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Abstract

Unreinforced masonry (URM) is inherently vulnerable to seismic forces due to its
minimal ability to resist tensile forces. Typical structural design features in URM
buildings such as torsional irregularities and re-entrant corners increase this vulnerability.
This thesis seeks to address the seismic vulnerability of URM structures due to plan
irregularities and to contribute to the structural engineering knowledge required to lessen
the need for new construction by supporting the reuse, rehabilitation, and ongoing
maintenance of existing buildings. A comparative analysis based on the results of
nonlinear static and incremental dynamic analyses was carried out on numerical models
representing URM structures with plan irregularities typical in Ottawa, Canada. The
results from these analyses determined that damages to the structure and the probability
of collapse of the structure were reduced overall with the minimization of torsion and full
lateral support of the re-entrant corners in the modelled structures.
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Chapter 1: Introduction
1.1

Introduction and Problem Statement
Unreinforced masonry (URM) makes up a significant portion of historic

structures throughout Canada due to convenient access to materials, the ease of masonry
construction, and masonry’s ability to support large vertical loads. Unfortunately, URM
is inherently vulnerable to seismic forces due to its minimal ability to resist tensile forces.
Typical structural design features in URM buildings also increase that vulnerability.
Some of these typical features include timber floors and roof structures, poor floor-towall connections, and irregularities in the plan or facades. A URM structure’s ability to
resist lateral loading comes from the ability of the walls to resist forces in the plane of the
walls. Therefore, the ability of the structure to resist seismic forces overall relies on the
effective transfer of applied forces through the structure such that they are primarily
resisted by walls in the plane of the loading. Irregularities in a URM structure from a
rigid box form can significantly influence the transfer of forces through the structure.
These irregularities are described as vertical or plan irregularities, and examples include
asymmetrical window openings in a wall, or torsional irregularity in the plan of the
structure caused by the centre of mass of a structure not being aligned with its centre of
rigidity. Two forms of plan irregularities in URM structures are the focus of this thesis:
torsional irregularity and re-entrant corners, due to their prevalence in Ottawa and their
presence in Canada in general.
In addition to being inherently vulnerable to seismic forces, URM is not
commonly used in new construction, and projects involving URM are usually
conservation projects on historic or existing structures. Because of the inherent
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vulnerability and the structural design of URM being less common in practice, it is
important that continuous research into the seismic performance of URM be actively
pursued in the field of structural engineering. With modern tools including numerical
modelling and analysis, the study of the seismic behaviour of URM is becoming more
accessible to practitioners and researchers, without the expense of experimental testing
campaigns.
This thesis seeks to investigate the influence of plan irregularities on the seismic
response of URM structures under increasing seismic loads using numerical analysis. The
objective of the research is to identify expected behaviour and vulnerable structural areas
in such structures under seismic forces in order to contribute to the engineering
knowledge required to lessen the need for new construction by supporting the reuse,
rehabilitation, and ongoing maintenance of existing buildings.
1.2

Outline
This thesis project includes a survey of URM structures in Ottawa, Canada, and

investigations of three case study URM structures owned and managed by Andrex
Properties in Ottawa. Based on the observations and conclusions taken from the survey
and investigation of the case studies, numerical models were created in the structural
analysis software Extreme Loading for Structures to represent typical URM structures in
Ottawa with plan irregularities. A comparative analysis was carried out on the modelled
structures from the results of the nonlinear static and incremental dynamic analyses,
evaluating the seismic behaviour due to variations in the modelled structures.
Chapter 2 discusses the procedures used to carry out the survey of URM
structures in Ottawa and the investigation of the three case study URM structures. The
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results of the survey are presented and discussed along with observations taken from the
investigation of the case studies.
Chapter 3 presents a literature review on the structural behaviour of URM in
general and URM structures with plan irregularities, relevant methods for numerical
modelling and particularly the Applied Element Method used in this project, and methods
for nonlinear dynamic analysis.
Chapter 4 outlines the methodology used to verify the Extreme Loading for
Structures software in its application to unreinforced masonry and the methodology and
results of the software sensitivity analysis. The process of modelling the URM structures
is presented, and the methodology used to carry out nonlinear static analysis and
incremental dynamic analysis is discussed.
Chapter 5 presents the results of the nonlinear static analyses and incremental
dynamic analyses on the structures modelled in Extreme Loading for Structures and
compares the seismic behaviour of the modelled structures.
Chapter 6 summarizes the work carried out in this thesis project, discusses
limitations to the research, and makes recommendations for future research.
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Chapter 2: Ottawa URM Survey
2.1
2.1.1

Case Studies
Introduction
For the evaluation of existing unreinforced masonry (URM) structures in this

research project, a partnership with Andrex Properties, a property management company
in Ottawa that works primarily with historic residential structures, was formed and
access was granted to three URM apartment buildings in Ottawa, Ontario, Canada for
visual inspection. The three case study buildings were chosen for inspection based on
accessibility. Being residential structures, interior access to spaces other than common
areas was restricted to buildings which had an empty unit. The three case study
structures inspected include the Windsor Arms in the Centretown neighbourhood of
Ottawa; Winterholme, and the Strathcona; both in the Sandy Hill neighbourhood of
Ottawa. Each of these structures are multi-storey URM residential buildings, with
Winterholme being stone construction, and the Windsor Arms and the Strathcona being
clay brick construction.
The investigation of the case study structures and additionally the survey of URM
structures in Ottawa presented in section 2.2 is included in this thesis because it
establishes the presence of URM structures in the central neighbourhoods of Ottawa, as
well as the prevalence of irregularities in URM structures which increase their
vulnerability to seismic forces. Aside from the use of the investigation and survey data in
this research project, the investigation of the case study buildings and the survey data of
Ottawa contributes to the record of existing and historic URM in Ottawa. Details of the
case study buildings and their inspections are discussed in the next sections.
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2.1.2

Objectives

In the field of heritage conservation, the information gathering phase of a project is
based on access to the structure being studied or conserved. Historic structures vary
highly in form, in construction details, and in material properties. Additionally,
properties of the structure relating to its design and material properties may be complex
and accessible only through non-destructive testing. This is due to the range of time
periods from which they may originate and the associated material and construction
practices of the time. It is important to note that, especially for non-engineered structures
which make up a large portion of Ottawa’s historic URM construction (small-scale
residential buildings), construction standards and practices were developed throughout
history on a vernacular basis. This is evident in the vernacular design of the Pombalino
buildings in Portugal, which emerged in the Lisbon area as an adaptation to URM
structures to improve their resistance to seismic forces.(Ortega et al., 2017) Over time,
new buildings built in the Pombalino style evolved to maintain certain architectural
features of the original design but lost the actual seismic strengthening features which
inspired the original structural design.(Ortega et al., 2017) The altered versions of the
structure are referred to as Gaioleiro buildings. The Pombalino structures and their
variations over time are unique examples of vernacular architecture from the Lisbon
area.
Based on the understanding that historic URM structures in Ottawa can vary
significantly in their structural, architectural, and material properties due to the
vernacular nature of historic construction practices, the most accurate and reliable
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information will come directly from the source; from direct visual, tactile, or
experimental investigation of the structure itself.
Information gathered during site investigations varies based on the project objectives.
For the structural analysis of an existing historic structure, important information
includes plan and elevation drawings of the structure, construction details of the
structural system, material properties of the structural components, and an assessment of
the current condition of the building. Based on the restricted accessibility of the Andrex
buildings, only information which could be gathered by visual and some tactile
investigation was available. Thus, the objective of the investigations at the three Andrex
buildings was to gather information on the plans and elevations of each building, basic
information on the structural systems, and superficial condition assessments of each
building.
The workflow of the information gathering phase of an idealized conservation
project, as well as the details of the work carried out to investigate the case study
buildings in Ottawa will be discussed in the next section.
2.1.3
2.1.3.1

Information Gathering Workflow
Ideal Workflow

In an idealized conservation project, the information gathering phase of a project
would include separate workflows to digitally record the building form, determine the
properties of the structural materials, and investigate the current condition of the building.
Figure 1 presents an ideal workflow for a conservation project, including Planning,
Acquisition, Processing, Dissemination, and Simulation phases. The workflow in Figure
1 was carried out in an external project to which the author contributed in 2020. Based on
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the objectives of this thesis project, the tasks in each of the Planning, Acquisition,
Processing, Dissemination, and Simulation phases differ from those presented in Figure
1. This section discusses the ideal workflow in general terms for the sake of developing
an understanding of an extensive ideal workflow, as well as in terms specific to this thesis
project.
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Figure 1: Documentation Workflow
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For historic site recording, in general the objective is to generate relevant
architectural drawings or 3D models of the structure using appropriate recording
techniques. The most common methods for site recording include photography,
photogrammetry, and laser scanning. In the external 2020 project, the point clouds and
photographs were used to create architectural drawings, orthophotos, and 3D models to
inform a conservation management plan and a numerical modelling project. In this thesis
project, only photography is used to record the building form and condition of a few case
studies in Ottawa. Extensive site recording including laser scanning and photogrammetry
was not carried out for this thesis. The information and data recorded from the Ottawa
case studies inspected for this thesis project are used to inform the numerical modelling
of URM structures which are analyzed through nonlinear incremental dynamic analysis,
to evaluate their seismic behaviour.
For other building information such as material properties, a similar workflow of
planning, acquisition, processing, dissemination, and simulation may be used for projects
on existing structures. Due to limitations in this thesis project, material properties
appropriate for the case study structures are determined from relevant literature, rather
than determined experimentally. In general, for experimentally determined material
properties, different destructive or non-destructive testing techniques are available
depending on the material parameter being determined. Some examples include flat-jack
testing or compression testing on masonry samples to determine basic material properties
of the masonry assembly such as compressive strength.(Lopes et al., 2009) Ambient
vibration testing using accelerometers can be used to calculate the dynamic properties of
structures.(Lopes et al., 2009) Similarly to the comprehensive site recording workflow,
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however, experimental testing of material properties involves significant resources and
access to the structure. Without access to experimental material testing, the properties of
the material may be estimated from relevant literature. It should be noted, however, that
any estimation or simplification of the properties of the structure results in a decrease in
the accuracy and reliability of the numerical model for predicting the actual failure
mechanisms of the subject structure.
For carrying out the condition assessment of a structure, research is continuously
emerging on the best workflow and digital tools used to perform inspections and record
the data of existing structures. In recent years there has been a focus on the development
of digital tools to carry out inspections and to facilitate ongoing management and
preventive conservation of built heritage, such as the HeritageCare Project in Southwest
Europe.(Morais et al., 2019) Whether condition assessment data is collected and managed
digitally or on paper, a comprehensive condition assessment includes a visual and tactile
investigation of the current condition of the building, including inspection of the
structural system, the building envelope, interior finishes, technical installations and
equipment, integrated and movable objects in the building, and the indoor
climate.(Masciotta et al., 2019) The inspector should record evidence of deterioration or
damage in any of the above categories, note the extents of the condition in terms of areas
affected and the vulnerability of the areas affected, and inspect for causes of the damage
or deterioration.
2.1.3.2

