality procedures could withstand severe earthquakes without
collapse(Benedetti et al., 1996kinally, securing the diaphragms using methods such as steel ties
proved to be extremely effeeé at improving the performance of a URM structurstaswvnin

the aforementioned experiments and therefore, preventing co{Bgsedetti et al., 1996)

2.2.5Seismic Assessment of a Ldlested TweStory Unreinforced Masonry Dutch Houseé
Esposito, R., Messali, F., Ravenshorst, G. J. P., Roel Schipper, H., and Rots, J. G.
This project involved the design and assessment of a Btythhouse, common after the
1980s. The fullscale twestory structure was constructed under a length restraint of 5.4 m imparted

by the lab capabilities as shown in Figur@2below.
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Figure 2-12: Specifications of physical specim@sposito et al., 2019)

To replicate the idea of large window openings, piers were used on the fé€splesito
et al., 2019)The materials utilized consisted of 100 mm and 120 mm thick masonry for the facade
and transverse walls respectively. In addition, cerbased mortar was used throughout with 2
mm head joints and 3 mm bed joints. The floors were designed with arsiedtbéckness to add
weight to the structure which would be taken as additional (Esgmosito et al., 2019Finally,
steel ties were used along every bed joint at the connedtibe piers to the transverse walls to
reinforce the connection between the adjoining walls.

The structure was tested using a usdatic cyclic analysis and the amplitude was
increased in a stepise scheme until collaps€Esposito et al., 2019After the results were
acquired, a numerical modelling competition was run where participants had to model the structure
and analyze it without having access to the experimental se3iiis allowed for a collection of
unigue analysis methods to be tested and it was determined from the result of the competition that
by applying several different modelling methods it is possible to build confidence in the validity
of the numerical restd (Esposito et al., 2019)

Overall, this project has offered insights regarding the capabilities of numerical modelling
and the potential of producing well validated resultssTikian important finding as this thesis

project is aimed at analyzing this very capability.
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2.2.6NIKER Project

The NIKER project was considered as a benchmark case in the present thesis, since it was
used as the baseline of the entire numerical investigatioorder to test the modelling
methodology This project was conducted at the Technical University of Athens and consisted of
two ¥z scaled masonry speciméKlsiratzetzou et al2014). Both specimens were twsiory high,
but the first specimen was unreinforced masonry whereas the other was timber laced. The
specimens were built of thréeaf masonry comprising limestone and mortar inciner wythes,
and a filler material in the center. The filler was rubble consisting of small brick fragments and
grout. Timber sections were used to build the floor sections which were partially fixed to the
masonry walls to represent typical unreinfaramasonry construction. The specimens had a
footprint of 3.65 m by 2.30 m and had a height of 3.2 m as shown in Figild®&ow(Karapitta
et al., 2012)

Figure 213: [A] Design and specifications, [B] Physical specim@&fintzileou et al., 2015)

The specimens were tested under scaled versions of the 1986 Kalamata earthquake and the
1980 Irpina earthquake. After concluding the original tests, the URM specimen was strengthened
using grout and steel tie connections to strengthen the diaphragms of the s{iintaileou et
al., 2015) After strengthening it was concluded that the structure could support significantly
increased excitations prior to failuggdami et al., 2012)0verall, this project among others proves
that the transition from flexible to rigid diaphragms causes a significant improvement to the overall
performance of a URM specimen.

This project will be discussed in ddtin Chapter 3 to provide information on the project

and detail how it will be used during the numerical sections of this thesis.
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Chapter 3
Introduction to Studied NIKER Experimemtd Preliminary Modelling in SAP 2000
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3.0Introduction

The following chapter discusses the numerical model developed to represent the physical
specimen analyzed during the referenced NIKER project. The numerical modigwedsped in
SAP2000 (GSi Inc.) using the same dimensions, material properties and loading conditions as the
original physical specimen. Throughout this chapter details regarding the methodology taken to
develop the model will be discussed, and the restitteepreliminaryseries of analyses conducted

will be presented.

3.1Model Dimensions

The SAP2000 model of the NIKER project was designed using the dimensions shown in
Figure 31. The modespans 3.6%n alongthe X-axis and 2.30n alongthe Y -axis. Furthemore,
the story height was 1.6total modelheight of 3.2m). The windowswerelocated throughout
each of the 4 walls with dimensions of 0.6n wide by 0.7m tall (Vintzileou et al., 2015)
Additionally, 0.6m wideby 1.2 m tall doorway was located on one of the long sides in the lower

floor. Masonry vall thicknessvas 0.25m throughout the entire structuiéintzileou et al., 2015)

FLOOR PLAM: +3,20m
Windows: 0.6-1.270.5 m Door: 0.6/1.2 m

| i,
S

0,70 060 1,05

. 3165
GROUND FLOOR: +1,50m
X

(a) (b)
Figure 3-1: Model Dimensions and tested physical m@d@itzileou et al., 2015)
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2.30

0,60
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Additional elements in the strucalisysem were the timber floor systerand roof This
comprisedimber floor joists 0.06 m wide, 0.1m deep and spamy a total of 2.30m along the
y-axis (short plan dimension)Yhe joists supported a systemtimfiber floor planks 0.1 m wide,
by 0.01m deep coveing the entire floor areaspanning 3.6%n along theX-axis (Vintzileou et
al., 2015)
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3.2Material Properties

Two primary materialswere used tomodel the NIKER specimen, i.e., homogenized
compositanasonry and timber. Custom materials with respective material properties were created
in SAP2000for bothmaterial types.

3.2.1Masonry
Values for the raterial propertiegnteredn the series 06AP2000modek were derived
from the experimental report of the reference project, as summarized in Thblel@wv.

Table 31: Chosen material properties for Masor(intzileou et al., 2015)
Weight 18.63kN/m3
Modulus of Elasticity 840 MPa
Compressive Strength  4.33 MPa
Poi ssonds RO02

Shear Modulus 350MPa

3.2.2Timber

Like masonry, custom material properties wesedfor timber to define a custom material
in SAP200Q As the properties of timber can vary significantly, many of the properties were chosen
in accordance with gstexperiments. However, the density of timber was chosen based on the
properties of spruce. The propevaluesnputin the computer modébr timberare listedn Table
3-2 below.

31



Table3-2: Chosen material properties for Timbg@arapitta et al., 2012)(Engineering ToolBox, 2004

Density 4.413kN/m?

Modulus of Elasticity 10 GPa
Poi ssond6s 0.3

Shear Modulus 3.85GPa

All timber components (i.etimber floor joists and floor planksvere modelled using the

above

3.3Model Elements

For building the model, consideration was given to the choices of elethant®uld be
usedin the idealization. Options for the masonry walls incled shells, or solid elements
However, to be able to model material nonlinearity and brittleness while maintaining the
robustness of the algorithm, and enabling theadytlane flexural action where this occusbglls
with an applied thickness of 0.25nere usedo represent the masonry waNghen defining the
shell elements, two different types were considered, i.e., for linear elastic analyses thick shells
were used as they account for transverse shear deformé@iomgputers & Structures, 2017)
whereador nonlinear analyses, nelmear layered shells were usetiscretized in 10 layers of
equal thickness to formulate the 250 mm thick masonry walls.

Much of the difficultyencounteredvhen selecting elements pertained to the timber floor
system.To represent the planks and floor joistsmenolithic connectiorframe elementsvere
used, having been assigreecbmposite Ttype of section; an alternative approach considered use
a combination oframe elements for the floor joists and shells for the floor planks. After modelling
both options in SAP, the combination of shells and frames was selected as the shells allowed for
discretizatiorof the floor thatcould providea betterepresentation of the distributed floor weight.
However, this approach lacked in robustness causing numerical problems, and for this reason the
former alternative was chosen, by combining tributary width of planks and joists in a single frame
elementOverall, the model contains masonry walls on all four sides, as well jagsEs along the
Y-axis 10 of which are on each floor levas shown in Figure-2 below The layout of the defined

timber frame elements is shown in Figur8 Below.
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Figure 3-2: Overall Model (Extruded)
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Figure 3-3: Overall Model (Extruded)
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3.3.1Finite Element Mesh

In order to improve the accuracy of the results, as well as visualize the change in deflection
over the height of the structutagefinite elemenimesh waslefined so as to avoid having distorted
elementsby adhering to aaspect ratimot exceedin@:1. In light of this, an element sizealfout
0.1m x 0.1m was selected with an overall thickness of 0.25m being the thickness of the walls,
however adjustments were made along the midspan and along the windows of the front and back
walls to allow the floor joists to be entered at the correct locations and spabiegelected
dimension allowed the windows and doors to be inserted efficiently whderiag that full
elements surrounded each window and door opening. Overall, the chosen mesh allowed for
sufficient independent elements to be created which allowed for a high degneenefical

robustness the computed results.

1

Figure 3-4: (Left) Discretized Front Wall, (Right) Discretized Back Wall

Figure 3-5: (Left) Discretized Left Wall, (Right) Discretized Right Wall
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Figures3-4 and3-5 above present the layout of both the windows and door openings, and

the walldiscretizationin the plane otheir action.

3.3.2Floor to Wall Spring Connections

Spring connections were used to model the relatively compliant anchorage of timber joists
into the masonry walls. Preliminary modelling using direct connection between the floor joists
and walls, led toncreased iplane stiffness of the diaphragms. Springs were designed to fix the
connection between the frames and walls in all directions except axially. By allowing axial
freedom, relative slip is enabled between joists and masonry: note that thisobéhactually
non symmetrical: a timber joist that pushes in the wall encounters greater resistance from the
exterior wythe of the wall, than when pulling away from the wall where the only mechanism of
force transfer is bond along the contact surface éatvtimber and the surrounding masonry. .
Details on how this connection was designed and implemented are given below.

The spring connection was designed in a separate288@®model of a single timber joists
to ensure that the parameters could be selestddmplemented with reference to the anchorage
conditions. The ends of the joist are connected to the end supports by interpolation lirear two

jointed links as depicted in Figureg3below.

Figure 3-6: Spring SAP2000 Modélidealization of a typicalimber joist

Each link has 6 degrees of freedom at each end, translations along the X, Y and Z axes and
rotations along each of the respective axes. Of those all degrees of freedom were fixed to, except
for the axial translation, Ul. Instead, a finiifiseéss value was associated with the link stiffness
along U1.

To enforce a true spring behaviour, a translational stiffness was calculated using an
anchorage model for the embedment length of 180mm, as depicted in Figund8re the joist
force F is tansferred by longitudinal bond stresses developing on the contact perimeter: The total

stiffness applied to degree of freedom U1 was computeglies 8.0 x 1T0kN/m as shown below:
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Masonry Wall
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Timber Joist Anchorage

Figure 3-7: Timber joist anchorage.

fo = 0.5 MPa

F=fox P =(0.5MPa) * (180 mm) * ((2 * 100 mm) + (2 * 60 mm)) = 28 kN

where P is the perimeter of the joist cross section

fw= (28,000 N) / (100 mm * 60 mm) = 4.67 MPa is the axial timber stress
e=(4.67 MPa) / (10,000 MPa) = 0.000467 is the axial strain of the joist

o = (0.00467)*(180 mm / 2) = 0.04203 mm is the elongation (slip) over the
anchorage length

Kpull = (28,000 N) / (4.2 x 18m) =6.0 x 1&kN/m (pullout stiffness)

With the spring fully designed, it was then applied to all the joists of the structure Joints
were created at a 0.01 m offset from each joint on the wall where a link was to be located. Frame
elements were drawn connecting each set of arbitrary pointthamoperties of the links were
specified using the boundary conditions and stiffness coefficient as described above.

3.3.3Additional Mass

The final component required to prepare the madethe structure wagepresenting
lumped and distributed mass.dtnoted that during the tests, additional masses were placed at the
levels of the timber diaphragms to compensate for theopngportional reduction of the mass with
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scaling of the size of the structurBuring theshake table testhe studied specimenas scaled

down to a ratio of 1:2 to allow the specimen to fit the capabilities desteacility. For scaling

of length units in half, i.e., SF=1/2, it is noted that volume and therefore the weight (which is a
force) of the structure is reduced by atéa of SF. But for constant mass density and material
strength, forces are supposed to be scaled down by a faéior@éer to cause stress magnitudes

that are comparable to the full model. It is therefore evident that external weights neediedbe ad

to compensate for the lack of the seight of the modelTherefore, to ensure that both the mass

and dimensions are scaled to a ratio of 1:2, a total of 7.5 tons were applied to the model. The lower
level received a total of 4.5 tons, whereas thgeupevel received 3 tons (Karapitta, Mouzakis,
Adami, & Vintzileou, 2012). These masses wplaced on the floor diaphragms bearing on the
joists; in the model, forces were transferred to the supports of the joisep@ied! agoint forces

to the node on the masonry wall3he totaljoint forceswere computed as a function of the
tributary area of each frame. Therefore, the total mass was divided over the entire area of the floor
and appliegroportionally to each end of the timber floor joists onrttaessonry wallsThe applied

joint forces were equal for Models 1 and 2, however, for Model 3 the forces were increased to
account for the absent timber elemeiitse summary of the appligdint forcescan be found in
Table3-3 below.

Table3-3: Summary oéppliedjoint forces

Joint Force (kN) (Per End)
Frame
Element Models 1 & 2 Model 3
Top Floor Bottom Floor Top Floor Bottom Floor
Edge (Left) 0.550 0.825 0.591 0.866
Edge (Right) 0.550 0.825 0.591 0.866
Intermediate 1.700 2.55 1.745 2.595
Center 1.850 2.775 1.896 2.821
Total 30 45 30.883 45.883
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Joint forces were entered as negative numbers (pointing in the negative direction of the Z
axis). In total 30.0 kN was applied to the top floor, and 45.0 kN was applied to the bottom floor
for a total of 75.0 kN. In Model 3 additional forces were appitedccount for the weight of the
timber floors which were removed. The added loads along with theveglht of the structure
equaled a total weight of 229.262 kN.

3.4 Applied Earthquake

An appropriate earthquake was seledtedepresent a scenario relevdor areas with a
high density of unreinforced masonry structures such as Italy and Ghidereelected earthquake
was the 1986 Kalamata earthquékiouzakis et al., 2012 Magnitude6.2 on the Richter scale
earthquake shook the city of Kalamata, Greece and its surrounding area on September 13th, 1986
an aftershock occurrexjain on September 15th, 1986 this time measbtgn the Richter scale
(Laube, 1987.)The @mbination of seismic events caused a severe level of destruction in the area
as well as numerous cases of injuries and death. Due to the devastation caused by these seismic
events, it was deemed that their respective seismic records would be analyeestinlied and
current experiments. The provided accelerogreensrdedhevariation ofground acceleration in
both the NS and EW directions for alurationof 20s. To stay consistent with past experiments,
the time and acceleration values were scaléat&deing applied to the structufidhe acceleration
values were reduced by 10% to equal 90% of the original values while the time was scaled down
by dividing each recorded time stamp value by the square root of the scale factor which was equal
to 2. Theaccelogramme for theX direction was used to analyzeptane action along the-axis
of the structure, whereas ther direction was used to analyze @itplane action along the-y

axis of the structure. Graphs of the accelogramemeshownn Figures3-8 and3-9 below.