Case Study Workflows & Tools

Due to restricted accessibility of the case study buildings, simplified workflows were
carried out to gather information on the case study buildings’ plans, elevations, and
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conditions. Access to information and to the case study buildings was limited in part by
the COVID-19 pandemic and due to a lack of documentation existing for the case studies.
Material testing was not possible, so properties required for the analysis portion of this
research project were determined from relevant literature.
A simplified process of planning, acquisition, processing, and dissemination was
followed for the investigations of the three case studies. The planning phase involved
preparing the preliminary structural inventory form for recording information about the
site, organizing the equipment to be used for the inspection, and coordinating with the
Andrex property manager. The surveying tools used during the site investigations are
listed below and the structural inventory form is presented in Figure 2. It should be noted
that the site investigations at the Andrex properties were carried out before the
development of the remote typology survey dataset by the author, which will be
discussed in the next section. Since the case studies were investigated before the remote
typology survey was carried out, there are differences in the information and organization
of the data collected from the case studies and the sample of buildings in the remote
survey.
The equipment used during the inspections includes:
•

Personal protective equipment: face mask, gloves, hand sanitizer;

•

Graph paper and clipboard;

•

Writing utensils;

•

Measuring tape;

•

OM-D E-M10 Olympus DSLR camera; and

•

Structural inventory form (Figure 2).
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Figure 2: Site Investigation Structural Inventory Form
Additionally, Professor Santana joined the author on the Winterholme site
investigation and recorded panoramic images of the exterior of the structure using an
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Insta360 ONE R Twin Edition panoramic camera. These images provided additional
context of the Winterholme site, and an example can be seen in Figure 3.

Figure 3: Panoramic Photograph of Winterholme in Ottawa (Santana Quintero, August
2020)
During the investigations, information on the case studies was acquired through
conversation with the Andrex property manager, through visual and tactile observation,
and through photography. The information was then processed following the inspections
by reviewing and expanding on any written notes taken on site and organizing the photos
taken of the structures, their context, and their conditions. An overview of the
information collected on the case studies is provided in the next section.
2.1.4

Case Studies Data
The three Andrex case study buildings - The Windsor Arms, The Strathcona, and

Winterholme - were each visited by the author from August to September of 2020. The
following sections will provide an overview of the information collected on each
building. The three case studies are examples of historic unreinforced construction in
central neighbourhoods of Ottawa. The Strathcona and the Windsor Arms are early
examples of apartment-style residential construction in Ottawa, and today they are valued
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for their early- to mid-century architectural details, including details such as the cornices,
parapets, and symmetrical windows. Winterholme is an example of the early period of
apartment-style residential construction in Ottawa, when apartment buildings were
constructed to fit with the large manor homes of early Ottawa residents.(Quinn, 2017)
2.1.4.1

The Windsor Arms
The Windsor Arms is a five storey URM apartment building located at 150

Argyle Avenue in Ottawa. A perspective view of the building is shown in Figure 4.

Figure 4: Windsor Arms Perspective of North Façade (Hamp, August 2020)
The function of the building has not changed since its original construction in
1930. The load-bearing URM walls are made of multiple wythes of clay brick, with a
combination of concrete block, poured concrete, and brick masonry foundation walls.
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Figure 5, Figure 6, and Figure 7 show examples of the masonry and brick load-bearing
walls in the structure.

Figure 5: Windsor Arms Brick Foundation Wall (Hamp, August 2020)
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Figure 6: Windsor Arms Concrete Block Foundation Wall (Hamp, August 2020)

Figure 7: Windsor Arms Poured Concrete Foundation Wall (Hamp, August 2020)
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The facades of the Windsor Arms are composed of multiple wythes of clay brick,
with yellow brick on the street-facing facades, and red brick on the facades facing the
back alleys and adjacent buildings. Figure 8 and Figure 9 show the colour and pattern of
the masonry assemblies, with header rows visible throughout both examples, indicating
that the external wythes of masonry are tied in to internal wythes of brick masonry using
the header bricks.

Figure 8: Windsor Arms Yellow Brick Facade Masonry Pattern (Hamp, August 2020)

Figure 9: Windsor Arms Red Brick Facade Masonry Pattern (Hamp, August 2020)
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The basement and parking garage include steel framing to achieve larger spanning
areas, but the upper floors are all clay brick load-bearing walls, some interior concrete
block load-bearing walls, and timber diaphragms. Figure 10 shows part of the timber
floor system. The connection of the timber diaphragms to the walls are unknown, and are
potentially poorly connected, which would lead to poor diaphragm action from the timber
floor systems.

Figure 10: Windsor Arms Timber Diaphragm (John G. Cooke & Associates Ltd.)
The plan of the Windsor Arms follows the ‘modified H-plan’ of typical apartment
buildings from this time period, which can be seen in Figure 11. The H-plan is
characterized by large re-entrant corners and is typically symmetrical along one axis of
the building but may be asymmetrical along the other axis.

37

Figure 11: Windsor Arms Plan View (Google Maps, March 2021)
The facades of the Windsor Arms feature mostly symmetrical openings. Some
irregularities between openings are present on the alley-facing facades and in the walls of
the parking garage. Examples can be seen in Figure 12 and Figure 13.
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Figure 12: Windsor Arms Regular Window Openings (Hamp, August 2020)

Figure 13: Windsor Arms Irregular Window Openings (Hamp, August 2020)
The condition of the structure was assessed very briefly during the site
investigation, during which deterioration was observed in the basement, and cracking was
observed throughout the exterior URM walls. The deterioration in the basement is present
in finishing materials, including chipping finishing paint on the ceiling and corroding
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wire mesh in portions of the ceiling parging. Evidence of these is shown in Figure 14 and
Figure 15.

Figure 14: Windsor Arms Chipping Paint Observed in Basement (Hamp, August 2020)
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Figure 15: Windsor Arms Corroded Wire Mesh Observed in Basement (Hamp, August
2020)
Cracking was visible throughout the concrete block walls and masonry walls in
the basement, as well as between window openings on the exterior of the structure.
Examples of the cracking can be seen in Figure 16 and Figure 17.
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Figure 16: Winsor Arms Cracking Observed in Foundation Wall (Hamp, August 2020)
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Figure 17: Windsor Arms Cracking Observed in South Facade (Hamp, August 2020)
2.1.4.2

Winterholme
Winterholme is an unreinforced stone masonry structure located at 309 Daly

Avenue in Ottawa. A perspective of the West façade of Winterholme can be seen in
Figure 18. The building was originally constructed in 1865 as the residence of Sir
Sandford Fleming, who was a distinguished engineer working for the Canadian
railway.(Andrex Holdings Ltd., 2016; Regehr, 2015) It is now a multi-unit residential
structure with 17 units, having undergone an addition in 1925.
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Figure 18: Winterholme West Facade Perspective (Hamp, August 2020)
Winterholme presents a more irregular plan than The Windsor Arms, which can
be attributed to its original function as a personal residence and the addition constructed
later on. The facades have symmetrical openings. Figure 19 shows a plan drawing of
Winterholme and Figure 20 shows a perspective view of the North-west corner of the
building, with symmetrical openings visible.
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Figure 19: Photograph of Winterholme Architectural Plans (Andrex Properties)

Figure 20: Winterholme Regular Openings (Hamp, August 2020)
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The load-bearing walls are a combination of multi-wythe stone and multi-wythe
brick, each with 3-inch-thick wood shims running longitudinally for attachment with the
lathe and plaster interior veneer. Examples of these walls and the wood shims can be seen
in Figure 21 and Figure 22.

Figure 21: Winterholme Clay Brick Wall (Hamp, August 2020)
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Figure 22: Winterholme Stone Wall with Shims (Hamp, August 2020)
The floor systems are made of timber, which is typical for the early time period of
Winterholme’s construction. Similar to The Windsor Arms, the construction details of the
timber flooring connections to the URM walls are unknown.
Very little damage or deterioration was observed in Winterholme, and it was
confirmed by the property manager that regular repointing of the mortar occurs as
needed, although there is not a specific preventive maintenance schedule that is followed.
Figure 23 shows a section of the façade which was repointed in the past with a dark
mortar. The dark colour of the new mortar indicates that it is different from older mortar
in the building, and therefore may not be compatible with the existing stone masonry.
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Mortar in historic structures is typically intended to act as a sacrificial material while the
masonry blocks remain in good condition.(Wiggins, 2018) The compatibility of the
masonry and mortar relies on the ability of the mortar to act as a sacrificial material. This
mechanism occurs when the masonry and the mortar each have specific porosities that
enable capillary action, drawing the water and salt out of the masonry assembly through
the sacrificial mortar.(Wiggins, 2018) The areas repointed with this mortar should be
monitored for signs of deterioration in the stones, which may indicate that water and salt
are being trapped in the stones, prevented from evaporating out through the mortar due to
a lack of capillary action between the stones and the mortar.

Figure 23: Winterholme Repointed Area on West Facade (Hamp, August 2020)
2.1.4.3

The Strathcona
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The Strathcona is located at 404 Laurier Avenue East in Ottawa and was originally
constructed in 1927. The function of the Strathcona as an apartment building has not
changed since is original construction. An image of the front courtyard of the Strathcona
can be seen in Figure 24. Architectural details such as the ornate columns and parapets
indicate the building’s grandeur at the time of its construction.

Figure 24: Strathcona Front Courtyard (Hamp, August 2020)
The building is constructed of clay brick multi-wythe unreinforced masonry, with
terracotta bricks forming the interior load-bearing multi-wythe walls, and timber flooring
systems. Figure 25 and Figure 26 show the timber flooring system. Although the
construction details of the timber diaphragm-to-wall connection are unknown, by visual
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observation of Figure 26, the timber beams appear to be resting in pockets in the masonry
walls.

Figure 25: Strathcona Timber Floor Diaphragm (John G. Cooke & Associates Ltd.)
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Figure 26: Strathcona Floor-to-Wall Connection (Hamp, August 2020)
The foundation walls are a combination of multi-wythe stone masonry and multiwythe brick masonry, with steel framing to create the larger spanning area of the parking
garage at the basement level. Significant structural work has been carried out to underpin
the foundation of the Strathcona with poured concrete or concrete blocks in the past year,
in order to mitigate settlement. Effects from previous settlement were visible from
cracking in the structure. Evidence of the cracking can be seen in Figure 27 and Figure
28.
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Figure 27: Strathcona Cracking Observed in Foundation Wall (Hamp, August 2020)
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Figure 28: Strathcona Cracking Observed in North Facade (Hamp, August 2020)
The Strathcona is similar in plan to the Windsor Arms; the modified ‘H-plan,’ which
can be seen in the architectural drawing in Figure 29. Architectural plan drawings
originally created by Andrex Properties were made available to the author. The
architectural drawing shown below is the version revised by the author for the purpose of
this thesis.