38



1986 Kalamata Earthquake Record (UX, 90% Scaled)
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Figure 3-8: UX AccelogramméITSAK, 2021)

1986 Kalamata Earthquake Record (UY, 90% Scaled)
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Figure 3-9: UY Accelograme(ITSAK, 2021)

As shownabove, the ground acceleration was at its highest severity fppnoxamately
1.7s to 3.8s, after which the acceleration decreased and remained at a lower severity until
completion. The majority of the damage caused during these events commenced during the severe
region of accelerations, and the damage then propagatierf during the later stages of the
earthquake.

In addition to the time history accelogrammes, the scaled mespgpectrums were also
considered from the 1986 Kalamata Earthquake and are presented in &itj0eexi3-11 below.
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Figure 310: Kalamata Earthquake Response Spectrum (UPSAK, 2021)

1986 Kalamata earthquake Response Spectrum (UY, 90% Scaled)
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Figure 3-11: Kalamata Earthquake Response Spectrum (UPSAK, 2021)

The records from the 1986 Kalamata Earthquake were used to rdim@@nanalyses on
the NIKER structure developed in SAP. Both records were used to condtateantime history
analyses as well as néinear spectral ayses in both the iplane and oubf-plane directions.
The resulting shapes at failure were collected and compBoadcorporatehe four records into
SAP, custom time historgnd response spectrum functiomsre created by importing the values

from each recordinto the function definition menu as a text document. fhe recordswere
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applied to the structure in their appropriate direction, and the results of these tests will be discussed

below.

3.5Period Correlation Analyses

The first stage of the fite element modelling conducted in SAP 2000 involved matching
the fundamental periods of the numerical model which the referenced physical experiment. During
the physical experiment, it was reported that the specimen had a period of 0.238s irofhe out
plane direction (UY) and 0.165s in thetane directior(Vintzileou et al., 2015)Therefore, the
objective of the numerical analyses was to replicate those fundamental periods through model
modifications including the implementation of spring connections allowed for flexible diaphragms
within the model.

The methodology included a parametric study where the period was recorded as the
composition of the model was altered. Throughout the study four main modifications were made
to the model. These included modelling the connections between the timberofkisrgnd
masonry walls as direct fixed connections, spring connections, and lastly removing the floor
system entirely and adding additional mass to the structure which represented the absent floor
systems. The results of those analyses will be discusted.b

The main analysis run during this study was a modal analysis. Modal analysis is a typical
procedure conducted to define the fundamental periods and shapes of a structure. When running a
modal analysis, the software excites a portion of the totes hagerally. In the case of unreinforced
masonry structures, modal analyses become quite complex due to the amount of degrees of
freedom, therefore requiring a significant quantity of modes to be considered in order to excite an

acceptable quantity of ma@ the lateral direction®antazopoulou, 2013)

3.5.1Model 1: Direct Connection

The first model considered in the parametric study was the direct connection model. This
model utilizes direct connections between the timber floor joists and masonry walls as shown in
Figure 312 below. Under these conditions, the model does not consider the reduced stiffness in

the axial direction of the timber joists resulting in flexible diaphragms.
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Figure 3-12: Direct Connection Diagram

The model was run under modal conditi@ssshown in Figure-33 below. The main
output of interest from analyzing the structure under modal conditions was the fundamental
periods. As shown in Figure 13 below, the structure followed the expected distribution in both
the inplane and oubf-plare directions and experienced a period of 0.1138s and 0.1675s in those

respective directions.

Figure 3-13: (Left) In-Plane Modal Analysis (Direct Connection), (Right) @f{Plane Modal Analysis (Direct
Connection)

While the distribution of displacemenunder modal conditions is correct as the maximum
displacement is located at the togntre portion of each wall, the period provided from this
analysis is lower than what is expected from referenced results.

From this model it was concluded that tpeamen is excessively stiff in the enftplane
direction due to the direct connections between the timber joists and the masonry walls. Therefore,

the spring connections were introduced which will be discussed below.

3.5.2Model 2: Spring Connection
The second model analyzed in this the parametric study included the spring connections

described above to connect the timber frame elements to the masonry walls. A visualization of this
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connection is shown in Figurel3! below. This model utilizba totalof 40 additional arbitrary

joints to connect the timber frames to the masonry walls through two joint links. This model was
designed to incorporate the flexible diaphragms from thatiemgthened physical specimen
which was examined during the NIKER prajeThis model achieves that through the spring

connections which provide axial freedom to the timber floor systems.

Figure 3-14: Spring Connection Diagram

The model was run under modal conditions similar to Model 1 as shown in Fiddre 3
below. As shown in Figure-B5 below, the structure also followed the expected distribution in
both the irplane and oubf-plane directions and experienced a period af881s and 0.1671s in

those respective directions.

Figure 3-15: (Left) In-Plane Modal Analysis (Spring Connection), (Right)-©fiPlane Modal Analysis (Spring
Connection)

Similar as the results of Model 1, the analysis of Model 2 under modal condit&ms
provides the expected displacement distributions. However, the implementation of spring
connections did not increase the fundamental periods to the desired values from referenced

literature. Furthermore, the fundamental periods experienced by Modats 2 were similar and
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differed by a very small margin. This indicates that the spring connections did not correct the

fundamental periods and signifies that the errors are a source of other issues in the models.

3.5.3Model 3: No Floor System

The final moel analyzed in this parametric study did not utilize any elements to represent
the timber floor system. Instead, the mass contributions from the timber floor elements were
computed and applied as lumped mass to the joints on the masonry walls wheregheléments
would originally be connected to directly or through springs as discussed in Models 1 and 2. The
applied masses also includes the respective portions of the additional 7.5 tons applied to the
structure as described in Tabl &boveThe modéwas run under modal conditions as shown in
Figure 316 below. As shown below, the structure also followed the expected distribution in both
the inplane and oubf-plane directions and experienced a period of 0.115s and 0.220s in those
respective direatins.

Figure 3-16: (Left) In-Plane Modal Analysis (Floorless), (Right) GeftPlane Modal Analysis (Floorless)

While the distributions meet expectations based on the unreinforced conditions, the periods
are still incorrect and significantly lower tharettlesired values. However, the period in both the
in-plane and oubf-plane directions did increase compared to the two previous results in Models
1 and 2. This proved that additional issues existed elsewhere since the structure no longer obtained

the provded stiffness from a floor system but still had undesirable periods.
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3.6 Conclusion

After concluding the preliminary analyses in S2B00, it was concluded that the cause of
the underestimated fundamental periods lies within the defined material projoertiesmasonry
material, leading to an overestimated stiffness. It was concluded that the modulus of elasticity
considered was too high and needed to be reduced to a more realistic value. It was decided that the
conditions in Model 2 would be used as #ping connections between the timber joists and
masonry walls provided the best representation of flexible diaphragms.

To correct the modulus of elasticity and therefore the fundamental periods in the model, a
thorough investigation was required on thaterial properties of masonry in order to compute a
rational value. The details regarding the conducted studies on the mechanical properties of
masonry will be discussed throughout Chapteirs/4Finally, the outcomes and modifications to
the SAP2000 mael of the NIKER structure, as a result of the mechanical properties investigation

will be discussed in Chapter 8.
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Chapter 4
Numerical Modelling of Masonry Wall Elements in ATENA 3D
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4.0 Introduction

Analysis of unreinforced masonry structures, particularly older -emgineered
construction, is hampered by uncertainty in many aspects such as material properties and
interactions between materials, actual geometry of voids and contacts, boundarysesttraiall
of which may contribute to limiting the reliability of the computed results. Understanding these
factors is an essential step towards completing a relevant and valid analysis of the structural
behavior. For example, in idealizing masonry @smtinuum- such as in a finite element model
that considers masonry as a homogenized composite, it is required to specify proper values for the
key properties of masonry (e.g. moduli, streain response curve, failure stresses, etc.) that
impact critcally the calculated response. Describing the homogenized constitutive properties of
masonry is a poorly understood arethe actual behavior is very much affected by the layout of
joints and blocks, the individual strength and stiffness of the condtituaterials, and the joint
thickness. Both joint mortar and masonry blocks exhibit nonlinear response in compression but
are brittle in tensiori therefore the composite material properties need be determined with
reference to the magnitude of the antitgobdeformation.

In an effort to quantify parametrically the equivalent homogenized properties for masonry
which can be used in global response modeling of complete structural systems, a detailed
computational campaign is undertaken in the following frhapters. The scope was motivated
by the need to define pertinent material properties in modeling the NIKER structure; however, the
study has been expanded to be more general, including standard types of industrial masonry forms
(with rectangular bricks)uch as would be found in heritage construction in urban N.A. cities.
Combinations of masonry bricks and mortar having different mechanical properties are considered
so as to compute an effective modulus of elasticity, compressive strength, and shgtr fetren
the composite masonry material and the variation of these parameters with increasing deformation.
Additional parameters of the investigation include mortar joint thickness, masonry brick size and
arrangement, intrinsic material strengths and varioading conditions. The computed results will
be compared to the empirical equations previously discussed to determine the optimal equations
for estimating representative homogenized URM masonry properties for analysis of complete
structural systems. Thirst chapter of this section will focus primarily on the steps taken to
develop the series of models using advanced nonlinear finite element modeling in the software
platform ATENA 3D(Cervenka & Cervenka, 2017
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4.1 Wall Element Designs &Dimensions

Aseriesofwale | ement s referred to for brevity as

formulated using details from the NIKER project and were designed in conformance with
specimen size recommended in CSA D.3.2.2 for material characterization, edlicHor a
minimum of four courses of masonry bricks and a height to thickness ratio greater than 2 for any
solid clay unit or concrete brick prisf@SA, 2010) The masonry walls used in the NIKER project
were 250 mm thick doublerythe walls where each layer of masonry was approximage8/r@m

thick in the scaled modéVintzileou et al.2015) In the present study mechanical properties are
examined for ifplane wall actions (i.e., plane stress conditions); in this state of stress wall
thickness is only a multiplier and therefore the thickness of the wallettes matched the experiment,
however scaling up to different wall thicknesses is straightforward. To select the overall
dimensions an initial brick size of 200 mm x 100 mm x 83.3 mm was assumed as shown in Figure
4-1 below. To conform with CSA masonry prism standards a totaliof @rick courses were

used. Finally, an initial joint thickness of 10 mm was assumed throughout creating an overall
height of 650 mm and a width of 410 mm adwwnin Figure4-1. This makes for a height to
thickness ratio of approximately 7.80 which meetsGISA standards. These specimen dimensions

were used for all the wallettes analyzed in this study.
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Figure 4-1: Initial assumed brick and specimen dimensions.

To conduct the parametric sensitivity analyses, a total of three basic geometric patterns
were created. These patterns included a symmetric&® 6ourse wallette denoted as SYM. The
purpose of the SYM design was to create a simplified baseline model which was effective at
verifying the behaviour during the various tests. Next, an equally seatgerdel denoted as EQS
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was created to represent what is typically found in urban heritage masonry construction. Finally,
a random design was created denoted as RAN. The RAN model was created to replicate typical
practice used for historic URM structurekieh lacked patterns and principles for choosing a brick
arrangement. To begin the analyses, all three designs were created with 10 mm mortar joints

throughout ashownin Figure4-2.

SYM EQS RAN

z z z

L 2L L

Y Y Y

Figure 4-2: Block and joint patterns in the wallettes.

Each of theséhree patterns are unique and are expected to behave differently under both
compression and lateral loading. Significant differences are found in terms of strength and
deformation capacity and in the dominant crack paths that are created during faibroénac
with the arrangement of theeadjoints.

The SYM model is what would be referred to as stamkd masonry, with aligned head
joints heightwise creating a plane of weakness that extends along the entire height of the
specimen. Under later loadintipe head joints are at risk of forming a sliding plane (a vertical
shear crack) since the strength contribution of the mortar is generally lower than the contribution
of the masonry bricks. Therefore, this would cause the specimen to crack and dilieiony
the head joint. For these reasons, the shaxeid pattern of the SYM model is not common in
practice and is not expected to exceed the other two patterns in terms of performance.

The EQS model is the runnifpnd type of masonry, arranged sottbéach head joint is
centered over the block unit below. This maximizes the horizontal distance between head joints in
successive courses throughout the specimen. Under compression this arrangement ensures
maximum engagement and cooperation between uiiisnming the risk of formation of major

vertical fissures through head joints until large levels of deformation. It is expected that the EQS
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pattern will have the best performance of the three options on account of the optimal arrangement
of the head joits.

The RAN arrangement shares similar disadvantages as the SYM mod&howsin
Figure4-2 above, the head joints are arranged nearly linear along the height of the specimen on
both the left and right edge. Like the SYM design, this creates a lakdbkatsevere cracking will
occur along these joints that will weaken the specimen.

The other important parameter considered in the parametric investigation is the area ratio
of brick and bed and head mortar joint in their facade. Since the masonry bricks have a significantly
higher compressive strength than the mortar, models with @rypgcentarea of bricks are
expected to attain higher strength from among the various models. To study this, a total of three
unique models were created for each of the three designs by varying the bed and head joint
thickness. The mortar thicknessesisidered were 5 mm, Im, and 20 mm. Thus, a total 6f

unique wallette variations were assembled to be analyzed as shown in4-8joetow.

SYM (5 mm Jairts) SYM (10 mm Joints) SYM (20 mm Joints)

VA Aevd /7] . A
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[ 1 [ | [ 1
| | |
[ 1 1 |
L L L
EQS (5 mm Joints) EQS (10 mm Joints) EQS (20 mm Jainis)
L L L
RAN (5 mm Joints) RAN (10 mm Joints) RAN (20 mm Jaints)
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[ ] [ 1 |
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Figure 4-3: Collection of nine wallette specimens.

Each of the specimens contain different proportions (calediwith reference to the facade

surface area) of bricks and mortar as shown in Téldléoelow. Altering the joint area fraction
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throughout these nine specimens provides the necessary data to quantify the impact of the weaker
material (joint mortar) orhie composite properties of the wallette.

The modelling procedure used resembles that of discrete element models although it is
conducted in the framework of Finite Element analysis. Therefore, the actual components are
described exactly and are not horanzed; instead, results of the composite behavior are used to

derive the homogenized equivalent properties.

Table4-1: % Bricks and Mortar

Design
_ SYM EQS RAN
Joints . : :
Brick Mortar Brick Mortar Brick Mortar
5 mm 93% 7% 94% 6% 93% 7%
10 mm 90% 10% 88% 12% 86% 14%
20 mm 83% 17% 76% 24% 74% 26%

As shown in Tabld-1, increasing the mortar thickness reduces the area ratio of bricks in
the specimen by approximately 0.6% per 1 mm increase. The three different joint thickness are
considered for studying the behavior under both axial and lateral loads, providing ifusitbet
regarding potential effects on crack patterns and crack severity.