53

Figure 29: Strathcona Fifth Floor Architectural Drawing (Hamp, 2020)
Similar to the Windsor Arms and Winterholme, the openings throughout the
Strathcona are symmetrical. This can be seen in Figure 30.
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Figure 30: Strathcona Regular Openings (Hamp, August 2020)
The Strathcona was found to be in generally fair condition apart from the cracking
which was previously noted. The property manager confirmed that mortar repointing and
other small repairs are carried out as needed for the Strathcona.
Based on the information available from the on-site investigations of the Andrex
buildings, the Strathcona and the Windsor Arms were selected as the primary case studies
for use in modelling a simplified H-plan URM structure for the analysis portion of this
thesis. The H-plan, which was commonly used in the early 1900s as an architectural
solution to improve natural lighting and ventilation, presents a form of structural plan
irregularity which may create stress concentrations and torsional behaviour in URM
structures during seismic events.(Quinn, 2017) The choice for analyzing this form of plan
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irregularity and the consequences of the irregularity in the structure’s seismic behaviour
will be expanded upon in the next sections.
2.2
2.2.1

Typology Survey
Introduction
The objective of the typology survey in this research project is to determine the

predominant structural characteristics of the current URM building stock in Ottawa,
Canada, from a sample of structures significant for their architectural style involving
URM. Certain characteristics of URM structures, which define a structure’s typology,
impact the vulnerability of the structure during seismic events. These characteristics can
be described as having a local or a global influence on the vulnerability of the structure.
A characteristic with local influence will affect only a component of the structure, while a
characteristic with global influence will affect the behaviour of the structure as a whole.
An example of a building characteristic with local influence is the presence of a fall
hazard on the structure, such as a chimney or a cornice. These elements may fail or
detach during a seismic event, presenting a hazard to occupants below. An example of a
structural characteristic with global influence is a row building, or an isolated building.
One unit in a row building is influenced by units on either side, while an isolated building
behaves independently from adjacent buildings, unless the proximity of adjacent
buildings causes pounding during a seismic event. The global behaviour of the row
building during a seismic event is determined by fact that it is structurally connected to
buildings on either side. If the same unit in the row building were an isolated structure, its
global behaviour, crack patterns, and deformation during a seismic event would be
different.
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The structural characteristics considered in this survey include structural forms
and architectural features. Specific examples of characteristics include gables, in-plane
setbacks throughout openings of an elevation, or a cornice fastened along the roofline of
a structure.
2.2.2

NRC and FEMA Seismic Screening Resources
The typology survey screening form developed for this research project was

created based on two existing seismic screening resources which are standard in North
America; the National Research Council of Canada’s Level 1: Preliminary Seismic Risk
Screening Tool (PST) for existing buildings, and the United States’ Federal Emergency
Management Agency’s document FEMA P-154, Rapid Visual Screening of Buildings for
Potential Seismic Hazards: A Handbook.(Applied Technology Council, 2015; Fathi-Fazl
et al., 2020) The objective of creating a screening form from these two resources was to
identify characteristics of buildings which influence their seismic performance.
The NRC’s preliminary seismic screening tool provided information on how to
assess whether a building poses a certain level of risk of failure during a seismic event
but does not indicate parameters for evaluating how the building will behave, such as
expected damage patterns or failure methods. The screening tool is a high-level
evaluation tool for assessing the generalized need for seismic upgrades to the subject
building, based on the following parameters of the subject building and its geographic
location: seismicity, benchmark NBC edition, remaining occupancy time, and
consequences of failure.(Fathi-Fazl et al., 2020) The Level 1 PST Screening Form is
shown in Figure 31.
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Figure 31: National Research Council Preliminary Seismic Risk Level 1 Screening
Form(Fathi-Fazl et al., 2020)
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Further assessment outside the scope of the NRC tool would be required to
predict the seismic behaviour of the structure and to develop a seismic retrofit plan. The
screening tool is also applicable only to buildings that pertain to the National Building
Code of Canada Part 4. Other buildings fall under the NBCC Part 9, for buildings up to
three storeys and up to 600 m2 in plan area.(National Building Code of Canada, 2015)
The NRC’s seismic risk framework also consists of a second and third level of risk
management: Semi-Quantitative Seismic Risk Screening Tool (SQST), and Seismic
Evaluation Guidelines. These levels of seismic screening are performed when the subject
building does not meet the seismic risk baseline of the first level. Based on this
organization of the seismic risk assessment framework, fewer factors are used to
preliminarily determine the risk associated with the subject building, compared with the
FEMA seismic screening framework, which will be discussed shortly. The consequence
of this is that the seismic behaviour of groups of structures becomes more simplified; the
influence of variations in the structural assemblies, plans, and details of buildings of the
same construction type are not considered. This is acceptable for the objective of the
NRC’s seismic screening tool, as a decision support tool for allocating resources and
funding of seismic upgrades. For the purpose of this research project, however, the
screening tool considered fewer typology characteristics than the FEMA screening tool.
The factors that were thus considered based on the NRC’s seismic screening tool
during the typology survey include the following:
•

date of construction;

•

number of storeys;

•

plan area;

•

building construction material and type; and
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•

building occupancy.
The typology survey results from this thesis project show that the average of the

sample buildings surveyed in Ottawa is less than 600 m2 and 3 storeys above ground.
This is due to a large portion of Ottawa’s URM buildings being of small residential
construction. This means that a large portion of the URM in Ottawa, which is vulnerable
to seismic forces by nature, is systemically left out from seismic analysis and seismic risk
management surveys.
FEMA P-154 significantly informed the framework for the typology survey in this
research project.(Applied Technology Council, 2015) Similar to the NRC’s seismic
screening tool, FEMA’s screening tool is designed to assess the potential hazards
pertaining to the subject building, but the tool also identifies structural characteristics that
may influence seismic behaviour of the subject structure. The subject building’s level of
risk is not limited to only the inherent hazard associated with the geographic location,
building size, and occupancy. The influence of the structural form is considered, which is
important for unreinforced masonry, which may be limited in lateral strength due to its
geometric design rather than its material strength.(Heyman, 1966)
The structural characteristics of the subject building are taken into consideration
during the FEMA screening process based on types of ‘plan irregularity’ and ‘vertical
irregularity’. The irregularities are considered due to their potential to influence the
subject structure’s deformation or intensity of stress concentrations during a seismic
event. The plan irregularities are as follows:
•

Torsion;

•

Non-parallel systems;

•

Re-entrant corners;
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•

Diaphragm openings; and

•

Unaligned beams and columns.
Torsion refers to a structure that lacks lateral load resistance in one direction but

not the other, causing an offset between the centre of mass of the structure and its centre
of rigidity.(Applied Technology Council, 2015) Non-parallel systems occur when major
components of the structure do not meet at 90 degrees, for example a building that is
triangular in plan. Re-entrant corners are the inner corners of buildings with wings,
forming plan shapes such as H, L, T, U, a ‘+’ shape, or others. These inner corners can
experience significant stress concentrations due to lateral loading. Figure 32 shows
typical instances of re-entrant corners. Re-entrant corners and torsional irregularity serve
as the focal structural characteristics evaluated in this thesis, as they were found to be
predominant forms of irregularity in Ottawa’s URM building stock.

Figure 32: Plan View of Different Forms of Re-entrant Corners(Applied Technology
Council, 2015)
Diaphragm openings refer to large openings within the floors or roof of a
building, reducing the strength of those components to act as a diaphragm which transfers
lateral loads throughout the structural system. The final notable plan irregularity is
unaligned beams and columns. This is primarily found in concrete buildings and does not
typically apply to unreinforced masonry construction.
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Each of these plan irregularities cause the plan of the structure to differ from the
ideal rigid box plan, which is the most effective structural form for resisting torsion
caused by lateral forces, i.e. seismic forces.
The vertical irregularities are defined as:
•

Sloping site;

•

Weak or soft storey;

•

Out-of-plane setbacks;

•

In-plane setbacks

•

Short column or pier; and

•

Split levels.
A sloping site is determined to be of moderate consequence when there is a one-

storey or more difference in the slope of the ground from one side of the structure to the
other, since the lateral stiffness of the structure on the lower side may be different from
the higher side due to the difference in façade heights.(Applied Technology Council,
2015) A weak or soft storey is found when one storey or façade is lower in stiffness than
the storey above or below it, for example due to a large number of openings, fewer
columns, or a weaker structural system in that façade or storey. Out-of-plane setbacks
occur when the lateral force-resisting system of one storey is not aligned with that of the
other storeys. See the out-of-plane setback in Figure 33.
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Figure 33: Illustration of an Out-of-plane Setback at the Third Level of the
Structure(Applied Technology Council, 2015)
Similarly, in-plane setbacks occur when the lateral force-resisting system of one
story is offset from the force-resisting system below, within the plane of the façade. This
is observable in masonry buildings when the openings are significantly misaligned in the
vertical direction. Since the masonry units make up the loadbearing system in
unreinforced masonry, misaligned openings can cause significant stress concentrations
and cracking in the bricks or stones as forces are transferred horizontally across the space
between the misaligned openings. Figure 34 shows in-plane setbacks in a masonry
building.
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Figure 34: Illustration of In-plane Setback at the Second Level of the Structure(Applied
Technology Council, 2015)
Short columns cause a vertical irregularity since shorter and stiffer columns take
on more lateral loading than longer, weaker columns. This may occur in masonry
buildings when columns are shortened due to partially infilled openings. Split levels
occur when the structural systems of two floors are not aligned horizontally; the vertical
component of the structure between these two levels can become concentrated with
stress.
It is important to consider the severity of each type of irregularity in the subject
structure. The influence of the irregularity may cause minimal undesirable seismic
behaviour, torsion, or stress concentrations in the structure under lateral loading,
rendering the irregularity insignificant. On the other hand, the severity of the irregularity
may cause such a difference to the structure from the ideal rigid box form that torsion and
cracking from stress concentrations should be expected, and the potential of structural
failure is increased.
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Based on the plan and vertical irregularity information provided, the FEMA P-154
seismic screening tool considerably informed the typology survey data form created for
this research project. The following survey categories were adopted from FEMA P-154:
•

Vertical irregularities (listed above);

•

Plan irregularities (listed above);

•

Fall hazards; and

•

Presence of additions.
The potential fall hazards include a chimney, cornice, parapet, veneer, overhang,

heavy roof equipment, or other. Each of these components are labelled as fall hazards
because they are non-structural components that may be poorly connected to the main
structure. They will not cause failure of a load-bearing part of the building, but they may
be hazardous to pedestrians. The presence of additions or extensions on the original
structure is considered for their potential to alter the seismic behaviour of the structure or
to cause pounding.
2.2.3

Survey Scope
This section describes the survey format used to collect data on Ottawa’s URM

building stock. The categories of data included in the survey are based on the NRC and
FEMA resources, and relevant literature on building typology classification. From the
reviewed literature, it was observed that occupancy and date of construction are typical
parameters which are considered when studying different systems of a building.(Gui et
al., 2018; Lang et al., 2018; Paxton, 2014; Santos et al., 2013) A variety of other
parameters were found to be considered which describe the structural system, materials,
and form of a structure. The parameters in the reviewed literature varied depending on
the purpose of the study. For example, floor area and number of floors were considered in
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both seismic vulnerability studies as well as a building performance study, however the
building performance study also considered building orientation and heat transfer
properties of the structural and envelope materials.(Gui et al., 2018; Santos et al., 2013)
Based on the variety of categories considered in the data collection across the reviewed
literature, a list of structural characteristics was customized for this study. The objective
of the survey is to determine the predominance of each surveyed characteristic
throughout the URM building stock. From the results of the survey, the re-entrant corner
plan irregularity was found to be pre-dominant in the sample of buildings surveyed. Thus,
the re-entrant corner plan irregularity was chosen to be the focal characteristic for
evaluation, based on its influence on the seismic performance of a URM structure. The
re-entrant corner characteristic will be represented and analyzed using numerical
modelling and analysis. As noted in the previous section, the Strathcona and the Windsor
Arms buildings in Ottawa are excellent examples of structures with major re-entrant
corners. As such, the Strathcona and the Windsor Arms serve as the case studies for
creating a numerical model in this research project.
Table 1 shows the structural characteristics surveyed from a sample population of
Ottawa’s URM building stock.
Table 1: Structural Characteristics
Civic Address
Building Name
Building Acronym
Primary Image
Construction Material

123 Bank Street (example)
Parliament Centre Block
PCB
image file name
stone
brick

Construction Date
Original Occupancy

residential
commercial
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Plan area (w/o additions)
No. storeys
Row vs. isolated
Mid- vs. end

Vertical irregularities (FEMA
154)

Plan irregularities (FEMA 154)

Fall hazards (FEMA 154)

Roof shape

Primary structural assembly
Masonry pattern
Foundation
Additions

industrial
institutional
mixed-use (comm.+res.)
[sq m]
row
isolated
middle
end
sloping site
soft storey
out-of-plane setbacks
in-plane setback (irregular window openings)
short pier
split level
torsion/plan eccentricity
triangular plan (non-parallel systems)
re-entrant corners
diaphragm openings
chimney
cornice
parapet
veneer/masonry veneer
overhang
heavy roof equipment
other
gabled masonry
hipped/flat masonry edge
flat roof/flat masonry edge
details
multi-wythe stone
multi-wythe brick
masonry veneer w/ timber frame
unknown
image file name
stone
concrete
plastered/unknown
extensions, additions, etc. which may alter
the seismic response or cause pounding

Other
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Several data fields were tracked for the purpose of posterity and information
management, including:
•

Civic address;

•

Building name;

•

Building acronym; and

•

Primary image.
The remaining data fields which were not previously described in the review of

the NRC and FEMA resources were included to increase the level of detail of the survey
and due to their indication of approximate construction date:
•

Roof shape;

•

Masonry pattern; and

•

Foundation material.
The typology survey was focused on key neighbourhoods of the city of Ottawa;

the Glebe, Centretown, and Sandy Hill, as shown in Figure 35. The survey boundaries of
the Glebe area fell within Bronson Avenue and the Queen Elizabeth Driveway to the
West and East, and Isabella Street, Chamberlain Avenue, and the Queen Elizabeth
Driveway to the North and South. Centretown was bounded by Bronson Avenue and the
Queen Elizabeth Driveway to the West and East, and Laurier Avenue West and Catherine
Street to the North and South. Sandy Hill was bounded by Nicholas Street, Range Road,
and the Rideau River to the West and East, and Rideau Street and Mann Avenue to the
North and South. The Glebe, Centretown, and Sandy Hill neighbourhoods were selected
for the survey due to the large presence of historic structures, and especially the presence
of URM structures. Figure 36, Figure 37, and Figure 38 show images of typical URM
structures in each of these neighbourhoods.
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Figure 35: Typology Survey Ottawa Neighbourhoods
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Figure 36: URM Structure in Centretown, Ottawa (Google Maps)
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Figure 37: URM Structure in the Glebe, Ottawa (Google Maps)
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Figure 38: URM Structure in Sandy Hill, Ottawa (Google Maps)
The significant presence of URM in these areas of the city can be attributed to the
history and development of Ottawa in the latter half of the 19th century. Each of the three
neighbourhoods are located within the core area of the present-day city. Sandy Hill is
located to the South of Bytown, which was a settlement originating with the construction
of the Rideau Canal, and grew over time as a centre for trade and lumber
transportation.(Taylor, 1986) Bytown developed into the city of Ottawa, and Sandy Hill,
to the South, was one of the first residential neighbourhoods in the city. Centretown
extended South from Upper Town, West of Bytown (also called Lower Town) and Sandy
Hill, as a prestigious residential neighbourhood inhabited primarily by public servants,
business owners, and professionals.(Taylor, 1986) Stone was a common material
alongside brick in Sandy Hill, however as Centretown developed, most residences were
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constructed with brick, or timber with brick veneer. The Glebe developed similarly in the
late 19th century. Originally the ‘glebeland’ of St. Andrew’s Presbyterian Church, the
land was developed for residential purposes, with the construction of many brick
residences for upper-class families. The use of stone and brick for construction of historic
buildings in Ottawa can be attributed to the notion of permanence, as property ownership
became available to residents in the 1840s, and can be connected to the wealth of the
property owners.(Taylor, 1986)
Thus, a sample of buildings were surveyed in each of these key neighbourhoods
for assessing the predominance of URM structural characteristics that may influence the
seismic performance. The data sources that were used to select and survey the sample of
URM buildings are described in the next section.
2.2.4

Survey Data Sources
Three primary sources were used to carry out the typology survey on a sample of

URM structures in Ottawa. Two of those sources were used to identify and date URM
structures within Sandy Hill, Centretown, and the Glebe: Ottawa 1901 and 1912 fire
insurance plans and From walk-up to high-rise: Ottawa’s historic apartment buildings
edited by Carolyn Quinn.(1901 Fire Insurance Plan, 1901; 1912 Fire Insurance Plan,
1912; Quinn, 2017) The fire insurance plans, an example of which can be seen in Figure
39, were a major resource for determining the structural assembly of the buildings
existing in the years recorded by the fire insurance plans. Using the plans, multi-wythe
unreinforced masonry structures were distinguished from masonry veneer structures
having structural timber frames. As will be seen in the results of the typology survey,
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many structures recorded in the 1901 and 1912 fire insurance plans remain in use today,
making up a large portion of what can be considered historic structures in Ottawa.

Figure 39: 1912 Fire Insurance Plan of Centretown Area in Ottawa(1912 Fire Insurance
Plan, Sheet 37, 1912)
In addition to the fire insurance plans, From walk-up to high-rise: Ottawa’s
historic apartment buildings provided valuable information on historic masonry
apartment buildings in Ottawa, including early versions of apartment buildings modelled
after grand residential houses, and more modern versions of URM apartments, modelled
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similarly to other apartments of the period which were being constructed with steel and
concrete.(Quinn, 2017)
Using From walk-up to high-rise: Ottawa’s historic apartment buildings, eight
URM structures which had not been identified using the fire insurance plans were
surveyed. Each structure identified as URM from these resources was then screened
using the typology survey data form, using Google Maps in order to determine the
necessary information remotely. The results of the typology survey are discussed in the
next section.
2.2.5

Survey Results
Using the previously discussed resources, ninety-five sample structures were

surveyed within the Glebe, Centretown, and Sandy Hill areas of Ottawa. A summary of
the typology survey data can be found in Appendix B . In this section an overview and
primary takeaways of the survey data are discussed.
The materials and structural assemblies were identified from the fire insurance
plans, from fourteen plans covering the Glebe area, forty-six plans covering Centretown,
and twenty-three plans covering the Sandy Hill area. The ninety-five structures surveyed
for this research were chosen as samples of the URM building stock in the surveyed areas
of Ottawa. The surveyed structures include residences, schools, apartment buildings,
churches, and other institutional buildings. The survey aimed to record mainly larger
URM structures which would apply to Part 4 of the NBCC, and so only a portion of the
existing small URM residential structures observed in the fire insurance plans were
recorded. Nevertheless, based on the results of the survey, the average plan area of the
structures surveyed was found to be under 600 m2, at roughly 450 m2, and the average
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storey height was less than 3 storeys, at 2.4 storeys. As noted previously, this indicates
that a large number of URM structures in Ottawa would pertain to the NBCC Part 9 and
would not fall within the scope of the NRC’s seismic screening framework, thus being
omitted from seismic risk screening. This means that potential seismic damage to the Part
9 buildings would not be captured by the NRC seismic screening protocol, although the
buildings have the potential to represent a significant financial burden in the case of a
destructive seismic event, due to their predominance in Ottawa and the inherent
vulnerability of unreinforced masonry to seismic forces.
The plan areas of the surveyed structures were measured using the Google Maps
‘Measure distance’ tool and the geoOttawa polyline ‘Draw and Measure’ tool. (City of
Ottawa, n.d.) Due to the low precision available with these measurement tools, the
average plan area must be interpreted as only a rough estimate. More revealing statistics
from the survey are shown in Table 2:
Table 2: Survey Plan Area Statistics
Number of structures with plan area greater than 600 m2:

20

Number of structures with plan area less than or equal to 600 m2:

75

Maximum plan area of structures surveyed:

1716 m2

Minimum plan area of structures surveyed:

60 m2

Although the survey aimed to capture all of the large URM structures and a
sample of the small URM structures, these numbers show that a majority of sample URM
structures are ‘small buildings’ according to the NBCC criteria. All of the buildings with
plan areas greater than 600 m2 are institutional (religious or academic uses), industrial
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(only one example observed), or multi-unit residential structures. The plan area added
due to additions or extensions was not considered in the plan area of the surveyed
structures.
Regarding the average number of storeys in the structures surveyed, the number
of storeys which made up the main body of a structure was recorded, and the number of
storeys in additions or extensions was not considered. It should also be noted that many
of the churches surveyed had towers which were typically three or four storeys tall,
however the main bodies of the churches were typically one storey, so one storey was the
value recorded for these buildings. The structures with 2.5 storeys refer to structures with
steep gabled roofs, where the gabled roofs provided a partial additional storey level.
Additional statistics are shown in Table 3 and Figure 40 expanding on the storey number
data:
Table 3: Survey Building Storey Statistics
Number of structures with greater than 3 storeys:

8

Number of structures with less than or equal to 3 storeys:
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Maximum storey number of structures surveyed:

7

Minimum storey number of structures surveyed:

1

Number of structures with 2.5 storeys:

35
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Figure 40: Survey Building Storey Range
These values indicate that a strong majority of URM structures within Ottawa are
between two to three storeys in height. Within that range, most of the structures surveyed
were two and a half storeys, which is characteristic of isolated URM residential
structures; the typical URM single-family house in Ottawa. Thus, these results must be
interpreted with the consideration that only a portion of the smaller URM structures
observed in the fire insurance plans were recorded, so from the data presented, it can be
reasoned that a majority of existing URM structures in Ottawa are small, isolated
residential structures.
Figure 41 depicts a typical section of the surveyed areas as recorded by the 1912
fire insurance plans. Blue hatching refers to stone construction, pink hatching refers to
clay brick masonry, and yellow refers to timber. The structures with yellow hatching
outlined in pink refer to timber frame structures with clay brick veneers. Note the number
of small isolated and multi-unit URM structures, presumably mostly residential, mixed
with larger stone and brick URM structures of various occupancies, as well as the timber
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frame structures with masonry veneer. Figure 42 depicts a section of the Glebe area
which includes a large number of timber frame houses with masonry veneer. This is
notable due to the implications on the seismic performance of these structures in
comparison to the aesthetically similar URM houses. Although each of these types of
structures may be valued as having architectural significance for their use of red brick in
the façades, typical to 19th century to early 20th century masonry houses in Ottawa, the
timber frame houses with masonry veneer are much lighter in mass, and the primary
load-bearing system is timber, which has tensile force capacity. Logically, these
structures are expected to be less vulnerable to seismic forces in comparison to URM
houses of similar size.
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Figure 41: 1912 Fire Insurance Plan of a Section of Sandy Hill Neighbourhood of
Ottawa(1912 Fire Insurance Plan, Sheet 25, 1912)
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Figure 42: 1912 Fire Insurance Plan of a Section of the Glebe Area in Ottawa(1912 Fire
Insurance Plan, Sheet 150, 1912)
The masonry veneer and the presence of other fall hazards of the timber-frame
houses still render some vulnerability to these structures; however, it is a risk posed to
surrounding pedestrians, rather than a risk posed on the primary structural system. This
point is not meant to diminish the vulnerability of the structure, but rather is a comment
on the range of factors which render a structure hazardous in seismic events. The fall
hazards render the structure vulnerable due to the potential poor condition of those
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building features and their potential to injure pedestrians. If the fall hazards are in good
condition and do not fail during a seismic event, then they do not present a hazard to the
occupants or pedestrians. Examples of fall hazards include deteriorated mortar in the
chimney or parapet, corroded connections of heavy roof equipment, etc. In contrast to the
fall hazards, the URM structural characteristics render the structure vulnerable due to
their influence on the distribution of forces in the structure during a seismic event. They
impact the structure’s seismic behaviour regardless of the structure’s condition. Figure 43
shows a typical URM house in Ottawa.

Figure 43: Typical URM House in Ottawa (Google Maps)
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The other characteristics recorded from the surveyed structures provide
interesting insight into the predominant structural forms present in Ottawa’s URM
building stock. Table 4 shows the counts of the recorded structural characteristics and fall
hazards of the surveyed structures. Although various fall hazards were recorded from the
surveyed structures, this data is included in the presented results only to disseminate a
comprehensive survey of the characteristics of seismic behaviour and seismic hazards of
the subject structures, and the fall hazards were not considered as a subject for further
structural analysis.
Table 4: Structural Characteristics Data
Typology Characteristic
Category
Primary structural assembly

Building placement

Vertical irregularities

Plan irregularities

Typology Characteristic
Subcategory
Multi-wythe stone

Count (/95)

Multi-wythe brick

77

Row

22

Isolated

73

Sloping site

0

Soft storey

3

Out-of-plane setbacks

32

In-plane setbacks

16

Short pier

1

Split level

0

Torsion/plan eccentricity

26

Non-parallel systems

1

Re-entrant corners

79

18

83

Roof shape

Foundation material

Fall hazards

Diaphragm openings

3

Gabled masonry

34

Hipped

31

Flat roof

39

Stone

82

Concrete

1

Plaster/unknown

12

Chimney

49

Cornice

45

Parapet

14

Masonry veneer

30

Overhang

2

Heavy roof equipment

24

Other

3

The notable takeaway from the data above is the predominance of re-entrant
corners in the surveyed structures. Two forms of re-entrant corners were observed. First,
masonry bay window projections were recorded as re-entrant corners, based on the
assumption that the plan projection created by the bay window behaves as a plan
irregularity, creating torsional behaviour in the structure, with the potential to develop
stress concentrations at the corners where the bay window form meets the in-plane walls
of the structure. Figure 44 shows a typical bay window observed on a URM house.
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Figure 44: Typical Bay Window in a URM House in Ottawa (Google Maps)
The second form of re-entrant corner observed in the surveyed structures was the
typical re-entrant corner as described in the FEMA seismic screening resource. This form
of re-entrant corners was observed frequently in row houses, in the form of wings
extending from the back of each unit of the multi-unit row houses. Figure 45 shows this
form of re-entrant corners, visible in the top left corner of the plan. These re-entrant
corners were also observed in many apartment buildings. From the surveyed URM
apartment buildings, it was observed that the ‘H-plan’ or a modified ‘H-plan’ was a
common layout for apartment buildings at the end of the 19th century and into the 20th
century. This building plan facilitated maximum light and ventilation in these buildings
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that had no or minimal electricity or mechanical ventilation systems at the time of their
construction.(Quinn, 2017)

Figure 45: 1912 Fire Insurance Plan of a Section of Centretown Area in Ottawa(1912
Fire Insurance Plan, Sheet 67, 1912)
Due to the predominance of this characteristic recorded in the typology survey,
re-entrant corners will be analyzed through nonlinear dynamic analysis on a numerical
model based on the Strathcona and the Windsor Arms apartment buildings in Ottawa.
The scope of the analysis is to analyze the seismic behaviour of a numerical model
encompassing re-entrant corners and torsional irregularity, to evaluate the influence of
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local and torsional behaviour in the structure, stress concentrations at the re-entrant
corners, and the influence of the lengths of the ‘legs’ of the H-plan.
The next sections will discuss the theoretical background of the structural
behaviour of URM buildings and those with plan irregularities.
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Chapter 3: Literature Review
3.1
3.1.1

URM with Plan Irregularity
URM Structural Behaviour
In this section, basic principles of the structural behaviour of URM will be

discussed, including the material properties of masonry assemblies, failure mechanisms,
and typical construction details of clay-brick URM structures. The objective is to
establish an understanding of how plan irregularities alter the seismic behaviour of URM.
As described in Giuffré (1996), unreinforced masonry is an inherently anisotropic
material because a masonry assembly is of individual units either dry-stacked or
connected by mortar, rather than being a continuous solid material.(Giuffré, 1996) This
means that the properties of the masonry are different depending on the direction of the
loading.(Isotropic and Anisotropic, n.d.) A masonry assembly is primarily designed to
support loading in the vertical direction – axial live loads, dead loads, and self-weight.
URM walls can also effectively resist lateral loading in the in-plane direction, with the
proper structural design. Out-of-plane, however, a URM wall has significantly lower
resistance to lateral loading. The structural behaviour of a URM wall can also change in
the out-of-plane direction due to different assembly details, such as multi-wythe masonry
or an assembly with a rubble core separating the exterior and interior wythes. No matter
what type of assembly the URM wall consists of across its thickness, the out-of-plane
direction of the wall is typically much weaker than the in-plane strength of the wall.
Figure 46 illustrates different assemblies of URM, including a typical stone masonry wall
with a rubble core, (c) the brick faced wall.
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Figure 46: URM Wall Assemblies(Drysdale & Hamid, 2005)
The structural performance of a masonry assembly relies on forces acting in
equilibrium on each individual masonry unit.(Giuffré, 1996) The units act as an assembly
through the exchange of normal stresses and shear stresses. Each masonry unit transfers
its own weight and any weight above it to the unit below in the form of axial stress, and
shear stress is transferred through the assembly based on Coulomb’s friction
theory.(Giuffré, 1996) Coulomb’s friction theory states that frictional force is
proportional to normal force, and so the transfer of shear stress itself is a function of the
axial forces acting in the unit.(Popov, 2010) Any tensile resistance found in a dry-stacked
masonry assembly is a function of friction between interlocking units, referred to as a
‘pseudo-tensile strength.’(Heyman, 1966) In dry-stacked masonry, without the pseudotensile strength provided by interlocking units, the assembly has zero tensile resistance,
because the joints between units create a discontinuity in the material. The joints that
separate a masonry assembly into individual stones or bricks are what makes the
assembly inherently anisotropic. According to the current Canadian masonry design
standard, unreinforced masonry assemblies should be considered to have no tensile
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strength in analysis, although the clay bricks may have a tensile strength value of
approximately 10% of their compressive strength.(Drysdale & Hamid, 2005)
Since compression is a factor of both the axial and shear strength in a masonry
assembly, it is worthwhile to consider the theoretical compression force limit of the
masonry assembly. In Heyman (1966), the example of a sandstone column perfectly
constructed without eccentricity is used.(Heyman, 1966) Given the crushing strength of
the sandstone at 6000 lb/in2, with a density of 150 lb/ft3, this theoretical column of stone
could be constructed over a mile in height before the stone at its base would begin
crushing, when considering only the self-weight of the column.(Heyman, 1966) Since
this height is unrealistic to construct, the compressive strength of masonry in reality may
be considered practically infinite. Heyman concludes that the strength of the masonry
assembly is therefore limited by its geometry.(Heyman, 1966) The geometry that limits
the strength of the assembly includes both intended geometrical form, and unintended
eccentricities that occur as natural construction errors. For a real column, small
unintended eccentricities would be introduced throughout its height, causing the column
to experience uneven stress distributions across its area, and the compressive strength
limit would be reached before the idealized height.
There are three failure mechanisms that govern the in-plane seismic response of
URM, including sliding shear failure, diagonal cracking, and flexural failure, also called
‘rocking,’ and sometimes indicated by toe-crushing.(Tomaževič, 1999) These failure
mechanisms can be seen in Figure 47.
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Figure 47: URM In-Plane Failure Mechanisms in Piers(Mendes & Lourenço, 2014)
A common failure mechanism seen in masonry structures is diagonal cracking,
caused by failure of the mortar in tension under in-plane lateral loading of the masonry
pier.(Tomaževič, 1999) This failure mechanism is commonly seen in URM structures
that have experienced a seismic event, and often occurs between openings. Diagonal
cracking is the dominant failure mode in masonry piers with moderate axial compressive
stress. For piers experiencing low axial compression, such as piers in shorter structures
with low self-weight, sliding shear is more likely. Sliding shear failure occurs due to the
failure of the mortar in shear under lateral loading of the pier and presents as horizontal
cracking along the mortar joints. For piers experiencing higher levels of axial
compression, flexural failure is more likely. This occurs in masonry piers at the base of a
structure, where the self-weight of the structure is imposing high levels of compressive
stress on the piers. The mortar joints are less likely to fail in tension in the piers due to the
high compressive stress keeping them ‘sealed,’ and so it is the whole pier as an assembly
that “rocks.”. Flexural failure can also be indicated by ‘toe-crushing,’ where the masonry
at the base of the pier on the opposite end from the lateral load begins to crush. Figure 48
below shows ‘toe-crushing’ at the base of the pier.
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Figure 48: URM Toe-Crushing due to In-Plane Flexural Failure(Tomaževič, 1999)
Although these failure mechanisms can be clearly defined by different cracking
patterns, a masonry assembly can experience more than one of the failure mechanisms
throughout loading as failure progresses in the assembly.(Betti et al., 2015; Senthivel &
Lourenço, 2009) Apart from the aspect ratio and axial compression on a masonry
assembly, the failure mechanisms that define the assembly’s behaviour are also
influenced by the boundary conditions on the assembly, the construction quality of the
masonry assembly, and the material properties of the assembly.(Abrams et al., 2017;
Pulatsu et al., 2021; Szakály et al., 2016)
Typical URM structures can be divided into piers and spandrels for structural
analysis, and consideration must be given to the different behaviour of spandrels
compared to piers. Spandrels exhibit failure mechanisms due to combined axial and
bending forces and due to shear forces.(Mendes & Lourenço, 2014) These forces can
cause rocking and crushing or diagonal cracking in spandrels. Spandrels do not
experience sliding shear as piers do. Spandrels behave differently under in-plane lateral
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loading because they primarily transfer forces laterally, without experiencing significant
axial loading.(Mendes & Lourenço, 2014) In seismic loading, the main function of
spandrels is to increase the flexural resistance of the piers, by restraining them in the
lateral in-plane direction, while the piers resist both lateral and axial loads.(Mendes &
Lourenço, 2014) Thus, spandrels are effectively very well constrained laterally by the
adjacent piers, preventing sliding shear failure. Figure 49 illustrates how provide lateral
resistance to the adjacent piers.