In addition to the three regular brick patterns considered, a fourth pattern was defined,
referred to here on as STONE, to replicate historic masonry construction such asetthan tibst
NIKER structure. The design of STONE is similarR&N; however,RAN uses bricks while
STONE uses uneven stones to make up the specimen. The use of stones means that there are no
apparent courses of bricks and bed joints, but instead varioso$igenes are used to create an

unsymmetrical and unpredictable specimen as shown in Hgtifeelow.
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Figure 4-4:[A] STONE desigriB] Stone masonry examp(8chiavi et al., 2019)

Another difference between STONE and the other three patterns is that the mortar joints
differ in thickness throughout. Therefore, for this pattern only one specimen will be tested under
compressive andhteral loads increasing the total count of specimetento

4.2 Material Properties

Throughout preliminary analysis of the ten model specimens the properties of the masonry
bricks and mortar were kept constant. However, in later stages of this investigat®analysis
cases were considered in which the material properties were varied from their reference values. To
account for the nonlinearity in compression and brittleness in tension of the constituent materials,
the model properties were entered intoENA using the routine intended for concrete with proper
modifications to account for either masonry unit or mortar. Reference values were obtained from
both the NIKER project and manual computation. For example, for the STONE model, the
compressive stretly utilized for the masonry bricks and mortar was 100 MPa and 4.6 MPa
respectively which was adopted and used in the ATENA 3D analysezileou et al., 2015)
Also from the NIKER project, the specific weight utilized was 2.68 Mgftmthe masonry bricks
and 1.76 Mgr/rifor the mortar. The first comped property was the tensile strength which was
assumed to be 10% of the compressive strength, estimated as 10% of the respective compressive
strength. Finally, the modulus of elasticity for each material were computed by plotting their
individual stressi strain curves in compression assuming a Hognestad type parabola. After

plotting the curves, a secant was plotted through the origin and the point which represents 40% of

52



the maximum compressive strength in order to define the engineering value of thHesraidu

elasticity for each constituent material as shown in Figdi®and4-6 below.

Stress Strain Relationship of Masonry Units
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Figure 4-5: Stress Strain relationship (Masonry Bricks)

Stress Strain Relationship of Mortar
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Figure 4-6: Stress- Strain relationship (Mortar)

In addition to masonry bricks and mortar, 550 MPa stesd also used for loading
hardware in simulating uniaxial compression and pushover of the wallettes. An overview of the

material properties used for this investigation can be found in flebleelow.
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Table4-2: Sampleof material propeny input in ATENA

Material
Properties Masonry Properties Steel
: Mortar
Bricks
Modulus of Modulus of
o 88,730 2332.4 o 200,000
Elasticity, E (MPa) Elasticity, E (MPa)
Compressive Yield Str
100 4.6 550
Strength, f. (MPa) (MPa)
Tensile Strength, f , R
10 0.46 Poi ssonbs 0.3
(MPa)
_ R Specific Weight,”
Poi ssonés 0.2 0.2 78.5
(KN/m?3)
N o 26.29
Specific Weight, 17.27
kN/m3 (2.68 (1.76 Mgr/n?)
m . r
( ) Mgr/m?3) d

4.3 Direct Compression and Pushover Models

Two loading conditions were considered to conduct numerous parametric sensitivity
analyses. The first loading condition studied was dirextiotonically increasingompression. All
ten specimens were subjected to prescrébeéal deformation increments until failure. The overall
loadi displacement results were measured along the top face of each specimen to compute the
compressive strength of the wallette. In addition, lateral expansion was measurethaighmido
determne the dilative behavior of masonry under direct compression. The second set of
experiments were a series of pushover analyses conducted on each of the ten specimens. The
pushover analysis involved applying an overbearing compressive stress onto thee topthe
wallette to load it axially, then following with a prescribed lateral deformation which increases
gradually pushing the wall until failure. The goal of this set of analyses was to determine the shear
strength of the wallettes (useful for analysigler lateral loads such as earthquake) and how the
strength is affected by factors such as joint thickness, brick arrangement and overbearing stress.
The methodology for the pushover experiments mirrored what was done for the direct compression
models. Where necessary for convergence, adjustments were made to the boundary conditions and

load application.
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4.3.1Methodology (Direct Compression)

Modelling of the wallette specimens in ATENA was conducted in a manner that is
representative dhe mechanical test;ider compression used in experimental studies in order to
derive the uniaxial stresgtrain response of the composite.

4.3.2Macro-elements

Eight noded solid elements were used throughout the simulation. Each brick was
discretized into a macroelement, qamsing identical solid suelements as depicted kigure4-
7. To accurately define this element, each design was initially drafted in AutoCAD with complete
dimensions. Mortar was divided into two portions, bed joints and head joints. Separate macro
elermrents were created for each portion of the mortar joints which surround one brick. This includes
elements for the bed joints on the above and below the brick, head joints on the left and right of
the brick and a square element which is created at thedaatiers of the head joint and the bed
joint as shown in Figurd-7 below. For a wallette specimen like the one shown below in Figure
4-7, a typical brick element contains 50 maetementsand the entire mesh contains 10,480
elements. These values vary degding on the design and the selected density of the mesh.

S

Figure 4-7: Macro-elements for EQS (10 mm Joints)
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4.3.3Contacts

In the model, contacts are defined as the surface which is common to two or more macro
elements. In ATENA 3D two main contact types are available, i.e., partial and full. Full contact
means that the surfaces of the two elements which form the contadt@mnect with any other
surface and share fully the degrees of freedom of common joints. Partial contact means that one
or both surfaces which form the contact are also in contact with an additional surface (to model
inadequate interaction, such as slglretween surfaces otherwise in contact). When the wallette
models were originally developed in ATENA, the EQS and RAN specimens had partial contacts
throughout since the bricks are not vertically aligned like the SYM design. This caused stability
and conergence issues when running the analgselprovided unrealistic behaviours. To correct

this, any element which formed a partial contact was divided into strips as shown indRggure
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Figure 4-8:[ A] Adjusted model with no partial contact®][Original model with partial contacts
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4.3.4Finite Element Mesh

For the direct compression models two mesh sizes were selected to represent the masonry
bricks and the mortar. Primarily, an element size of 0.0200 m was used to discretize the masonry
bricks whereaslements of 0.0050 m size were used in discretizing the mortar joistsasin

Figure4-9 below.

Figure 4-9: Finite element mesh of SYM model with 20 mm joints.

The smaller mesh was used for the mortar joints since the ralrnents have a total
smal area. A smaller mesh is needed to discretize the mortar joint elements into sufficient sub
elements otherwise the accuracy of the results will be reduced. ATENA 3D provides two main
mesh types, brick and tetrahedral. The brick type mesh was used fioodsls studied in this
investigation. The brick type mesh was chosen as it allows for a more accurate calculation of the
total load being applied on the top surface using tributary areas. For some of the wallette
specimens, the mesh magnitude was redunedalthe thickness of the element strips needed to
fulfill the full contact conditions. This was primarily seen in the RAN and EQS model sets where
the length of overlap between brick courses can be small depending on the joint thickness and
therefore regires a thin strip to create a full contact. The finite mesh for each of the three designs
with 10 mm joints and the STONE desigre shownn Figure4-10 below.
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Figure 4-10: [A] EQS- 10 mm Joints|B] RAN- 10 mm Joints|C] SYM- 10 mm Joints

As shownabove, the discretization of maestements into strips was only necessary in the
RAN, EQS, and STONE designs. This means that smaller sieedwere required for the bricks
since they were divided into strips some of which were the same théckedbhe mortar joints.
The SYM design could support a larger mesh size since no partial contacts existed as the bricks

were all aligned both horizontally and vertically.

4.3.5Load Cases

In ATENA 3D load cases are used to define any conditions being applibeé model
including loads, deformations and boundary conditions. For the direct compression models a total
of two load cases were used, supports and prescribed deformations. The supports load case is used
to apply all boundary conditions onto the modsigh as fixing surfaces along an axis of
symmetry. Prescribed deformation is used to apply a deformation to an element. This can be
enforced onto a joint, surface or line. These two load cases were sufficient to conduct the

compression analysis howeverauditional load case was required for the pushover analyses.
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4.3.5.1Supports
In the direct compression models supports were used to fix the base of the structure at the

planes of symmetry along the XZ and YZ planes as shown in FHglte All other nodes were

restrained from displacement in thediZection, but lateral expansiora® allowed to occur in the

~

YZ plane.
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Figure 4-11: Axes of symmetry

As mentioned previously, one quarter of the wall was modelled which is defined within
joints 11 8 in Figured4-11 above. This creates an axis of symmetry on the pladé ¥ 1 8 where
no translation is permitted along theyis. There also exists an axis of symmetry on the plane 1
T 47 57 8 where no translation is permitted along tkeedas. To enforce these conditions surface
y-axis fixities were applied to every maeetement sudce along the planei341 71 8, and x
axis fixities were applied to every surface along the plané .51 8. Finally, the base was fixed
along the zaxis which lies on plane’56i 71 8. The applied boundary conditioase showrin

Figure4-12 bebw which references the planes described in Figtirg.
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Figure 4-12: [A] X-Axis supports along plane45-8, [B] Y-Axis supports along plane87-8, [C] Z-Axis
supports along plane-6-7-8.

4.3.5.2Prescribed Deformation

Load cases in the direct compsésn models were also used to create prescribed
displacement on the top surface of the walleteganslate the surface by the specified amount
to failure. In this case the model runs until the structure can no longer support any further
displacement wich, in the context of the present study is interpreted as failure f accompanied with
a significant loss of resistance. For the direct compression models a prescribed displacement of 35
mm in the-Z direction was applied tall the surfaces on the top fackthe wallettes. The total
displacement applied to the structure in each step of the analysis is dependent on the step multiplier

which will be discussed below.

4.4 Monitoring Points

Predefined monitoring points are used to measure a result of interlestssdisplacements
at a specific point on any maeetement. As mentioned previously, the main purpose of the direct
compression models was to compute the equivalent compressive and tensile resistance curve of
masonry from the contributions of the constitt elements using detailed discrete element
modeling. Therefore, a loaddisplacement curve was plotted for each wallette and then converted
to a stres$ strain plot from where the strengths and stiffness could be obtained. To achieve this,
monitoringpoints were used at all four corners on the top surface of each brick located in the top
course of the wallette. At each of these locations a monitoring point was placed to measure the

displacements along theaxis, and another to measure the reactiamsgaihe zaxis. To compute
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the lateral dilation a monitoring point was placed at the meight of the structure to measure the
displacements along theaxis. The quantity of monitoring points differed in each design as each
have different quantities oficks in the top course. The monitoring points for the EQS desmgn
shownin Figure4-13 below.

b
%
XeE f%ﬁ !

Figure 4-13: Monitoring Points EQS (10 mm Joints)

Data was collected from each monitoring point at each step in the analysis to form the
entire load' displacement curves which were then used to compute theiss&as response of

the specimens. Additional monitoring points were required for the pasloalysis.

4.5 Analysis Steps

Analysis steps were used to break down the entire experiment into doedi@icrements
where a predefined portion of the prescribed deformation and forces are applied in each increment
until the analysis is complete. Rbie direct compression analyses both the supports and prescribed
deformation cases were applied in all steps. The second component in creating the analysis steps
is to define a solution algorithm. Standard NewRaphson was used for solution of the
incremental equations of equilibrium.
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4.6 Pushover Models

The purpose of the pushover analyses was to assess the lateral resistance with increasing
lateral drift ratio (horizontal displacement at the top divided by the wall height) and the effect of
the pattem of brick arrangement and mortar joint thickness on this property. The shear strength of
the wallettes was obtained from peak resistance. A critical parameter of study in this regard was
the overbearing axial load, since in URM construction strengthirsgaw the frictional resistance

generated at the weakest planes of sliding contributed to by overbearing pressure.

4.6.1Methodology
The procedure followed to create the pushover models was similar to that used in the
compression models. Modellirgjfferences where they exist, are discussed in the following

section.

4.6.1.1Macroelements

The compression model was used as the basis for developing the pushover models. A small
steel plate was added to the top of the XZ plane at the area where the pretefiob@ation was
applied as shown in Figurel4.

Steel plate —

for lateral
loading

N

Figure 4-14: Steel plate applied for pushover analyses.
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This plate was added to all the pushover specimens to distribute the prescribed deformation
across the entirthickness to ensure that the entire wallette would deform laterally and to avoid
localized rupture of the brick unit at the upper corner near the point of application of the
displacement.

4.6.1.2Supports

With reference to the compression specimens, the wallettes were restrained along two axes
of symmetry, i.e., along the intersection of the XZ and the YZ planes. For pushover analyses, the
restraint along the YZ plane of symmetry is eliminated, whereakabe of the specimens was
fixed from translating in the Y direction to suppress sliding while the wallette deforms under the
lateral displacement; this was needed as it was observed that the entire specimen was sliding if
unrestrained, without bending. &Hhnal support conditions for the pushover specinaeashown
in Figure4-15 below.
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Figure 4-15: Supports for pushover specimens.
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4.6.1.3Prescribed Deformation

The pushover specimens were all subjected to prescribed horizontal displacements
controlled athe top to push the wallettes laterally. A total of 3 mm of prescribed deformation was
applied at the centre of the steel plate which was added to the pushover specimens. The prescribed
deformation was applied in small increments in throughout a seragbfsis steps. The total of

3 mm of prescribed displacement was sufficient to bring the wallettes to failure.

4.6.1.4Forces

When conducting lateral pushover analysis, apart from the lateral displacement axial
overbearing stress is required since this is thg mechanism of shear resistance to URM. In this
investigation, the overbearing stress was applied using forces on the top surface of each specimen
as shown in Figuré-16.

£ £
oD

Figure 4-16: Axial overbearing stress.

To assess the effects that the overingastress has on the shear strength, 8 different values
for axial overbearing stress as follows: 0.05 MPa, 0.1 MPa, 0.2 MPa, 0.3 MPa, and 0.4 MPa, 1.79

MPa, 4.47 MPa and 7.15 MPa.
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4.6.1.5Monitoring Points

Two additional monitoring points were used in the pugh@nalysis at the centre of the
steel plate where the prescribed displacement was applied. The two monitoring points included
one to measure the induced reactions at the centre of the steel plate aloraxitiea¥id one to

measure the lateral displacemeat the centre of the plate as shown in Figet&.

T s R

|\ e o
Figure 4-17: Pushover Monitoring Points.

4.6.1.6Analysis Steps

The pushover specimens utilized very similar analysis steps as the compression specimens.
The main point to consider is that theerbearing stress must be completely applied prior to the
lateral deformations. This is to ensure the specimens have developed the lateral strength provided
by the overbearing stress once the prescribed deformation is applied. To achieve this, one
additional step was added in the beginning of the analyses which applies the support conditions
and forces to the specimens. This additional step uses a multiplier of 1.0 to ensure the axial load
is completely applied in the first step. From step 2 until failtihe,analyses steps follow with a
predefined step multiplier of Q.1
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4.7 Alternate Material Properties Models

The main purpose of this extensive investigation is to fill knowledge gaps regarding the
behaviour of masonry. One of the areas of interest is the effects of altering the strengths of the
bricks and mortar that make up a masonry specimen. Altering thegttseof each material
provides insight on how much each material contributes to the total strength of masonry. To assess
this, each of the 10 wallette designs were tested under a variety of strength confirmations as listed
in Table4-3 below.