Figure 49: URM In-Plane Failure Mechanisms of Spandrels(Mendes & Lourenço, 2014)
Some in-plane failure mechanisms of piers can be seen in the hysteretic curves in
Figure 50. A hysteretic curve describes the force-displacement relationship of a structure
over cycles of loading. Rocking is exhibited in a hysteretic curve by a significant increase
in displacement.(Dobrotescu, 2018) Toe-crushing is evident from a sudden decrease in
force. The results of nonlinear dynamic analyses can be plotted as force-displacement
diagrams over the cycles of dynamic loading, or hysteretic curves, giving a prediction of
the nonlinear behaviour of the structure.
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Figure 50: Hysteretic Curves Depicting In-Plane Failure Mechanisms(Vasconcelos &
Lourenço, 2009)
As noted previously, the out-of-plane strength of URM is inherently much lower
than its axial and in-plane lateral strength. The slenderness of a URM wall along its
length dictates that the wall has a lower capacity to resist out-of-plane forces because a
depth of only a few wythes of masonry units are resisting the forces. The higher capacity
to resist in-plane forces comes from interlocking assembly of stones or bricks over the
length of the wall. This is illustrated in Figure 51. Because of this nature of URM, its
seismic performance relies on the ability of in-plane walls to resist forces to their
maximum capacity.(Lourenço et al., 2011) The in-plane resistance of URM walls can be
maximized by having the applied forces effectively distributed through the structure to
the in-plane walls. This global behaviour concept is dependent on the structure having
rigid and well-connected diaphragms to transfer the lateral forces. A structure with rigid
and well-connected diaphragms is said to exhibit ‘rigid box behaviour,’ or ‘rigid
diaphragm action.’
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Figure 51: Illustration of In-Plane versus Out-of-Plane Orientation (Hamp, 2021)
Historic URM structures typically include timber flooring, which acts as a flexible
diaphragm. The stiffness can be improved by adding planking to the timber
flooring.(Ortega et al., 2017) Figure 52 illustrates methods for stiffening floor
diaphragms, including the installation of tie beams and the addition of timber planking to
reinforce the existing timber flooring.
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Figure 52: Methods for Strengthening Flexible Diaphragms(Ortega et al., 2017)
However, the timber beams making up a diaphragm may have poor connections
to the walls. Historic timber floor-to-wall connections often consisted of pockets or
ledges in the masonry on which the beams and joists would rest, without specific
components to tie the timber in to the masonry. Without proper floor-to-wall connections,
there is little out-of-plane restraint for the masonry walls.(Marino, Cattari, &
Lagomarsino, 2019) This leads to local failures – out-of-plane failures – in the URM
structure, and lateral forces are not effectively transferred to the walls acting in-plane.
Out-of-plane failures in URM walls can be identified by bulging and
overturning.(Kalkbrenner et al., 2019) Figure 53, Figure 54, and Figure 55 illustrate outof-plane damage patterns in URM and examples of floor-to-wall connections in URM
buildings. Figure 55 of floor-to-wall connections in the West Mill building in Smiths
Falls depict a previous intervention of steel ties installed to reinforce the connection of
the timber beams to the masonry, although many of the steel ties are now missing or
corroding. The illustrations from Radford's Portfolio of Details of Building Construction
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in Figure 56 and Figure 57 depict typical girder-to-wall connections of the early 20th
century, showing a lack of significant reinforcement between the girder and the wall.

Figure 53: Out-of-Plane Failure Mechanisms in URM(Ortega et al., 2017)

Figure 54: More Out-of-Plane Failure Mechanisms in URM(Ortega et al., 2017)
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Figure 55: Floor-to-Wall Connections in the West Mill in Smiths Falls, Ontario (Hamp,
2018)

Figure 56: Floor-to-Wall Connections Illustrated in Radford's Portfolio of Details of
Building Construction, Published in 1911(Radford et al., 1911)
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Figure 57: More Floor-to-Wall Connections Illustrated in Radford's Portfolio of Details
of Building Construction, Published in 1911(Radford et al., 1911)
Based on the observation of these floor-to-wall connection examples and the
investigations of case study structures which were previously discussed, it is assumed
that historic unreinforced masonry structures in Ottawa typically do not have rigid
diaphragms or strong floor-to-wall connections. This will be reflected in the numerical
model used to carry out analysis of the seismic behaviour, since rigid diaphragm action
has significant influence on the seismic behaviour of a structure.
3.1.2

Irregular URM Behaviour

Irregularities in the plan or elevation of a URM structure change the seismic response
of the structure from the ideal ‘rigid box’ behaviour by altering the effective distribution
of seismic forces and concentrating the strength demands on certain components or areas
of the structure.(Scawthorn et al., 2015) Plan irregularities can also alter the structure’s
behaviour by shifting the centre of mass of the structure away from the centre of rigidity,
causing torsion.(Abdel Raheem et al., 2018) In this section, the differences in the
structural behaviour of plan irregular URM structures from regular, ideal rigid box
behaviour, are discussed. The details of different forms of plan and vertical irregularities
were discussed in the remote survey methodology section of this report.
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Plan irregularities are variations in the overall system of load-bearing elements of a
structure, causing changes to the even distribution of stiffness in the structure.(Abdel
Raheem et al., 2018) Diaphragm openings create a physical gap in the diaphragm, which
is providing lateral stiffness to the structure, so the stiffness provided by that diaphragm
is reduced overall, and around the opening there may be local stress concentrations at its
perimeter. Another example is a torsional plan irregularity, such as a URM building with
large shop-front windows on two elevations, and solid walls on the other two elevations,
such as in Figure 58.

Figure 58: Torsional Plan Irregularity(Applied Technology Council, 2015)
The lack of stiffness from the large window openings on the 2 orthogonal ground
floor facades of the building visible in Figure 58 causes the centre of rigidity of the
structure to be offset from its centre of mass, causing torsion to occur during lateral
loading. The lack of resistance from the large window openings must be compensated for
by the other structural elements, which are then subjected to increased loading. Torsional
plan irregularities effectively cause uneven distribution of forces throughout the structure,
increasing localized behaviour of structural components. Localized behaviour is
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problematic because it can lead to the premature failure of the structure.(Parisi &
Augenti, 2013) The issue of torsional behaviour is illustrated in the L-shaped building in
Figure 59.

Figure 59: Torsional Behaviour in Plan Irregular Structures(Abdel Raheem et al., 2018)
For structures with re-entrant corners, the seismic behaviour largely depends on the
depth of re-entrant corner and whether the plan of the structure is symmetrical.(Abdel
Raheem et al., 2018) In Abdel Raheem et al. (2018), the seismic analysis of L-shaped
concrete and steel structures found that the overall severity of the seismic response
increased with increasing depth of the re-entrant corner.(Abdel Raheem et al., 2018) The
seismic response of iterations of the numerical models was measured in terms of absolute
lateral storey displacement, inter-storey drift ratio, overturning moment, and base shear.
All of these parameters increased with increasing depth of the re-entrant corner of the Lshaped structure, with stress concentrations occurring at the re-entrant corner, and
increasing local shear demands at structural elements at the periphery of the structure.
The study attributed the increase in severity of the seismic demand and the increase in
localized behaviour to the increasing eccentricity of the centre of mass of the structure
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from its centre of rigidity, as well as the differential response of the wings of the Lshaped building.(Abdel Raheem et al., 2018)
Parisi and Augenti (2013) found similar results in their study of a two-storey URM
structure with plan irregularities created by variations in openings.(Parisi & Augenti,
2013) Through static pushover analyses on variations of the numerical model, the results
showed localized failures as well as decreasing seismic capacity of the structure as the
severity of the plan irregularity was increased.
Further review of relevant literature has shown extensive research into the seismic
performance of structures with plan irregularities. However, the focus of much of the
research has been on the performance of reinforced concrete structures, with a focus on
the influence of torsion in the structure.(Amarloo & Emami, 2019; Bosco et al., 2013; De
Stefano & Pintucchi, 2008; Jeong & Elnashai, 2006) Experimental studies on masonry
structures were reviewed, however the objective of much of the reviewed research was on
evaluating the performance of reinforcement techniques.(Bairrão & Falcão Silva, 2009;
Juhásová et al., 2008; Tomaževič & Gams, 2012) Although the reviewed literature
focused on the influence of torsion and interventions to mitigate torsional behaviour,
there was a lack of variations or severity in plan irregularities considered. In the study
carried out by Bairrão and Falcão Silva (2009), for example, a stone masonry structure
was constructed with a re-entrant corner to introduce plan irregularity.(Bairrão & Falcão
Silva, 2009) However, the depth of the re-entrant corner was only 12% and 27% of the
length of the structure in each direction, respectively. Although 27% is a significant
depth, the 12% side of the re-entrant corner causes the structure to not have extensive
‘wings’ that will move independently.(Abdel Raheem et al., 2018)
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From the review of relevant literature, potential for further research has been found
on the topic of plan irregularities in URM structures, with respect to different forms of
plan irregularities, and variations in the severity of plan irregularities. This research
project seeks to address the topic by evaluating the seismic behaviour of a URM structure
with an H-plan layout, with varying lengths of ‘legs.’
The H-plan layout modelled after the Strathcona and Windsor Arms buildings in
Ottawa is expected to behave with some torsion and thus localized behaviours, and stress
concentrations are expected to occur at the re-entrant corners of the H-plan. The seismic
capacity of the structure is also expected to decrease with increasing depth of the reentrant corners.
3.2

Numerical Modelling

3.2.1

Numerical Modelling Methods

This section provides a brief overview of numerical modelling methods currently
available for simulating the seismic behaviour of URM structures.
According to D’Altri et al. (2020), numerical methods capable of analyzing the
seismic behaviour of masonry can be broken down into three categories, including blockbased models, continuum models, and macro-element models.(D’Altri et al., 2020) These
categories of modelling approaches range in order of most complex and computationally
expensive to most simplified.
Block-based models, including micro-modelling and discrete element modelling
approaches, are able to represent the masonry at the scale of its actual assembly, meaning
that the individual masonry units and their connections by mortar can be represented in
the model with distinct elements and mechanical properties.(D’Altri et al., 2020) The
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benefits of using a block-based model to represent the masonry are that a high level of
detail is incorporated into the model, including the anisotropic properties of URM. The
complex failure modes of the URM assembly can be simulated with good accuracy using
a block-based model.(Gobbin et al., 2021; Pulatsu et al., 2020) The model is also able to
precisely predict failure mechanisms and damage patterns in the masonry because the
actual scale and detail of the mortar joints of the structure are represented in the model.
Studies have also found that block-based modelling methods such as the applied element
method and the discrete element method are able to accurately simulate both in-plane and
out-of-plane behaviour in URM, which is a critical component of the seismic analysis of
URM structures that behave torsionally.(Malomo, Comini, et al., 2018a) The applied
element method used in this thesis is a block-based modelling approach. This method will
be discussed in further detail in the following section.
Continuum models, in contrast to block-based models, represent a structure as a
continuum of finite elements with the same mechanical properties, so for a masonry
structure, the units and mortar are idealized into a homogeneous material.(Meguro &
Tagel-Din, 2000) In this modelling approach, the mechanical properties of the finite
elements are representative of the overall masonry assembly, rather than discretely
defined for the masonry units and the mortar.(D’Altri et al., 2020) The finite element
method results in damage patterns predicted by stress contours without precise paths
through joints in the model. Although, recent studies, such those carried out by Saloustros
et al. (2019) and Saloustros et al. (2020), have used finite element modelling to simulate
the seismic behaviour of historic unreinforced masonry structures and to identify distinct
damage patterns. In these studies, separate global and local failure mechanisms
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characterized by distinct crack paths in the finite element models were predicted using
probability assessment with nonlinear static analyses.(Saloustros et al., 2019, 2020)
To approximate the behaviour of the masonry as a homogeneous material,
constitutive laws must be used to define the behaviour of the model. There are various
methods for defining the constitutive laws that can give good approximations of the
behaviour of the masonry, however there is still an element of simplification of the
structural behaviour in the approximation process. Continuum models are more
computationally efficient and more commonly used in practice than block-based models,
however for the purpose of this thesis, it is in the best interest to avoid simplifications of
the structural behaviour. Based on this reasoning, a continuum model was not selected for
carrying out the analysis in this thesis.
Macro-element modelling approaches, such as the equivalent beam-based approach or
the spring-based approach, are further simplifications of masonry modelling. In macroelement models, the URM is represented by an arrangement of structural components that
idealize the masonry at a larger scale than individual units – typically components of
piers and spandrels, rather than individual bricks and mortar joints.(D’Altri et al., 2020)
Macro-element models typically assume that local and out-of-plane behaviour does not
occur, assuming that the structure has adequate rigid box behaviour and diaphragm
action. Although, recent studies have expanded on equivalent frame models to enable the
simulation of out-of-plane behaviour, such as the study carried out by Vanin et al. (2020).
This study enhanced a previously developed equivalent frame model of an unreinforced
masonry assembly to simulate the out-of-plane behaviour of the masonry
macroelement.(Vanin et al., 2020)
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The equivalent beam-based model, also referred to as the equivalent frame model,
represents the piers and spandrels of the structure using frame components connected by
rigid nodes.(Shrestha et al., 2020) The nonlinear mechanical properties are represented by
nonlinear springs defined in the frame components, based on the possible in-plane failure
mechanisms for the masonry; rocking, diagonal cracking, or shear sliding.(Shrestha et al.,
2020) The spring-based modelling approach represents the masonry with rigid frame
components connected by nonlinear springs.(D’Altri et al., 2020) The rigid frame
components capture the geometry of the structure, while the mechanical properties of the
material are presented by the properties defined for the springs.
Macro-modelling is more computationally efficient than block-based models or
continuum models because the structure is simplified into a smaller number of
numerically defined elements.(Marino, Cattari, Lagomarsino, et al., 2019) Macromodelling methods are widely used in practice because of their computational efficiency
and relative simplicity in developing the model, however they are still limited in the
precision of the behaviour represented for unreinforced masonry assemblies.
The applied element method, which is the block-based modelling method employed
in the Extreme Loading for Structures software used in this research project, will be
discussed in the next section.
3.2.2

Applied Element Method

The applied element method models a structure by virtually dividing it into small
rigid elements, which are connected to each other by springs that represent the normal
and shear behaviour of the structural component.(Meguro & Tagel-Din, 2000) The stress
and strain of the structure is entirely represented by the normal and shear springs
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connecting the elements, while the elements remain rigid.(Meguro & Tagel-Din, 2000)
Figure 60 depicts a section of a brick wall divided into brick elements connected by
springs.

Figure 60: Applied Element Method Division of Structure into Rigid Elements and
Springs
The applied element method creates a large number of distinct elements that are
required to be solved numerically to analyze the behaviour of a structure.(Shakeri &
Bargi, 2015) This may present concerns regarding the computational expense of the
model; however, the applied element method simplifies the numerical model based on
how the elements are discretized. In the applied element method, the rigid elements that
make up a 3D structural component each have 6 degrees of freedom.(Extreme Loading
for Structures, 2020) The elements can be different geometric shapes depending on the
overall form of the structural component, but they are typically cubic.
Figure 61 illustrates two applied element method rigid elements connected by a set of
normal and shear springs, where Kn is the normal spring stiffness, Ks is the shear spring
stiffness, the parameters of u represent the local degrees of freedom of each element, and
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the parameters of dx and dy represent the distance of the contact point of the connecting
springs to the centroid of each element.

Figure 61: Applied Element Method Rigid Elements Connected by Springs(Meguro &
Tagel-Din, 2000)
The accuracy of the model is dependent on the element size and the number of
springs connecting elements on each of their interfaces.(Shakeri & Bargi, 2015) The size
of elements and number of springs are specified with consideration of the problem
conditions and design parameters.(Shakeri & Bargi, 2015) It is this ability to model the
structure by distinct elements that renders the applied element method particularly useful
in simulating the structural performance of URM. The elements can be specified such
that a steel beam, for example, is made up of many small elements, or such that one
structural component, such as a brick, is one element. This aligns well with the inherent
division of URM into masonry units and mortar joints.
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In (Shakeri and Bargi 2015), the effect of element size and number of springs was
tested using the applied element method. A simple column was subjected to a 10 kN axial
load, and variations in the number of elements and number of springs were evaluated by
comparing the displacement at the top of the column with theoretical values. The test
showed that the accuracy of the model improved with decreasing element size – an
increase in the number of elements – but there was no improvement in accuracy for
varying the number of springs. Another test was carried out on a simply supported beam
model, with variations in element sizes and numbers of springs. The results showed that
decreasing element size and increasing the number of springs at the element interfaces
improved the accuracy of the model.(Shakeri & Bargi, 2015) This aligns with the concept
discussed in Meguro and Tagel-Din (2000): one spring between an interface of two
elements can represent the translational behaviour of those elements on its own, but
multiple springs are required to represent the rotational behaviour at the interface of the
two elements, and the accuracy of the rotational behaviour predictions are improved with
more springs.(Meguro & Tagel-Din, 2000) Meguro and Tagel-Din (2000) recommended
10 springs along each interface in the case of larger elements in relation to the structure,
and Shakeri and Bargi (2015) recommended in general 5 to 10 springs along each
interface.
For the application of the applied element method to URM, two sets of springs
properties are defined: springs to model the brick-brick interfaces, and springs to model
the brick-mortar interfaces.(Karbassi, 2010) Figure 62 shows the division of a 2-brick
assembly into brick-brick interfaces and brick-mortar interfaces, where each brick
element is hatched by a brick pattern. The mortar is not represented as a separate element
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in the model. Rather the properties of the mortar are represented by the springs at the
interfaces of the bricks.

Figure 62: Applied Element Method Structural Discretization for URM(Karbassi, 2010)
In Figure 62, Kb is the stiffness of the bricks, Km is the stiffness of the mortar, tm is the
thickness of the mortar, and Keq is the equivalent stiffness of the brick-mortar interface
springs. The normal and shear stiffness of the masonry units and mortar can be calculated
from the following equations: (Malomo, Comini, et al., 2018b)
𝐸𝑑𝑡𝑗

𝑘𝑛𝑏 = (
𝑘𝑠𝑏 = (

𝑙𝑗

𝐺𝑑𝑡𝑗
𝑙𝑗

)

3.1

)

3.2

Where knb is the normal brick stiffness, ksb is the shear brick stiffness, E is modulus of
elasticity of the brick, d is the distance between adjacent springs, tj is the thickness of
each spring segment, lj is the length of each spring, and G is the modulus of rigidity of
the brick.
The equivalent normal and shear stiffness values for the brick-mortar interface
springs are calculated based on the series system of the stiffness for the bricks and
mortar: (Malomo, Comini, et al., 2018b)
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Where kni is the normal stiffness of the assembly, ksi is the shear stiffness of the
assembly, Eb is modulus of elasticity of the brick, Em is modulus of elasticity of the
mortar, Gb is modulus of rigidity of the brick, Gm is modulus of rigidity of the mortar, and
d is the distance between adjacent springs. Ti is the thickness of each rigid element, li is
the length of each rigid element, and tm is the thickness of the mortar joint.
The above stiffness equations are used to solve for the interactions between brickbrick and brick-mortar-brick interfaces in the Applied Element Method model during the
elastic phase of behaviour of the springs. The stiffness of the model is updated with each
loading step according to the material constitutive laws in the post-cracked response stage
of the model, which is initiated with the separation (or cracking) of springs in the
model.(Malomo, Comini, et al., 2018a)
The applied element method is incorporated into the Extreme Loading for Structures
software, which is used to model the URM structure in this thesis. Modelling carried out
for this research using the applied element method is discussed later on in this report.
3.3
3.3.1