Table4-3: Strength combinations.

Masonry Bricks Mortar
Combination Compressive Tensile Compressive Tensile
Strength (MPa) | Strength (MPa) | Strength (MPa) | Strength (MPa)
A 100 10 4.6 0.46
B 50 5 4.6 0.46
C 30 3 4.6 0.46
D 100 10 2.3 0.23
E 100 10 1.0 0.10

The strength combinations displayed above were applied to each of the ten models and
tested under axial compression. The expectation is that each of the 5 combinations will develop
different compressive strengths when applied to each design.

4.8 Alternate Loading Conditions

Loading conditions were also varied to quantify the effects on lateral strength caused by
the overbearing stress. To assess this, a total of eight unique values of axial overbearing stress
were applied to the specimens in the pushovelys@s These values were divided into two
categories, where one was an overall value ranging from 0.05 MPa, 0.1 MPa, 0.2 MPa, 0.3 MPa,
and 0.4 MPa. The other category was defined as a ratio of the theoretical compressive strength of
the wall. The theoretad strength was calculated as 17.87 MPa. The ratios considered wg¢e 0.1f
0.2fwc, and 0.3fc which equated axial overbearing stresses of 1.79 MPa, 4.47 MPa and 7.15 MPa
respectively.
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4.9 Collection of Analysis Cases

The planning done throughout this extensive investigation allowed for sufficient analyses
to be conducted under a varietfconditionsto fill several knowledge gaps. These gaps revolve
around the behaviour of masonry and the uncertainty regarding its behaviour. To fill these gaps a
series of alterations were made to the three primary brick patterns in order to create additional
specimes which test the effects of various changes to the specimen designs. Changes include joint
thickness, brick arrangement, material strengths, and overbearing stress. The alterations made to
the properties of each specimen created a series of additiondkrtmbe tested. A summary of
all the analyses done in ATENA 3e showrin Table4-4 below.
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Table4-4: Summary of ATENA 3D Wallette Investigation models.

Material Strength

Overbearing Stresg

Test Number Design Test Type Joint Thicknessd Combination (MPa)
1 SYM Compression 5 A N/A
2 SYM Compression 5 B N/A
3 SYM Compression 5 C N/A
4 SYM Compression 5 D N/A
5 SYM Compression 5 E N/A
6 SYM Compression 10 A N/A
7 SYM Compression 10 B N/A
8 SYM Compression 10 C N/A
9 SYM Compression 10 D N/A
10 SYM Compression 10 E N/A
11 SYM Compression 20 A N/A
12 SYM Compression 20 B N/A
13 SYM Compression 20 C N/A
14 SYM Compression 20 D N/A
15 SYM Compression 20 E N/A
16 SYM Pushover 5 A 0.05
17 SYM Pushover 5 A 0.1
18 SYM Pushover 5 A 0.2
19 SYM Pushover 5 A 0.3
20 SYM Pushover 5 A 0.4
21 SYM Pushover 5 A 1.79
22 SYM Pushover 5 A 4.47
23 SYM Pushover 5 A 7.15
24 SYM Pushover 10 A 0.05
25 SYM Pushover 10 A 0.1
26 SYM Pushover 10 A 0.2
27 SYM Pushover 10 A 0.3
28 SYM Pushover 10 A 0.4
29 SYM Pushover 10 A 1.79
30 SYM Pushover 10 A 4.47
31 SYM Pushover 10 A 7.15
32 SYM Pushover 20 A 0.05
33 SYM Pushover 20 A 0.1
34 SYM Pushover 20 A 0.2
35 SYM Pushover 20 A 0.3
36 SYM Pushover 20 A 0.4
37 SYM Pushover 20 A 1.79
38 SYM Pushover 20 A 4.47
39 SYM Pushover 20 A 7.15
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Material Strength

Overbearing Stresg

Test Number Design Test Type Joint Thickness Combination (MPa)
40 EQS Compression 5 A N/A
41 EQS Compression 5 B N/A
42 EQS Compression 5 C N/A
43 EQS Compression 5 D N/A
44 EQS Compression 5 E N/A
45 EQS Compression 10 A N/A
46 EQS Compression 10 B N/A
47 EQS Compression 10 C N/A
48 EQS Compression 10 D N/A
49 EQS Compression 10 E N/A
50 EQS Compression 20 A N/A
51 EQS Compression 20 B N/A
52 EQS Compression 20 C N/A
53 EQS Compression 20 D N/A
54 EQS Compression 20 E N/A
55 EQS Pushover 5 A 0.05
56 EQS Pushover 5 A 0.1
57 EQS Pushover 5 A 0.2
58 EQS Pushover 5 A 0.3
59 EQS Pushover 5 A 0.4
60 EQS Pushover 5 A 1.79
61 EQS Pushover 5 A 4.47
62 EQS Pushover 5 A 7.15
63 EQS Pushover 10 A 0.05
64 EQS Pushover 10 A 0.1
65 EQS Pushover 10 A 0.2
66 EQS Pushover 10 A 0.3
67 EQS Pushover 10 A 0.4
68 EQS Pushover 10 A 1.79
69 EQS Pushover 10 A 4.47
70 EQS Pushover 10 A 7.15
71 EQS Pushover 20 A 0.05
72 EQS Pushover 20 A 0.1
73 EQS Pushover 20 A 0.2
74 EQS Pushover 20 A 0.3
75 EQS Pushover 20 A 0.4
76 EQS Pushover 20 A 1.79
77 EQS Pushover 20 A 4.47
78 EQS Pushover 20 A 7.15
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. . . Material Strength | Overbearing Stresy
Test Number Design Test Type Joint Thicknesg Combination (MPa)

79 RAN Compression 5 A N/A
80 RAN Compression 5 B N/A
81 RAN Compression 5 C N/A
82 RAN Compression 5 D N/A
83 RAN Compression 5 E N/A
84 RAN Compression 10 A N/A
85 RAN Compression 10 B N/A
86 RAN Compression 10 C N/A
87 RAN Compression 10 D N/A
88 RAN Compression 10 E N/A
89 RAN Compression 20 A N/A
90 RAN Compression 20 B N/A
91 RAN Compression 20 C N/A
92 RAN Compression 20 D N/A
93 RAN Compression 20 E N/A
94 RAN Pushover 5 A 0.05
95 RAN Pushover 5 A 0.1

96 RAN Pushover 5 A 0.2

97 RAN Pushover 5 A 0.3

98 RAN Pushover 5 A 0.4

99 RAN Pushover 5 A 1.79
100 RAN Pushover 5 A 4.47
101 RAN Pushover 5 A 7.15
102 RAN Pushover 10 A 0.05
103 RAN Pushover 10 A 0.1

104 RAN Pushover 10 A 0.2

105 RAN Pushover 10 A 0.3

106 RAN Pushover 10 A 0.4

107 RAN Pushover 10 A 1.79
108 RAN Pushover 10 A 4.47
109 RAN Pushover 10 A 7.15
110 RAN Pushover 20 A 0.05
111 RAN Pushover 20 A 0.1

112 RAN Pushover 20 A 0.2

113 RAN Pushover 20 A 0.3

114 RAN Pushover 20 A 0.4

115 RAN Pushover 20 A 1.79
116 RAN Pushover 20 A 4.47
117 RAN Pushover 20 A 7.15

The results of the investigation will be discussed in detail in the following chapters
focussing on compression (Chapter 5) and pushover results (Chapter 6). Predictive expressions

for stiffness and strength will be calibrated with the computationaltsasuChapter 7.
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Chapter 5

Results of the Direct Compression Study on URM Wallettes
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5.0Introduction

This chapter will discuss the results of direct compression simulated tests that were
conducted ori0unique wallette specimens developed in ATENA 3D. The main purpose of these
models is to illustrate through their differences, how the construction pattdrmortar to brick
ratio in the wall affect the equivalent homogenized stretgin response of masonry in uniaxial
compression. Another purpose is to produce adequate volume of numerical results in order to
calibrate the design equations providedvayious design codes around the world. Through this
correlation consistently derived, deformation and geometry dependent effective homogenized
material properties will be extracted for seismic assessment of complete URM structural systems.
A benefit of ths work is that it may enable understanding of the constitutive behavior of masonry,
supplement gaps in the laboratory test databases and illustrate the mechanistic behavior of masonry

at advanced levels of deformation.

5.1 Review of Specimens
The directcompression component of this finite element investigation includes all 10 of
the specimen patterns developed in Chapter 4 as shown in Bigjurelow.

SYM EQS RAN STONE

L1
\\:E\\\

I

Al ] PN I I R

Y Y Y Y

Figure 51: Wallette designs.

The nomenclature used to define the parametric variations of thienepeds as follows:
design namé& J1 mortar joint thickness in mm. For example, the name SYMJ10 is used to
represent the stadbond specimen with a global mortar joint thickness of 10 mm. This
nomenclature will be used when referring to all 10 of thdeital specimens. For the pushover
analyses the nomenclature will be modified and will incle@B- and the applied overbearing

stress to the end of the original name.
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5.2 Review of Loading Conditions

The collection of 10 analyses which will be discussed latiract compression tests. The
top surface of each specimen has been assigned a prescribed deformation of 35 mm in the negative
Z direction. This quantity of displacement is sufficient to compress the specimens until failure and

will be utilized throughat the investigation.

5.3SYM Results
Figure5-2 depicts the variations of the stacked bond wallettes obtained by varying the joint

thickness.

SYM (5 mm Joints) SYM (10 mm Joints) SYM (20 mm Joints)

z Z z

L L L

b Y b

Figure5-2: SYM specimens.

After conducting the compression analyses on the trio of SYM specimens, the results
ansvered the questions regarding the effects of altering the global mortar joint thickness. As was
discussed, the main difference between the three specimens was the mortar joint thickness and
since the exterior dimensions of the specimens were held conbangrying joint thicknesses
affected the ratios between masonry bricks to mortar in each specimen.F=gjnedow presents
the failure states for each of the three SYM specimens. The progression of failure for all three

specimens can be found in ApenB.
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Figure 5-3: [A] DeformedshapeSYMJ5U = 0. 0 0 3, {BPDeformédshapeSYMIIQU = 0. 00¥ 2 mm/ mn
[C] DeformedshapeSYMJ2QU = 0. 00343 mm/ mm

The failure states shown above present the condition of the wallette specimens at failure.
At failure it was observed that the mortar bed joints had failed and were completely crushed by
the surrounding masonry units. Furthermore, the head mortar jastsedrand propagated height
wise throughout the specimens causing a division between the two columns of bricks. Finally, the
commencement of bulging along the right edges observedThe bulging occurred along the
right edge because that surface of thecspen does not lie on an axis of symmetry unlike the left
edge. Overall, the level of damage suffered varies throughout each of the three specimens and the
level of damage increased as the mortar joints thickness increased. The computédssaess

diagramsare shownn Figure5-4.
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Summary of SYM Compressive Behaviour

25
21.26
20
—e—SYMJ5
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T —e—SYMJ10
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? 10 —e— MOE SYMJ5 (40% Secant)
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Z MOE SYMJ10 (40% Secant)

—e— MOE SYMJ20 (40% Secant)
(SYMJ5) y = 8143.6x + 285

(SYMJ10) y = 5721.4x + 8E6
(SYMJ20) y = 3306.9x

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Strain (mm/mm)

Figure 5-4: Summary of compression behaviour for SYM specimens.

When comparing the three specimens under compression, the results follow what was
expected based on the design of the specimen. As shown in bigui®YMJ5 has the highest
compressive strength of 21.26 MPa, followed by SYMJ10 with a compressive stoéddh 7
MPa and finally SYMJ20 with a compressive strength of 9.00 MPa. The total loss of compressive
strength starting from SYMJ5 was a 28.36% deduction when increasing the mortar joints from 5
mm to 10 mm which corresponds to a 3% increase in mortar @&he compressive strength is
further reduced by 40.67% when increasing the joint thicknesses from 10 mm to 20 mm which is
a percent increase in area of 7%. What this data determines is that each 1 mm increase in the global
mortar joint thickness reducése compressive strength as shown in Figuéebelow.

The modulus of elasticity was calculated for each of the three specimens by computed the
slope of a secant between 0% and 40% of the peak compressive strength as shown above in Figure
5-4. The resultig values were 8143.6 MPa for SYMJ5, 5721.4 MPa for SYMJ10 and 3306.9 MPa
for SYMJ20. The modulus of elasticity was also computed using a second method recommended
by CSA D.4.6 which is to take the slope of the secant between points 5% and 33% of the
compessive strength as shown in Figbr below(CSA, 2010)
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Summary of SYM Compressive Behaviour (MOE 5%- 33%

Method)

25
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(SYMJ5) y = 8143.6x
(SYMJ10) y = 5915.9x + 0.0886
(SYMJ20) y = 3306.9x

0 0.002 0.004 0.006 0.008
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Figure 5-5: Summary of compression behaviour for SYM specifMOE 5%33% Method)

Using the second method, the computed values for the modulus of elasticity were 8143.6
MPa for SYMJ5, 5915.9 MPa for SYMJ10 and 3306.9 MPa for 33M For the purpose of
seismic assessment, the values were reduced by 50%.

Figure5-6 below presents the relationship between the global mortar joint thickness and
the compressive strength of the specimen.

Effects of Altering Joint Thickness on Compressive
Strength (SYM)

E_U\ 25
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o y =-0.7887x + 24.345
S o

E o 5 10 15 20 25

O

Mortar Joint Thickness (mm)

Figure 5-6: Relationship between Mortar Joithickness and Compressive Stren@iM)

Figure5-6 above presents the relationship between the global mortar joint thickness and
the compressive strength of the specimen. The relationship was plotted for the three SYM
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specimens and a linear relationskps assumed to define a trendline for the data. Using the
trendline equation y =0.7887x + 24.38, each 1 mm increase in the global mortar joint thickness
causes approximately a 0.7887 MPa or 3.86% reduction in compressive strength. Although the
performance improved as the mortar joint thickness decreased, the results should not be interpreted
as it is more beneficial to reduce the thickness even further than 5 mm, as the thicknesses would

begin to fall outside of the minimum values for many of the desigies.

5.4EQS Results
The second set of specimens analyzed was the equivalently staggered (EQS) set. The EQS
design utilizes an arrangement which is common to modern day brick construction, which has each

head mortar joint above and below the center ohaanry brick as shown in Figube7 below.

EQS (5 mm Joints) EQS (10 mm Joints) EQS (20 mm Joints)

z z z

fa L L

.Y Y Y

Figure 5-7: EQS Specimens.

The EQS design was tested using 5 mm, 10 mm, and 20 mm joints as was done in the SYM
portion of the investigation. The conclusion of the EQS analyses brought answers to the
speculabn regarding trends within the behaviour of the group of specimens. Figuelbw
presents the failure states for each of the three SYM specimens. The progression of failure for all

three specimens can be found in Appendix B.
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Figure 5-8: [ A] Deformead-shapeEQSJSU = 0. 0 0 4, $BpDeformédshapeEQSIIQU = 0. 00485
mm/mn), [C] DeformedshapeEQSJ2QU = 0. 00582 mm/ mm

The Figure above presents the state of each of the three specimens at failure. The main
observations are that the masonry bricks located on the courses with two full bricks were
completely severed at the center which is where the head joints lie abobelandspecifically
in the EQSJ20 model. These cracks occurred since the mortar has a lower compressive strength.
Therefore, the prescribed deformation causes the mortar joints to displace more than the bricks,
causing significant stress to the center eflthicks which lie below a head joint along the line of
the two head joints in the top course of the specimen. It was originally expected that the EQS
specimens with lower global joint thicknesses would have a higher compressive strength than the
specimensvith thicker mortar joints. As shown in Figused below, the speculation was true and

EQSS5 did have the highest compressive strength of the three specimens.
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Summary of EQS Compressive Behaviour
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Figure 5-9: Summary of compression behaviour for EQS specimens.

As shown above, EQSJ5 performed the best under compression with a strength of 21.26
MPa. The thicker jointed specimens did not perform as well with EQSJ10 having a compressive
strength of 13.58 MPa and EQSJ20 with 11.82 MPa. Overall, increasing the tmickiaess did
affect the outcome of the analysis. Increasing the global joint thickness from 5 mm to 10 mm
decreased the observed compressive strength by 36.12%. The compressive strength was further
reduced when increasing the global joint thickness fromdn to 20 mm, which caused a strength
decrease of 12.96%.

The modulus of elasticity was also computed for each of the three specimens first using
the slope of the secant through 0% and 40% of the peak compressive strength of each specimen.
The resultanvalues were 8208 MPa for EQSJ5, 5406.9 MPa for EQSJ10, and 4268.4 MPa for
EQSJ20. The modulus of elasticity was also computed using thgé3%8amethod as shown in

Figure 510 below.
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Summary of EQS Compressive Behaviour (MOE 5% 33%

Method)
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Figure 5-10: Summary of compression behaviour E§pSspecimen$MOE 5%33% Method)

As shown above, the modulus of elasticity was also computed for each specimen using the
second method. The resultant values were 9001.9 MPa for EQSJ5, 5457.1 MPa for EQSJ10, and
4428.9 MPa for EQSJ20. The values differed from the first methrae the secants are being
drawn between different points therefore causing the slope to change.3-iduteelow presents
the relationship between the mortar joints thickness and the decreasing compressive strength.

Effects of Altering Joint Thickness on Compressive
Strength (EQS)
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Figure 5-11: Relationship betweeklortar Joint Thickness and Compressive Strength (EQS).
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Figure 5-11 presents the relationship between the mortar joints thickness and the
decreasing compressive strength. To compute intermediate values a linear relationship was
assumed to produce the trénd formula y =-0.5646x + 22.14. Using said formula, it was
determined that each 1 mm increase in the global mortar joint thickness caused approximately a
0.5646 MPa or 2.92% decrease in the compressive strength of the specimen. This trend is for the
assimed linear relationship assigned for the data set. It should be noted that the rate that the
compressive strength decreased was significantly higher from 5 mm to 10 mm then from 10 mm

to 20 mm.

5.5RAN Results

The final set of specimens analyzed of thed¢horiginal designs was the RAN group. The
RAN design as mentioned utilizes no set pattern or arrangement and places the bricks as random
as possible within the specimen as shown in Figtk2 below.

RAN (5 mm Joints) RAN (10 mm Joints) RAN (20 mm Joints)

Z Z Z

L L L

Y Y Y

Figure 5-12: RAN Specimens.

This design is more aliggd to common historic practices and promotes unpredictable load
patterns and distribution unlike the SYM and EQS specimens. The only portion of the design that
is not random is the height of the courses which were held constant throughout. On average each
of the three RAN specimens contains a higher percentage of mortar than the EQS and SYM
specimens at each of the three mortar thicknesses. Given the unpredictable load patterns and high
guantities of mortar, it is expected that the RAN specimens will loaver compressive strengths
than the other two designs. The failure states of the three RAN specimens are shown in Figure 5

13 below. The progression of failure for all three specimens can be found in Appendix B.
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Figure 5-13: [A] DeformedshapeRANJ5(U = 0. 0 0 3,2BBDeformédshapeRANJIOU = 0. 00269
mm/mn), [C] DeformedshapeRANJ200 = 0. 00269 mm/ mm

At the end of the analysis severe opening occurred along the head joints, however, less
damage was observed throughting masonry bricks as the mortar joints thickness increased. The
bricks experience less damage due to the large quantity of mortar within the specimen. Since the
mortar is significantly weaker than the masonry bricks, it undergoes the greater part of the
deformation throughout the specimen therefore causing the mortar to experience increased levels
of damage.

The results of the RAN analyses showed two different trends than what was observed with
the EQS and SYM results. The first difference was the reltipnbetween the mortar joints
thickness and the compressive strength. In the previous two designs the compressive strength
decreased as the mortar joints thickness increased, however, as shown iB-Egthes did not

occur in the RAN analyses.
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Summary of RAN Compressive Behaviour
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Figure 5-14: Summary of compression behaviour for RAN specimens.

The strongest of the three RAN specimens in compression was RANJ10 which had a
compressive strength of 2.178 MPa, then followed by RANJ5 which had a compressive strength
of 1.332 MPa, and fingl RANJ20 which had a compressive strength of 0.843 MPa. The ordering
in performance differs and instead of decreasing, the compressive strength initially increases by
63.91% when increasing the mortar joints thickness from 5 mm to 10 mm. The compressive
strength then decreases by 62.48% when increasing the mortar joints thickness from 10 mm to 20
mm.

The modulus of elasticity was also computed for the RAN specimens. Using the 40%
secant method the resulting values were 557.8 MPa for RANJ5, 1508MRANJ10, and 800
MPa for RANJ20. The values were also computed using th@B%method as shown in Figure
5-15 below.
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Summary of RAN Compressive Behaviour (MOE 5%33% Secant

Method)
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Figure 5-15: Summary of compression behaviour for SYM speciiiM@E 5%33% Method)

Using the 5%33% secant method, the resultindues for the modulus of elasticity were
582.34 MPa for RANJ5, 1536.6 MPa for RANJ10, and 800 MPa for RANJ20.

Figure 516 below represents the effects alerting the mortar joints thickness had on the
peak compressive strength.

Effects of Altering Joint Thickness on Compressive
Strength (RAN)
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Figure 5-16: Relationship ktween Mortar Joint Thickness and Compressive Strength (RAN).
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As shown in Figuré-16, there is an increase in strength proceeded by a decrease as the
mortar joints reach a thickness of 20 mm. Assuming a linear relationship along the data set, the
overalltrend of the strength remains decreasing as the mortar joints thickness increases. Using the
formula y =-0.0487x + 2.011 from Figur®-16, it is estimated that each 1 mm increase in joint

thickness causes a 0.0487 MPa or 2.76% decrease in compressigthstr

5.6 STONE Results
The final compression analysis conducted in using the discussed loading conditions was
on the stone design. The stone design utilizes a historic design approach where the sizes of the

bricks vary both horizontally and vertically sisown in Figuré-17 below.
STONE

Y

Figure 5-17: Stone Specimen

In addition to the varying brick sizes, the mortar joint thicknesses also vary throughout.
This creates for complex load paths which could lead to significant cracking and a low compressive
strengh due to the arrangement of the mortar joints. The progression of the behaviour and the

computed stressstrain diagranare shownn Figures5-18 and5-19 below.

85



Z z

| L |
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Figure 5-19: Stress Strain diagram of STONE

During the early stages of the analysis, various head joints begin to crack and open causing
the bricks with the specimen to trartslahown by an axial strain of 0.000462 mm/mm in Figure
5-18 and the green marker in Fig&rd9. As the analysis progresses, the openings along the head
joints continue to open and cause significant cracking and separation along the height of the
specimenspecifically at along the center of the specimen commencing downwards from the top
surface as shown at an axial strain of 0.00277 mm/mm in FjdB2 These openings cause

significant damage and translation to the masonry bricks and cause the buigihgleferved
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along the right edge at an axial strain of 0.00277 mm/mm. The damage caused by the head joints
significantly reduced the strength of the specimen. At the peak represented by the red marker in
Figure5-19, the maximum displacement appliedhe structure was 1.8 mm which equals a total
load of 6.60 kN. The maximum load equals a 0.388 MPa compressive strength for the stone
specimen which is significantly lower than the other three designs.

The MOE was also computed using the 40% and 5% tos2®#nt methods for the stone
specimen. The 40% method provided a MOE of 245.75 MPa, whereas the 5% to 33% method
shown below in Figuré-20 provided a MOE of 245.72 MPa.

Stress vs Strain (DESTONE)

0.4

0.35

0.3

0.25

o
(V)

—&— Compression

—8— MOE (5%-33% Secant)
y = 254.72x + 0.0004

0.15

Stress (MPa)

0.1

0.05

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Strain (mm/mm)

Figure 5-20: Stress Strain diagram of STONE (5%3% Secant Method)

The two MOE values were similar as the upper bound of both secants exceeded the elastic
limit, however, the 40% method provided a lower MOE since its upper bound exceeded the elastic
limit by 7% more than the 5% to 33% method therefore decreasing theo$liy@esecant.

5.7 Conclusions
After conducting all of the analyses on the 4 designs, it was determined that the designs
with a set arrangement such as SYM and EQS performed better than the designs which replicated
historic principles such as RAN and STONEgure 5-21 below compares the compressive
behaviour of the 10 mm versions of each design.
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Comparing the Compressive Strength of the Wallette Designs
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Figure 5-21: Comparing the compressive behaviour of each design.

Overall, theSYM design outperformed all the remaining designs with a compressive
strength ofl5.17MPa, followed byEQSJ10 that had a strength ©8.58 The performance drop
between the designs with assigned arrangements and the historic desi§b8wdsomEQSI10
to RANJ10 which had a strength of 2.18 MPa. The strength further decrease@¥#yt82he
STONE design which had a strength of 0.388 MPa. The data highlights the importance of the

arrangement of head joints which is crucial to the performance of a wallette.
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Chapter 6

Results of the Pushover Study on Wall8fiecimens
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6.0 Introduction

The second phase of the finite element modelling investigation involved analysing the 10
wallette specimens under increasing lateral displaceomtihtailure. The following chapter will
discuss the results obtained and the resulting resistance curess; glovide the basis for
calculation of the effective elastic modulus for lateral deformation of the composite masonry. In
the investigation a series of parametric studies on the effects of changes to the specimen design,
including brick arrangement, martjoint thickness and overbearing axial load were considered.
Please note that Figures displaying the intermediate behaviour during each pushover analysis can
be found in Appendix A.

6.1 Review of Loading Conditions

To push the specimen laterally, a totaBahm of prescribed deformation was applied as
a point load at the center of the steel plate in the positive Y direction. The displacements were
applied at a point to allow the displacement and reactions to be calculated from the monitoring
point at the lgation of loading. The overbearing stress (OB) was applied as forces on the top
surface corresponding to the normal compressive stress magnitudes shown inILablell,

eight different axial stress values were considered on each specimen as shalbta 61 below.

Table6-1: Summary obverbearing stress and values and suppressed conditions.

Test # | Overbearing Stress (MPa)| Suppressed Conditions
1 0.05 N/A
2 0.1 N/A
3 0.2 N/A
4 0.3 N/A
5 0.4 N/A
6 1.79 Sliding
7 4.47 Sliding
8 7.15 Sliding

It should be noted that the sliding mechanism of behavior was not suppressed for all eight
OB values but only for Tests 6 through 8. This was done to see how axial precompression affects

specifically the failure mechanism.
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6.2SYM Results

The SYM design contains on average the highest brick to mortar ratio among the designs
which creates the expectation that SYM specimens would outperform the others under lateral
loads. It is anticipated however, that the arrangement of the head joints will dofailagwith
increasing lateral displacement, eventually separating the stacked masonry wall into independent
and nonrinteracting columns.

6.2.1SYMJ5

SYMJ5 is designed with a global joint thickness of 5 mm, meaning it has the highest
percentage of bricks among the three SYM specimens. Therefore, it is expected that it would have
the highest shear strength of the SYM specimens. The first set of araigdested were Tests 1
through 5 which involved OB values ranging from 0.05 MPa to 0.4 MPa. The final failure state of

each of the 5 analyses is depicted in Figuleb@low.

Figure 6-1: [ A] Failure state SYMJ$0.05MPA), [B] Failure stateSYMJ5(0.1 MPa), [C] Failure state SYMJ%0.2
MPa), [D] Failure state SYMJ%0.3MPa), [E] Failure state SYMJ%0.4 MPa)
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As shown in Figure 4 above, the failure patterns for the SYMJ5 specimens vary as the
overbearing stress applied increases. Througtiwl five tests two main failure patterns are
observed. For Tests 1 and 2 with overbearing stresses of 0.05 MPa and 0.1 respectively, the damage
is focused on the bed joint which connects the two courses of bricks at the bottom of the specimen
as well aghe head joint on the bottom course. The upper 5 courses are rotating about the rightmost
edge of the cracked bed joint, with no other damage present to the bricks or mortar joints. As the
applied overbearing stress increases from Tests 3 to 5, thedaak@e@redominantly caused by
shear deformation of the lower course bricks. The performance of the five tests varied and the
results were dependent on the value of overbearing stress. The summary of pushover resistance

curvesis depicted in Figure-@ belaw.
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Figure 6-2: SYMJ5 Pushover Curves Test5 1

As shown in Figure 2 above, the tests which incorporated higher values of overbearing
stress attained higher shear strengths during the pushover analyses. The highest shear stress
observed was 0.0504 MR&ad occurred at an overbearing stress of 0.4 MPa. The lowest lateral
load observed was 0.0175 MPa and occurred at an overbearing stress of 0.05 MPa. Overall, the
trend of the results indicate that the shear strength is directly proportional to the arfhount o

overbearing stress applied to the specimen.

92



For the final three tests, labelled 6 to 8, the sliding action was suppressed by higher
compressive stresses so as to ensure that the entirety of the specimen is engaged by eliminating
tension stress craclgrin the bed joints, and sliding does not dominate the behaviour. The failure
states of Tests 6 through 8 of SYMJ5 are shown in Figidreéélow.

z z

L. | |

Figure 6-3: [ A] Failure state SYMJ5 (1.79 MPa)B] Failure state SYMJ5 (4.47 MPa)C] Failure state SWIJ5
(7.15 MPa)

As shown in Figure 8, the failure states of Tests 6 through 8 differed greatly from Tests
1 through 5 due to the suppression of shear deformation in the lower course and sliding of the bed
joint directly above. In Tests 6 through 8 toagiring is the dominant mode of failure on account
of the overturning action caused by the lateral forces. In addition to crushing, it can be observed
that vertical sliding occurs along the head joint which spans the height of the specimen. The sliding
increases as the applied overbearing stress increases. The sliding along the head joint occurs as the
flexural resistance created by the applied overbearing stress limits the overturning action therefore
causing internal dislocation in the specimen.

Overall,it was found that the performance and lateral capacity of the specimens increased
as the overbearing stress increased as shown in Figube®w.
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Figure 6-4: SYMJ5 Pushover Curves Test8 6

As described the overbearing stress plays an essetiah the lateral performance of an
unreinforced wall. In Figure-8 above, the peak lateral capacity increased as the overbearing stress
increased. Test 8 resulted in the highest shear strength of 1.01 MPa, followed by Test 7 with 0.862
MPa and lastly Tés6 with 0.393 MPa. Therefore, the results underscore the direct relationship

between lateral capacity and overbearing strength.

6.2.2SYMJ10

The second set of tests conducted was on the SYMJ10 specimen. This specimen utilizes
10 mm mortar joints throughout and has the second highest fraction of mortar joints among the
SYM specimens. With the added mortar material which is an area of increaspliance, it is
expected that SYMJ10 will have a lower lateral capacity at each of the 8 values of overbearing

stress. The failure states of Tests 1 througheSshownn Figure 65 below.
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Figure 6-5: [ A] Failure state SYMJ1(0.05MPA), [B] Failure state SYMJ1(0.1 MPa), [C] Failure state SYMJ10
(0.2 MPa), D] Failure state SYMJ1(0.3MPa), [E] Failure state SYMJ1(0.4 MPa)

For Tests 1 and 2 a similar crack has opened along the bed joint which connects the bottom
2 courses as well as thead joint along the bottom course. The top 5 courses are overturning at
the toe of the bed joint crack. For Tests 3 to 5, sliding is occurring with increasing cracking within
the mortar joints as the overbearing stress increases. The lateral respdestsfarto 5 is shown

in Figure 66 below.
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SYMJ10 Pushover Tests 15
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Figure 6-6: SYMJ10 Pushover Curves Tests 1

The lateral behaviour of SYMJ10 follows similar trends regarding the relationship between
shear strength and overbearing stress. For Tests 1 to 5 as shown enG6gaiove, the peak
lateral capacity increases as the applied overbearing stress increases. The relationship holds true
except for an applied overbearing stress of 0.4 MPa which reached a lower shear strength (=0.0348
MPa) as compared to the case witB ®Pa axial stress (shear strength = 0.0402 MPa). The
reduction could be a result of the specimen surpassing its compressive strength limit under the
proposed boundary conditions which allow for the sliding behaviour. The failure states of SYMJ10

Tests 50 8 are shown in Figure Bbelow.
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Figure 6-7: [ A] Failure state SYMJ10 (1.79 MPaR] Failure state SYMJ10 (4.47 MPa)] Failure state SYMJ10
(7.15 MPa)

As shownabove, crushing at the toe of the specimen is common to all three tests as the
speamen is resisting overturning at the toe due to the applied lateral forces. Furthermore, the upper
5 courses of bricks are being pushed laterally, but as the overbearing stress increases, sliding begins
to occur along the head joint which spans the hagttie specimens. The severity of the sliding
increases as the overbearing stress increases from Tests 6 to 8. The lateral resistance curves of the
Tests 68 are shown in Figure-8 below.
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Figure 6-8: SYMJ10 Pushover Curves Test8 6
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Figure 68 above pesents the lateral pushover curves for Tests 5 through 8 of SYMJ10.
The graph shows that the peak shear strength of the SYMJ10 specimen increases as the applied
overbearing stress increases. The peak shear strength starts at a value of 0.402 MPa for an
overbearing stress of 1.79 MPa. The strength then increases to 0.797 MPa for an overbearing stress
of 4.47 MPa. The shear strength finally reaches its maximum value of 0.893 MPa for an

overbearing stress of 7.15 MPa which was the highest value of overbstagsgyconsidered.

98



6.2.3SYMJ20

The final SYM specimen tested was SYMJ20 which contains a global mortar joint
thickness of 20 mm. With the largest percentage of mortar among the three SYM specimens, it is
expected that SYMJ20 will have the lowest shear strength after the concludiraii¢legan of
pushover analyses. The failure states and results of F&sighich allow for sliding to occur are
shown in Figure ® below.

z z I

| |4 | <

Figure 6-9: [ A] Failure state SYMJ20 (0.05 MPAR] Failure state SYMJ20 (0.1 MPa)C] Failure stateSYMJ20
(0.2 MPa), D] Failure state SYMJ20 (0.3 MPa)] Failure state SYMJ20 (0.4 MPa)

Throughout Tests 1 and ¢hown above in Figure-80, the failure state is primarly
dominated a large crack along the bed joint between the lower 2 courses of bricks. The remainder
of the specimen which lies above the bed joint is rotating about the toe of the joint leaving the
upper portion of the specimemdamaged. Furthermore, the head joint between the bricks on the
lowest course is opening as well. As the overbearing stress reaches the increased levels in Tests 3

through 5, the behaviour becomes dominated by sliding along the base of the specimen. This
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failure mechanism is common to Tests 3 through 5 where sliding is occuring with increased levels
of damage to the mortar joints common to the lower course of bricks. Figuré&ow presentes

the pushover curves for tests 1 through 5 of SYMJ20.

SYMJ20 Pushover Tests 15

0.05
0.045
0.04
& 0.035
=
% 0.03 —e— SYMJ20-OB-0.05
%]
2 0,025 SYMJ20-0B-0.1
N -OB-
= 0.02 SYMJ20-0B-0.2
@ SYMJ20-0B-0.3
&5 0.015
—8— SYMJ20-OB-0.4
0.01
0.005 l
0

0.000% 0.200% 0.400% 0.600% 0.800% 1.000% 1.200% 1.400% 1.600%
Drift Ratio (%)

Figure 6-10: SYMJ20 Pushover Curves TestS 1

As shown in Figure-4.0 above, the peak lateral capacity computed for SYMJ20 increased
as the applied axial overbearing stress increased. At an overbearing stress of 0.05 MPa the shear
strength was 0.0223 MPa. Thkear strength then increased to 0.03 MPa at an overbearing stress
of 0.1 MPa. The capacity continued to increase to 0.0382 MPa and 0.0418 MPa under overbearing
stresses of 0.2 MPa and 0.3 MPa respectively. The peak lateral capacity observed was 040455 MP
for an overbearing stress of 0.4 MPa. The results indicate a consistently increasing computed
lateral capacity and shear strength for SYMJ20 as the overbearing stress increases.

The final three tests run on SYMJ20 present altered failure statesshiglitigg action was
surpressed. The failure states for Tests 5 through 8 are shown in Figlitee®w; it is noted that
damage is now entirely concentrated within the mortar joints, whereas the brick units rotate

crushing the mortar sounding them witheatluring any form of toe crushing.
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Figure 6-11: [ A] Failure state SYMJ20 (1.79 MPaR] Failure state SYMJ20 (4.47 MPa)C] Failure state
SYMJ20 (7.15 MPa)

As shown in Figure 4.1, the behaviour of the specimens as they reach their failure point
differs significantly from Tests 1 through 5. At failure, Test 6 which incorporates an overbearing
stress of 1.79 MPa develops cracking along the head joint spanning the height of the specimen,
and rotation along the bed joint between courses 1 and 2. Awdhieearing stress increases in
Tests 7 and 8, upper courses of the specimen are engaged, and sliding is occurring along the main
head joint.

The lateral capacity computed for Tests 6 By showrin Figure 612 below.
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Figure 6-12: SYMJ20 Pushover@ves Tests-8
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As shownin Figure 612 the capacity of the SYMJ20 specimen increases as the applied
axial overbearing stress increases. At an overbearing stress of 1.79 MPa the computed shear
strength was 0.384 MPa. When the overbearing stress was increased to 4.47 MPagtrerstjigar
increased to 0.690 MPa. Finally, when the overbearing stress reached a peak value of 7.15 MPa,
the shear strength further increased to 0.694 MPa. The computed results show that the shear

strength is increasing consistently with the axial overbgastress.

6.2.4SYM Summary

Throughout the SYM pushover analyses, the two main objectives were to study the
relationship between shear strength and overbearing stress, as well as to obtain the characteristic
lateral load resistance curves for the wall eleisiefihe effect of the relative fraction of mortar
and brick units within the specimen on the computed shear strength was also of interest- Figure 6
13 below presents the interaction diagram of the three analyzed SYM specimens. Shear strength
values were amputed by dividing the peak lateral capacity for each of the analyses by the cross
sectional area of the XZ plane where the lateral load was applied which were then normalized with
the peak compressive strength for each specimen.

Normalized Shear Strength vs Overbearing Stress Interaction
Diagram (SYM)
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Figure 6-13: Summary o5YM Results (Pushover)
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The interaction diagram illustrates there a nonlinear dependence of shear strength on
overbearing stress: beyond a limit the material yields, and no further strength increase is possible.
Decreasing the global mortar joint thickn@éssreased the peak shear strength of the specimen.
However, when normalized it was found that thicker mortar joints translated to higher normalized
shear strength values. As shown in FigwE36for a global joint thickness of 10 mm the peak
normalized Bear strength was 0.238 MPa. When the global joint thickness was decreased to 5 mm
the peak normalized shear strength increased by 7.98% to 0.219 MPa. The results of the lateral
investigation on the collection of SYM specimens illustrate that walls waligraficant mortar

ratio are primarily controlled by the weaker mechanical properties of the mortar joints.

6.3EQS Results

The second set of lateral pushover analyses conducted was on the EQS specimens. Under
compression, the EQ&rformed second best of tremaining three patterns in performance due
to the lateral spacing of the head joints. Therefore, it is expected eh&QB specimens will

perform well under lateral loading.

6.3.1EQSJ5

The first set of EQS lateral analyses were conducted on the EQSJ5 specimen. This wallette
utilizes a global mortar joint thickness of 5 mm, meaning EQSJ5 has the highest percent area of
masomy bricks and the highest compressive strength from among the 3 EQS specimens. With the
higher compressive strength, it is expected that EQSJ5 will have the highest lateral capacity and

shear strength due to the higher levels of axial overbearing stcassstipport.
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Figure 6-14: [ A] Failure state EQSJ5 (0.05 MPAR] Failure state EQSJ5 (0.1 MPa)C] Failure state EQSJ5
(0.2 MPa), D] Failure state EQSJ5 (0.3 MPa)E] Failure state EQSJ5 (0.4 MPa)

Figure 614 above presents the failure staie$ests 1 through 5 of EQSJ5. In Tests 1 and
2 where the overbearing stress reaches a maximum of 0.1 MPa, cracking is occurring on the bed
joint between the lower two courses and the upper 5 courses are rotating about the toe of the
cracked bed joint. Athe overbearing stress increases in Tests 3 through 5, the main source of
failure is sliding along the heel of the specimen.

The lateral responses of EQSJ5 shown in Figui® ®elow, do not follow the trends
observed for the SYM specimens where latsta@ngth increased continuously with the applied

overbearing stress.
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EQSJ5 Pushover Tests 15
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Figure 6-15: EQSJ5 Pushover Curves Tests 1

The collection of lateral pushover curves for EQSJ5 shown above in Fidlretline
an alternate trend within the data. The lowest [seadar stress occurs at an overbearing stress of
0.05 MPa and equals 0.0182 MPa. At an overbearing stress of 0.1 MPa, the shear stress increases
to 0.0288 MPa. The shear stress then reaches its peak of 0.0392 MPa at an overbearing stress of
0.2 MPa. The gkar stress then decreases to values of 0.0350 MPa and 0.0293 MPa at overbearing
stress of 0.3 MPa and 0.4 MPa respectively. As the overbearing stress reaches the increased values

observedn Tests 6 through 8, different failure states are observed as anévgure 616 below.
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Figure 6-16: [ A] Failure state EQSJ5 (1.79 MPa)B[ Failure state EQSJ5 (4.47 MPa)C] Failure state EQSJ5
(7.15 MPa)

At failure, large cracks form at the toe of the specimen which increase in severity with the
overbearing sess. Cracking and rotation occurs along the head joint between the lower two
courses of masonry bricks. Finally, stair step cracking is observed with increased severity
throughout the final three tests. Stair step cracking serves as an indicator #miréhepecimen
is engaging in the lateral action. The lateral responses show a consistent trend in the relationship
between lateral capacity versus overbearing stress and is shown in Figubei®w.
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Figure 6-17: EQSJ5 Pushover Curves Test8 6
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As shown above, lateral strength and therefore shear resistance varies depending on the
guantity of overbearing stress applied to the specimen. The shear stress begins at a value of 0.397
MPa for an overbearing stress of 1.79 MPa; it increases to 0.887 M&daduerbearing stress of
4.47 MPa and reaches its peak value of 1.345 MPa at an overbearing stress of 7.15 MPa.

6.3.2EQSJ10

The second set of analyses were conducted on the EQSJ10 specimen. This specimen
utilizes a global mortar joint thickness of 10 mm. With the additional mortar in the specimen, it is
expected that the lateral capacity will decrease from the EQSJ5 results.

The failure states shown in FigurelB is consistent with the observations from the

previous set of EQS analyses.

z z z
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Figure 6-18: [ A] Failure state EQSJ10 (0.05 MPAR] Failure state EQSJ10 (0.1 MPa)C] Failure state EQSJ10
(0.2 MPa), D] Failure state EQSJ10 (0.3 MPa)E] Failure state EQSJ10 (0.4 MPa)
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The failure states shown above closely resemble the results of Tests 1 through 5 of EQSJ5.
Large cracking and rotation occurred along the bed joint between the lower two courses. As the
overbearingstress values reach the increased levels of Tests 3 to 5 the main source of failure
becomes sliding along the base of the specimen as was observed previously.

One main difference between the results of EQSJ10 and EQSJ5 is the trend of the peak
lateral @pacity. In previous analyses, the lateral capacity reached its peak at lower values of
overbearing stress and decreased as the overbearing stress increased. In this set of analyses a more

consistent trend is observed in the pushover curves shown in BidgA@rbelow.
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Figure 6-19: EQSJ10 Pushover Curves Tests 1

Lateral strength begins at an initial value of 0.0244 MPa at an overbearing stress of 0.05
MPa, increases to 0.0346 MPa at an overbearing stress of 0.1 MP whereas it reduces to 0.0344
MPa at aroverbearing stress value of 0.2 MPa. The shear stress increases further to 0.0371 MPa
at an overbearing stress value of 0.3 MPa reaching a peak value of 0.0408 MPa at an overbearing
stress of 0.4 MPa. In this set of analyses a more consistentatr@istbwn within the first five
tests between the lateral capacity and the overbearing stress.

As the overbearing stress increases to the levels analyzed in Tests 6 to 8, slightly different

failure states are observed and shown below in Fig2® 6
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Figure 6-20: [ A] Failure state EQSJ10 (1.79 MPaRB] Failure state EQSJ10 (4.47 MPa)] Failure state
EQSJ10 (7.15 MPa)

As shown in Figure €0, cracking and rotation is occurring along the bed joint between
the lower 2 courses. However, as the overbeatirggs increases, cracking is observed at the toe
of the cracked bed joint where the bricks from the adjacent layers are meeting. Throughout Tests
6 to 8 stair step cracking of increased intensity is also observed. The lateral capacity computed for
Tests 6o 8are shownn Figure 621 below.
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Figure 6-21: EQSJ10 Pushover Curves Test8 6
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As shown in Figure 21 above, the peak lateral capacity is increased as the overbearing
stress increases. To begin, at an overbearing stress value of 1.79 MPagthedodisear stress is
0.392 MPa. When the applied overbearing stress is increased to 4.47 MPa the computed shear
stress increases to 0.868 MPa. Finally, at a peak overbearing stress of 7.15 MPa, the computed
shear stress increased to 1.257 MPa. The refutiser confirm the directly proportional
relationship between the shear strength of a masonry wallette to the quantity of overbearing stress

applied.
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6.3.3EQSJ20

The final set of EQS analyses were conducted on the EQSJ20 specimen. This specimen
utilizes a global mortar joint thickness of 20 mm and therefore has the lowest percent area of
masonry bricks of the EQS specimens. This creates an expectation that EQIEba0enthe
lowest shear strength throughout the 8 tests. The failure states of Tests 1 thaoeigihn@wvrin
Figure 622 below.

7 7 z
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Figure 6-22: [ A] Failure state EQSJ20 (0.05 MPAR] Failure state EQSJ20 (0.1 MPa)C] Failure state EQSJ20
(0.2 MPa), D] Failure state EQSJ20 (0.3 MPa)g] Failure state EQSJ20 (0.4 MPa)

For this specimen, cracking is occurring along the bed joint connecting the lower 2 courses
with the upper portion of the specimen rotating about the toe of that joint. As the overbearing stress
increases to the valuesnsideredn Tests 3 to 5sliding failure is occurring.
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EQSJ20 Pushover Tests 15
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Figure 6-23: EQSJ20 Pushover Curves Tests 1

As shown in Figure 23 above, the lateral capacity does not increase consistently as the
overbearing stress increases. For values of overbearing stress at 0.05 MPa and 0.1 MRa the shea
stress increases from 0.0234 MPa to 0.0308 MPa. As the failure type changes to sliding failure
observed in Tests 3 to 5 the trend of the data changes. From Tests 3 to 5 the shear stress does not
consistently increase and in fact the peak shear stréx9%05 MPa occurs at an overbearing
stress of 0.3 MPa.

For Tests 6 to 8, more consistency is observed within the resuksofsin Figure 624
below, there is no shift in the failure state, instead the source of failure remains constant with

increasedntensity as the overbearing stress increases.
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Figure 6-24: [ A] Failure state EQSJ20 (1.79 MPaRB] Failure state EQSJ20 (4.47 MPa)] Failure state
EQSJ20 (7.15 MPa)

Throughout the final analyses similar damage types are occurring such astegiair
cracking, cracking and rotation about the first bed joint, and cracking at the toe of the specimen.
One observation is that the severity of the damage types is lower than the specimens with smaller
mortar joints as those specimens such as EQSJ5 hggdwdr lateral capacities therefore inducing
higher levels of damage onto the specimen. The lateral resistance curves for8astssBown

below in Figure 5.
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Figure 6-25: EQSJ20 Pushover Curves Test8 6
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As shown in Figure @5 above, the shearass of the EQSJ20 specimen increases as the
applied overbearing stress increases. At an overbearing stress value of 1.79 MPa the computed
capacity equals 0.377 MPa. The shear stress then increases to 0.801 MPa as the overbearing stress
is increased to 474 MPa. Finally, the peak shear stress observed is 1.133 MPa at the peak
overbearing stress considered being 7.15 MPa.

6.3.4EQS Summary

The EQS lateral analyses aimed to assess the implications of altering the global mortar
joint thickness and the applied olkeraring stress on the specimen. Throughout the investigation
the objective was to assess the implications the alterations had on the lateral capacity and therefore
shear strength of the specimen and compare the trends in the EQS results and compatk them wi
the results of the SYM analyses. From the SYM analyses it was found that a directly proportional
relationship exists between shear strength and lateral capacity with overbearing stress. It was also
found that there exists an inversely proportional i@tahip between shear strength and the global
mortar joint thickness. FigureZ below presents the final summary and normalized interaction
diagrams for the EQS analyses which is used to validate the trends found in the results.
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Figure 6-26: Summary 6EQS Results (Pushover)
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Throughout the individual EQS analyses it was discovered that as the overbearing stress
increases the lateral capacity and therefore shear strength increases. However, when normalized
with the peak compressive strength as shoviigare 626 above, it can be observed that the that
thicker mortar joints translated to higher normalized shear strengths as was observed with the SYM
specimens. Therefore, after concluding the EQS analyses, the same two trends initially found in

the SYMresults remain true throughout the EQS data.

6.4 RAN Results

The next portion of the lateral investigation was on the collection of RAN specimens. As
previously discussed, the RAN design does not follow any patterns when organizing the
arrangement of the bricks in each course. The bricks are placed at random hbevéegghts of
the bricks are constant in each course. The RAN design therefore encompasses the inconsistencies
used in historic times. As observed in the compression results, the proximity of the head joints
created large cracks along the height of iecanen which lowered its compressive strength and

overall performance.

6.4.1RANJ5

To begin the investigation, the first specimen analyzed was RANJ5. Like the other two
wallette designs, the specimen with a global joint thickness of 5 mm typically has kesthig
performance due to the increased percentage of bricks within the area of the specimen. Therefore,
it is expected that RANJ5 will have the highest lateral capacity and shear strength of the RAN

specimens. Figure-B7 below presents the failure statéJests 1 to 5.
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Figure 6-27: [ A] Failure state RANJ5 (0.05 MPA)BJ Failure state RANJ5 (0.1 MPa)(] Failure state RANJ5
(0.2 MPa), D] Failure state RANJ5 (0.3 MPa)E] Failure state RANJ5 (0.4 MPa)

As shown above, the failure states remained constant throughout the five tests. Unlike the
previous results where a shift to sliding failure occurred, in this case the damage is localized along
the lowest bed joint between the lower two courses of masonry.

The performance of the specimen throughout the first five tests shows similar trends to the
previously discussed results. As shown below in Fige28,8he peak lateral capacity changed as

the applied axial overbearing stress increased.
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RANJ5 Pushover Tests £ 5
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Figure 6-28: RANJ5 Pushover Curves Tests 1

Shown above, the peak lateral capacity was at its minimum value of 0.0202 MPa at an
overbearing stress of 0.05 MPa. As the overbearing stress increased to 0.1 MPa the shear stress
also increased to 0.0275 MPa. From Té&ste 5 the trend shifted. Although the failure states
remained constant throughout, the peak shear stress increased to values of 0.0388 MPa and 0.0418
MPa at overbearing stress values of 0.2 MPa and 0.3 MPa respectively before decreasing to 0.0346
MPa at he peak overbearing stress of 0.4 MPa.

In Tests 6 to 8 where the sliding was supressed, more distinguishable changes were
observed throughout the failure states shown below in Fig@ge 6
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Figure 6-29: [ A] Failure state RANJ5 (1.79 MPa)BJ Failure state RANJ5 (4.47 MPa)C] Failure state RANJ5
(7.15 MPa)

Throughout Tests 6 to 8, the damage in mainly focused on the lowest bed joint between
courses 1 and 2. Along that joint a large crack is opening, and the toe serves as the point of rotation
for the upper 5 courses. In addition, as the overbearing stress increases throughout the three tests,
the stair step cracking increases, and spreads throughout the specimen indicating the increased
engagement as the overbearing stress increases. The kEdpaaiges of Tests 6 t@aBshownin
Figure 630 below.
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Figure 6-30: RANJ5 Pushover Curves Test8 6
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As shown in Figure 30 above, the peak lateral capacity of the specimen increased as the
applied overbearing stress increased. For an overbearing stress value of 1.79 MPa, the observed
shear stress was 0.402 MPa. When the overbearing stress increagd@dMii’d the shear stress
also increased to 0.891 MPa. Finally, at the highest value of overbearing stress 7.15 MPa, the shear

stress reached its peak of 1.313 MPa.

6.4.2RANJ10

The next specimen analyzed was RANJ10. This specimen utilizes a global mortar joint
thickness of 10 mm and therefore contains a lower percent area of masonry bricks than the
previously discussed RANJ5. Therefore, it is expected that the lateral capacity and shear strength
of RANJ10 will be lower than what was observed with RANJS5. THarfastates of Tests 1 to 5
are shownn Figure 631 below.
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Figure 6-31: [ A] Failure state RANJ10 (0.05 MPARB] Failure state RANJ10 (0.1 MPa)C] Failure state
RANJ10 (0.2 MPa),0] Failure state RANJ10 (0.3 MPa)E] Failure state RANJ10 (0.4 MPa)

As shown in Figure-@1 above, the failure states throughout the first 5 Tests did not differ
greatly,and the damage was mainly focused along the lowest bed joint between the lower two
courses of masonry. For the RAN design notshifailure source was found like the transition to
sliding failure found in the EQS and SYM results.

The lateral capacity results were consistent with the directly proportional trends found
throughout the finite element investigation. As shown belowigure 632, the lateral capacity

consistently increased as the applied axial overbearing stress increased.
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RANJ10 Pushover Tests 15
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Figure 6-32: RANJ10 Pushover Curves Test5 1

From Test 1 which utilized an axial overbearing stress of 0.05 MPa, the peak lateral
capacity ofthe specimen was found to be 0.0281 MPa. As the overbearing was increased to 0.1
MPa in Test 2, the peak shear stress increased to 0.0357 MPa. For the final three tests the shear
stress continued to increase consistently as the overbearing stress veaedtdrer the final three
tests the shear stress continued to increase to values of 0.0473 MPa, 0.0547 MPa, and 0.0565 MPa.
Next, Tests 6 to 8 were conducted and the failure states from those aaatyskewrin Figure
6-33 below.

Figure 6-33: [A] Failure state RANJ10 (1.79 MPaR] Failure state RANJ10 (4.47 MPa)C] Failure state
RANJ10 (7.15 MPa)
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For RANJ10 more damage was observed at the toe of the bed joint between the lower two
courses of masonry, specifically in Test 8 whereaherbearing stress was equal to 7.15 MPa.

The lateral resistance curves for Test &e shown in Figure-84 below.

RANJ10 Pushover Tests 6 8

1.4

1.2
S
=3
© 0.8
j —8—RANJ10-OB-1.79
[9p]
- 0.6 —e—RANJ10-OB-4.47
204 —e—RANJ10-OB-7.15
U) .

0.2

0
0.0% 0.1% 0.2% 0.3% 0.4% 0.5% 0.6% 0.7%

Drift Ratio (%)
Figure 6-34: RANJ10 Pushover Curves Test8 6

As has been consistent throughout this investigation, Tests 6 to 8 while sliding ifailure
suppressed has resulted in a directly proportional trend between peak shear stress and overbearing
stress. In the pushover curves for RANJ10 shown in Figi3# &bove the same trend is present.

At an overbearing stress value of 1.79 MPa, the peak slrems is equal to 0.399 MPa. At
increased overbearing stress values of 4.47 MPa and 7.15 MPa, the peak shear stress also increased

to values of 0.867 MPa and 1.257 MPa respectively.
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6.4.3RANJ20
The final stage of the RAN investigation involved theNRIRO specimen. This specimen
utilized the largest global mortar joint thickness equal top 20 mm and therefore has the lowest

percent area of masonry bricks amongst the 3 RAN specimens. The failure states of the first five
testsare shownn Figure 635 bebw.
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Figure 6-35: [ A] Failure state RANJ20 (0.05 MPA] Failure state RANJ20 (0.1 MPa)C] Failure state
RANJ20 (0.2 MPa),] Failure state RANJ20 (0.3 MPa)E] Failure state RANJ20 (0.4 MPa)

For Tests 1 to 3 the damage is focused at thesiblel joint between the lowest 2 courses
of masonry. During Tests 4 and 5 the failure state changed, and the damage is focused at the heel

of the specimen where large cracks and openings are occurring surrounding the leftmost brick on
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the bottom two coues of the specimen. The differences observed throughout the failure states

was also reflected in the pushover curves which are shown below in Figére 6
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Figure 6-36: RANJ20 Pushover Curves Test5 1

At the initial overbearing stress value of 0MPa, the initial peak shear stress is 0.0298
MPa. In Test 2 at an overbearing stress value of 0.1 MPa, the peak shear stress increases to 0.0389
MPa. For Tests 3 to 5 the peak shear stress does increase consistently but by small margins
compared to previaly discussed specimens. For the final three tests which utilized overbearing
stresses of 0.2 MPa, 0.3 MPa, and 0.4 MPa, the recorded peak shear stresses were 0.0536 MPa,
0.0546 MPa, and 0.0552 MPa respectively. Therefore, while the directly proporélatianship
between shear strength with overbearing stress was held true, the impact of increasing the
overbearing stress was minimized which was likely caused by the change in failure states
throughout Tests 3 to 5.

For the increased values of overbegratress considered in Tests 6 to 8, the failure states
were consistent and did not change as was observed in Tests 1 to 5. The failure states of Tests 6 to

8 are shownn Figure 637 below.
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Figure 6-37: [ A] Failure state RANJ20 (1.79 MPa)B] Failure state RANJ20 (4.47 MPak] Failure state
RANJ20 (7.15 MPa)

Throughout each of the three failure states cracking is occurred along the bed joint between
the lowest 2 courses and the upper courses of the specimen rotated about the toe of ltne joint
addition, stair step cracking occurred throughout the upper portion of the specimen and the severity
of the stair step cracks increased throughout Tests 6 to 8.

The lateral pushover curves presented in Figu8 ®elow further confirmed the data

relationship discussed throughout this chapter.

RANJ20 Pushover Tests 6 8
0.9

0.8
~ 0.7
0.6

0.5 —8—RANJ20-OB-1.79

0.4 —e— RANJ20-OB-4.47
0.3 —e—RANJ20-OB-7.15

Shear Stress (MPa

0.2
0.1

0
0.0% 0.1% 0.2% 0.3% 0.4% 0.5% 0.6%

Drift Ratio (%)
Figure 6-38: RANJ20 Pushover Curves Test8 6
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The pushover curves presented in Figur886verify that the directly proportional
relationship between shear stress with applied overbearing stress is fRANE20. At an initial
overbearing stress value of 1.79 MPa the peak shear stress was found to be 0.382 MPa. In Test 7
where the overbearing stress was equal to 4.47 MPa, the peak shear stress was equal to 0.778 MPa.
Finally, in Test 8 where the peak vahfeverbearing stress 7.15 MPa was applied to the specimen,

the peak shear stress increased to 0.838 MPa.

6.4.4RAN Summary

The RAN investigation was the final stage for the three initial designs which considered
alternate global mortar joint thicknesses.d.ike previous designs, it was found in the RAN results
that the directly proportional relationship between shear strength and overbearing stress is true and

can be verified in Figure-89 below.

(@]
c Normalized Shear Stress vs Overbearing Stress Interaction
e Diagram (RAN)
2 1.200
1.138
_ 1.000 0.851
@ P
© 0.800
< 0.838
P 0600 RANJ5
o —e—RANJ10
© 0.400
¢ RANJ20
"~ 0.200
@
€ 0.000
- 0 1 2 3 4 5 6 7 8
; Overbearing Stress (MPa)

Figure 6-39: Summary of RAN Results (Pushover)

The inteaction diagram shown in Figure3® above presents the effects increasing the
overbearing stress has on the shear strength for each of the RAN specimens. As shown above, for
each of the three curves the shear strength increases as the overbearing @ieelssoathe
specimens increases. For the normalized values of shear strength, it was found that the resultant

normalized shear decreased as the mortar joints thickness increased. The results therefore verify
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both the directly proportional relationship Wween shear strength and overbearing stress, and the

inversely proportional relationship between shear strength and the global mortar joint thickness.

6.5 STONE Results

The final portion of the pushover investigation done in ATENA 3D was on the STONE
design. A discussed in Chapter 3, the STONE design was created to reflect a historical stone
masonry layout. The design involves stones with varying shapes and orientations, varying mortar
joint thicknesses, and no axes of symmetry within the design. It mustidée that sliding was
suppressed for all 8 tests for the STONE investigation whereas for the other 3 designs sliding was
suppressed for only Testsi68. With complex arrangement of the bed and head joints, it is
expected that the specimen will be well ey under lateral loading especially at the higher
levels of overbearing stress considered in the later tests. The failure states of Tesits $hown
in Figure 640 below.
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Figure 6-40: [ A] Failure state STONE (0.05 MPAR] Failure state STONED.1 MPa), [C] Failure state STONE
(0.2 MPa), D] Failure state STONE (0.3 MPa)E] Failure state STONE (0.4 MPa)

The failure states for Tests B show similar patterns to what was observed in the previous
3 designs. Throughout the five tests one bed joint is the main area where the damage is occurring
with the upper portion of the specimen rotating about the ttheedfed joint. In this case the same
observations are had, but as the overbearing stress increased the cracking began to spread upwards
to the joints above the main bed joint. The results of the initial tests follow the same trends

observed previously arafte presented in Figured. below.

128



STONE Pushover Tests 1 5

0.12
0.1
<
[a R
S 0.08
e —e— PO-STONE-OBO0.05
(72]
£ 0.06 PO-STONE-OBO.1
@ PO-STONE-OBO0.2
® 0.04
% : PO-STONE-OBO0.3
—e— PO-STONE-OBO0.4
0.02

0
0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35%

Drift Ratio (%)
Figure 6-41: STONE Pushover Curves Test5 1

The pushover curves shown above display the lateral behaviour during the first five tests
in the STONE investigation. One of the main focuses of the results is to Vfeafglirectly
proportional relationship is present between lateral capacity and overbearing stress. As shown in
Figure 641 above, the relationship of interest is present and holds true. At the initial overbearing
stress value of 0.05 MPa, the computed sk&@ss was equal to 0.034 MPa. The shear stress
increased consistently as the overbearing stress increased until reaching the peak shear stress value
of 0.113 MPa at an overbearing stress of 0.4 MPa. The failure states of the Tests&&sb®vn
in Figure 642 below.
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Figure 6-42: [ A] Failure state STONE (1.79 MPa)B] Failure state STONE (4.47 MPa)C[ Failure state STONE
(7.15 MPa)

Throughout Tests & 8 the failure states remained consistent with no change in failure
mode, but rather an in@se in severity as the overbearing stress increased. An important
observation from the failure states is how majority of the specimens are engaged as the lateral
loading was applied. In the previous designs, stair step cracking did occur. HoweverTiOkie S
analyses the stair step cracking occurred throughout the specimen especially when the overbearing
stress reached the higher values considered in Tests 7 and 8.

The lateral pushover curves shown in Figu436below serve as the final indicator that
the directly proportional relationship between lateral capacity and therefore shear strength with

overbearing stress is true.
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Figure 6-43: STONE Pushover Curves Test8 6

As presented above, the peak lateral capacity increased consistently as tearimgerb
stress increased. At the initial overbearing stress value of 1.79 MPa, the computed shear stress was
equal to 0.374 MPa. Next when the overbearing stress was increased to 4.47 MPa, the shear stress
also increased to 0.772 MPa. Finally, at the peakh®aring stress value of 7.15 MPa, the shear
stress increased to its peak of 1.003 MPa. Therefore, since the shear stress continuously increased
as the overbearing stress increased, the relationship previously discussed between shear strength
and overbedng stress is true.

6.5.1 STONE Summary

The STONE investigation provided insight regarding the behaviour of historic masonry
due to the design of the wallette. Regarding the results the main difference between the previous
three designs is that the impact of altering the global mortar joirkngss was not considered
since the design did not use a global thickness. The interaction diagram shown in Fdure 6
below highlights the effects of increasing the overbearing stress on the shear strength of the

specimen.
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Normalized Shear Strength vs Overbearing Stress Interaction
Diagram (STONE)
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Figure 6-44: Summary of STONResults (Pushover)

From the STONE interaction diagram, it can be observed that the directly proportional
relationship between shear strength and overbearing stress is indeed present and is true.
Throughout the 8 tests the shear strength increased as/éhigearing stress increased until
reaching its peak normalized shear strength value of 1.610 MPa at an overbearing stress of 7.15
MPa.

6.6 Conclusions

The lateral pushover investigation was conducted to define a method to determine the shear
strength of a msonry wallette numerically using ATENA 3D. Using the four presented designs
an extensive collection of numerical cases was created where each design was tested under varying
loading conditions. In addition to assessing the numerical modelling capalfditieemputing
the shear strength of masonry, three main behavioural aspects were also studied. The first design
aspect as discussed was the design and layout of the bricks and mortar joints. Secondly, the impact
of changing the global mortar joint thiclseewas assessed. Finally, the effects of increasing the
overbearing stress applied axially to a specimen has on the computed peak shear strength was

assessed.
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Throughout the discussed results, it was found that as the thickness of the mortar joints is
increased, the peak shear strength of the specimen decreases. Throughout the EQS, SYM, and
RAN discussions, it was found that the 5 mm version of each design provided the highest shear
strength. This is caused by the increase in area of masonry bricks twérgpecimen. Since the
masonry bricks modelled have a higher compressive and tensile strength than the mortar used, as
the proportion of bricks increases so does the strength properties therefore increasing the
speci menobs p e obbeovedhmeughout thegpashowes iavestigation.

Overbearing stress plays a crucial role in the lateral capabilities of unreinforced masonry.
The stress which is applied axially to compress the specimen is needed to develop the flexural
strength needed to resist theobgd lateral loading. Throughout the investigation the importance
of overbearing stress was tested by considering 8 different values to see if the peak shear strength
increases. As was discussed above, the overbearing stress did play a crucial rolaténathe
performance. For example, in the STONE investigation from Test 6 to 8 the peak shear strength
increased by 168.2%. Therefore, it was determined that a directly proportional relationship exists
between shear strength and overbearing stress.

The final aspect studied was the effect of changing the design of the masonry. In the
compression it was found that the design plays a crucial role in the compressive strength of a
wallette and the same was found in the lateral investigation. In Figdfieb@lav the interaction
diagrams for the 10 mm specimens from the 3 main designs as well as the STONE interaction
diagram is presented.

Summary of Designs Normalized Interaction Diagrams
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& o4 STONE

g 0.2 P —e

g 0.0 il 0.238
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Figure 6-45; Collection of Interaction Diagrams (All Designs)
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As shown above, the design of the wallette specimens dicttrtipalateral performance.
The STONE specimen had the highest normalized shear strength with 1.610 MPa followed by the
RAN specimen with 0.851 MPa. Next, the EQS specimen had a 59.9% reduction in performance
and had a peak normalized shear strength @fl0N3Pa. Finally, the SYM design had a peak
normalized shear strength of 0.238 MPa which was 30.2% lower than the EQS specimen. Overall,
the design and layout of the masonry bricks and mortar joint is important to the performance. As
shown in the results albe, the significant reductions in normalized shear strengtBobserved
as the design of the specimens was altered. Therefore, the design and layout of masonry should be
considered as an essential factor when designing and analyzing any unreinforced masonry

structure.
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Chapter 7

Parametric Studies animpirical Comparisons
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7.0Introduction

In designing or analyzing masonrgll the material and geometric variablaffect the
performance. In previous chaptsmme basic parametessch as the global mortar joint thickness
and masonry brick layout were examined, and both were found to be crucialn@c¢hanical
performance. Another important aspect is the contribution of strength from the participating
materials within masonry. Taughout this chapter the strenggthd modulus of elasticity of
masonryasa product of two participating materials will be examined, tedsensitivity of the
estimatedvalueswill be examined based on the results obtained from the parametric studies on
masonry panels conducted in the preceding chapters.

Empirical equationdrave been assemblédsed on a variety of experiments from the
literature. Results obtained from these equations for the panel cases examined will be compared
in this chapter withhe objective to qualify their relevance in estimating homogenized values for

the key variables that are used in seismic analysis of complete structures.

7.1 Empirical Equations

In this investigation, various codes and standards and literature have lobeo shd five
empirical equations have been collected which will be used to correlate the results for the
homogenized compressive strength of masonry with the values obtained from the parametric

studies, as presented below.

- EC61-1, 3.6.1.2ACEN, 2005)
E 9K (vPa (7.1)
where,
E is the characteristic compressive strength of masdhiPa],
IF is the normalized mean compressive strength of a masonrjiiai,
l] is the compressive strength of masonry mdira], and
Lgjs a calibrated constant, taken as 0.45 from Table 3.3 from Euroc26el&2(6)
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KADET, 2017

o+ K- e B 7y (WPa)
where,

B uis the @mpressive strength afiasonry [MPa],

lleis thecompressive strength tiie masonry unit$MPa],

l] Lis the uniaxial compressive strength of mortar bed joifia],

(7.2)

I is a mefficient,thataccounts for stondressing, dken as 1.5MPa], andKis a factor

which accounts for the thickness of the mortar joiits ¥

g, L = 8 hf 8 OEKI 8 and
T

10 dis the volumeof mortarin the composite masonry volurie

T dis the reference volunef masonry

Tassios, 1992
L + B By 8 -0A

.
where,

l s the ompressive strength dfie masonry composite [MPa]
lleis the uniaxial compressive strengiof masonry unitfMPa]

l] Lis the uniaxial compressive strength of mortar bed joifisa]

Penelis & Penelis, 2020

1 - e > AlxMPa
where,
I wis thecompressive strength of a williPa]
lleis the uniaxiacompressive strength of masonry upisa]
I] Lis the uniaxiacompressive strength of mortar bed joifis*a]
b is a constantaken as 2.50 faoraturalstonework

/1is a constantaken as 0.50 for stonework

X&

137

(7.4)



- Brocker, 1961
4+ 8 I byivPd (7:9)

where,
"Q is the compressivstrength of a wallMPa]
lleis the uniaxiacompressive strength of masonry ufitda]

l] Lis the uniaxiacompressive strength of mortar bed joifisa]

In addition, two empirical equations were analyzed which are used to compute the effective
modulus of elasticity of masonry. The two equations were compared with the modulus of elasticity

valuesfrom the pushver analyses.

- Penelis & Penelis, 2020

P e MPal (7.6)
where,

1
+ <

> is the composite modulus of elasticity of masonry [MPa]
4 is equal to the thickness of the masonry bricks [mm]

<« is equalto the thickness of the mortar joints [mm]

4 is the modulus of elasticity of the masonry bricks [MPa]

o Is the modulus of elasticity of the mortar [MPa]

- CSA S304.104, 6.5.2 (CSA, 2010)

I g MPa] (7.7)
where,

o is the modulus of elasticity of masonry [MPa]

= is the compressive strengthrofisonry [MPa]

The above models were used to calculate the composite compressive strength of the

masonry panels for each modelling case considered, and results were plotted against the Finite
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Element Simulation Results. For the correlation to be successful, the estsrfatiom the above
models will need to meet the success criteria defined below:

1. Thecalculated valueshouldnot overestimate the simulation results

2. The parametric sensitivities of the empirical formulae should agree with those obtained

from the detailedimulation

7.2 Review of Compressive Strength Panels
The correlation study included the 10 stdses obtained from four designs shown in
Figure7-1.

—H
_I
=
T
z z z = .=
Al P T T TP

Figure 7-1: WallettePanel Designs.
7.3 Material Strength Combinations
The simulation results were supplemehtegith the addition of four material strength
combinations as shown in Table 1 below. Of those, apart from case A which was the original
combination (Chapter 4¢ases Bo E were created to enrich the parametric study.

Table7-1: Combinationsof Material Strengths

Masonry Bricks Mortar
Case Compressive Tensile Compressive Tensile
Strength (MPa) | Strength (MPa) | Strength (MPa) | Strength (MPa)
A 100 10 4.6 0.46
B 50 5 4.6 0.46
C 30 3 4.6 0.46
D 100 10 2.3 0.23
E 100 10 1.0 0.1
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Here theobjective was to provide significantly different ratios of strength between mortar
and the masonry bricks. As shown in the table, compressive strengths were a variable, whereas the

tensile strengths were assumed to be 10% of the compressive strength.

7.4 SYM Results

The first of three specimens analyzed was the SYM specimen. The SYM design was found
to have the second highest compressive strength of the 4 considered designs. Zdaréd
present the calculated interaction diagrams and failure statdsefparametric studies on bricks
and mortar. The parameters of the investigation include analyzing each of the three SYM
specimens under compression using each of the five strength combinations shown inITrable 7

above. Following Figure-13 an overview tthe findings will be discussed.

z z

Ll | |

Figure 7-2: [LEFT] SYMJ5 . = 30 MPa, [MIDDLE] SYMJ5 4. = 50 MPa, [RIGHT] SYMJ5 = 100 MPa
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SYMJS5 - £, ATENA vs Theoretical Results (Varying Brick Compressive Strength)
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Figure 7-3: SYMJ5 ATENA vs Theoretical Equations (Varying Brick Compressive Strength)
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Figure 7-4: [LEFT] SYMJ5 fic= 1.0MPa, [MIDDLE] SYMJ5 f.= 2.3MPa, [RIGHT] SYMJ5£.= 4.6 MPa
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Figure 7-5: SYMJ5 ATENA vs Theoretical Equations (Varying Mortar Compressive Strength)

Figure 7-6: [LEFT] SYMJ10 § = 30 MPa, [MIDDLE] SYMJ104; = 50 MPa, [RIGHT] SYMJ10,f= 100 MPa
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