Nonlinear Analysis Considerations
Introduction
Due to the nonlinear properties of masonry, linear methods of numerical analysis

prove to be unreliable in predicting the seismic behaviour of masonry structures.
Nonlinear static analysis is also found to be unreliable for simulating the seismic
behaviour of URM structure with irregularities. Therefore, nonlinear dynamic analysis is
discussed in this section, including incremental dynamic analysis, which has been proven
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to be a highly comprehensive and reliable method for simulating the behaviour of
masonry structures. A brief discussion of nonlinear static analysis is included in section
4.2, where the methodology used to carry out the nonlinear static analyses in this research
project is presented.
3.3.2

Nonlinear Dynamic Analysis

In nonlinear dynamic analysis (NLDA), seismic forces are simulated on the numerical
model of a structure dynamically, such that the behaviour of the structure is presented
over time. To simulate the dynamic loading, accelerograms – real or synthetic ground
motion records measured by acceleration over time – are applied to the base of the
modelled structure.(Bianchini, 2018) The response of the structure to the applied
accelerograms is solved numerically at a specified time-step integral, outputting a
dynamic time history response of the structure. The dynamic time history response can be
reported by a range of parameters and is commonly represented by base-shear against
displacement of a control node at the top of the structure.(Mendes & Lourenço, 2014)
Another common parameter for evaluation of the results is inter-storey drift measured at
each floor and roof level.(Dobrotescu, 2018)
Nonlinear dynamic analysis offers detailed and reliable predictions of the seismic
response of a structure, with the potential to continuously improve upon the reliability of
the predicted behaviour by using a range of ground motions records and varying
intensities of scaled records. It is important, however, to state that ‘predicting’ structural
failure mechanisms is complicated in numerical analysis. It cannot be assumed that a
simulation of damage patterns is accurate from the computational model of an existing
URM structure without a remarkably high level of detail to represent the material
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properties and structural details of that structure. Any assumed properties or
simplifications made in the computational model reduces the reliability of the predicted
failure mechanisms. This presents a challenge according to best practices in heritage
conservation. For the analysis of an existing structure, a critical aspect of the
conservation of the structure is to predict the failure mechanisms, in order to carry out the
appropriate interventions, to stabilize, reinforce, or generally strengthen the
structure.(Lourenço et al., 2011) Without an accurate prediction of failure mechanisms,
or even with a conservation plan that missed a likely failure mechanism due to the
methods of the pushover analysis, the structure is vulnerable to structural
failure.(Lourenço et al., 2011) Analyses performed on computational models with any
simplifications or assumptions therefore always have an element of uncertainty with
respect to the simulated failure mechanisms.
3.3.2.1

Evaluation of Results

The performance of a structure can be evaluated from the results of numerical
analysis at different scales: local, global, or macro-element scale.(Marino, Cattari, &
Lagomarsino, 2019) Evaluation at the local scale consists of tracking the failure of an
individual structural element, such as a pier or a spandrel. Evaluation at the global scale
involves tracking the response of the structure from a control node which is assumed to
represent the global response of the structure. This can be challenging when the response
is characterized by localized failures due to a lack of box behaviour in the structure. The
scale of a macro-element is between the local and global scales. A macro-element refers
to the scale of an entire wall or façade, not just one pier, and not the global system of
walls.(Marino, Cattari, & Lagomarsino, 2019) Although performance evaluation at the
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local scale can be informative, it is time consuming due to the different limit states
required to be calculated separately for each structural element being evaluated. A
combination of global-scale and macro-element-scale performance evaluation can
typically provide an adequate assessment of the behaviour of the structure.(Marino,
Cattari, & Lagomarsino, 2019)
Failure mechanisms can be observed at the global scale of the model by evaluating
the displacements observed in the capacity curves of the control nodes as well as from
observation of the tensile or shear stress contours of the model, which illustrate areas
experiencing high tensile or shear stresses, indicating cracking in URM.(Kalkbrenner et
al., 2019) In Extreme Loading for Structures, the simulation of the displacement of
elements in the model throughout a dynamic analysis gives an illustration of the actual
failure of the structure, and crack patterns can be evaluated using different view settings
for the springs. Seismic performance at the local scale can be evaluated as a measure of
an ultimate limit state parameter of that structural element, for example rocking, diagonal
tension cracking, and sliding shear limits of a pier. It is useful to check each of these
limits of a pier, as rocking is a deformation-controlled parameter, while toe-crushing is a
force-controlled parameter. As found in Marino, Cattari, Lagomarsino, et al. (2019),
varying levels of compressive stresses in the piers at different levels yielded different
governing failure mechanisms in the piers.(Marino, Cattari, Lagomarsino, et al., 2019)
Piers close to the ground level experienced greater compression, and thus experience less
rocking, but were susceptible to failure by toe-crushing, and vice versa for piers at the top
level of the structure where more deformation was possible due to less compressive stress
from the mass of masonry piers above.(Marino, Cattari, & Lagomarsino, 2019)
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3.3.3

Incremental Dynamic Analysis
In incremental dynamic analysis (IDA), iterations of nonlinear dynamic analyses

with varying intensities of a ground motion records are carried out on the numerical
model of a structure.(Vamvatsikos & Allin Cornell, 2002) An IDA can be carried out
with one or more ground motion records scaled up and down in intensity, resulting in a
response curve from each different ground motion record. The IDA curve is a graphical
representation of the structural response versus the intensity level of the scaled ground
motion record.(Vamvatsikos & Allin Cornell, 2002) The basic concept of the IDA curve
is very similar to the pushover curve, although the IDA curve is representing a simplified
prediction of the structure’s response to varying intensities of ground motions through
dynamic analyses, whereas the pushover curve is representing the response to static
lateral loads.(Betti et al., 2014) The IDA curve is therefore a solution to concerns about
the ability of a single ground motion record to reliably predict the seismic behaviour of a
structure.(Vamvatsikos & Allin Cornell, 2002) In IDA, one ground motion record can be
scaled up in intensity until global collapse of the structure is predicted.
The results of IDA curves are reported in terms of the scalar intensity measure of
ground motion velocity versus a parameter of the structural response. Similar to an
individual nonlinear dynamic analysis, this parameter – the damage measure (DM) - can
be reported in terms of base shear, displacement, or drift ratios.(Betti et al., 2014) The
intensity measure (IM) of the IDA curve is represented by the parameter used to scale the
ground motion records. The records are typically scaled according to peak ground
acceleration, peak ground velocity, or the 5% damped spectral acceleration of the firstmode period of the structure.(Vamvatsikos & Allin Cornell, 2002)
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3.3.3.1

Evaluation of Results
IDA can be carried out such that different stages of the structure’s performance

are simulated: the elastic behaviour, the onset of plastic behaviour, and the global
collapse of the structure.(Betti et al., 2014) In performance-based evaluation of a
structure, IDA may be used to determine the intensity at which the structure will achieve
specified criteria of different structural performance levels, such as the Immediate
Occupancy limit state, the Life Safety limit state, and the Collapse Prevention limit state.
Bélec (2016) carried out incremental dynamic analyses on URM structures typical for
Canada, in order to develop fragility curves for assessing the seismic capacity of such
structures.(Bélec, 2016) In Bélec (2016), each of the performance levels in the IDA were
identified using a specific numerical value of the chosen damage measure. The
phenomena of weaving and ‘structural resurrection’ were also observed in some of the
IDA curves. In these cases, engineering judgement was used to identify the performance
limit states, since these phenomena may cause the premature prediction of a limit state
using numerical specifications rather than qualitative judgement.(Bélec, 2016)
The phenomena of weaving in an IDA curve represents successive softening and
hardening behaviour in a structure and can be seen in Figure 63, along with individual
cases of hardening and softening. This behaviour occurs because of changes in the
stiffness properties of the structure throughout intensities of ground motion. As local
failures occur at a certain intensity, new mechanisms are essentially ‘unlocked’ in the
structure which may have a higher resistance to the next scale of ground motion
intensity.(Vamvatsikos & Allin Cornell, 2002) This phenomenon is comparable to
hinging action in arches, where cracks allow the arch to behave elastically under
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continued loading by hinging at the cracks, rather than continuing to develop additional
plastic damages.(Heyman, 1969)

Figure 63: Incremental Dynamic Analysis Curves Depicting Softening and Hardening
Behaviour(Vamvatsikos & Allin Cornell, 2002)
To mitigate the issue of prematurely identifying a limit state due to the weaving
phenomenon, Bélec (2016) uses qualitative judgement to identify limit states in IDA
curves.(Bélec, 2016) With IDA curves plotted in terms of inter-storey drift, the
Immediate Occupancy limit state was identified as the intensity measure corresponding to
the start of non-linearity in the inter-storey drift ratio. The Collapse Prevention limit state
was identified as the point at which flattening begins, leading to structural instability, and
the Life Safety limit state was judged to be the point at which significant damage is
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accumulated prior to the flattening and structural instability portion of the curve.(Bélec,
2016) These points can be seen in Figure 64.

Figure 64: Incremental Dynamic Analysis Curve Depicting Limit States(Bélec, 2016)
Structural instability, or ‘dynamic instability’ is the phase of the IDA curve at
which damage measure increases significantly for negligible increases in intensity
measure.(Vamvatsikos & Allin Cornell, 2002) This point indicates the global collapse of
the structure, and an example can be seen in Figure 65.
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Figure 65: Incremental Dynamic Analysis Curve Depicting Structural
Resurrection(Vamvatsikos & Allin Cornell, 2002)
Figure 65 also illustrates the phenomenon of structural resurrection, in which an
IDA curve predicts the global collapse of the structure at a certain intensity measure but
predicts extreme hardening and then softening of the structure at a higher
intensity.(Vamvatsikos & Allin Cornell, 2002) The phenomenon of structural
resurrection is a testament to the comprehensive prediction of a structure’s response
enabled through IDA. By running iterations at varying ground motion intensities, the
point of dynamic instability and then the occurrence of structural resurrection can be
identified.
In a study by Park et al. (2009), incremental dynamic analysis was used to
develop fragility curves for a low-rise URM structure, and the results were compared to
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structural performance limits developed by HAZUS 99.(NIBS - National Institute of
Building Science, 1999) Figure 66 shows fragility curves developed from the IDA in
Park et al. (2009) according to HAZUS 99 drift ratio limits corresponding to structural
performance limits of Slight Damage, Moderate Damage, Extensive Damage, and
Complete Damage.(NIBS - National Institute of Building Science, 1999; Park et al.,
2009)

Figure 66: Fragility Curves Indicating Difference Structural Performance Limits of a
Low-Rise URM Structure (Park et al., 2009)
The fragility curve presents the probability of a structure exceeding the specified
limit on a parameter of the results, with increasing seismic intensity. HAZUS 99 specifies
limitations on drift ratios for URM structures at different levels that describe the
performance of the structure: Slight Damage, Moderate Damage, Extensive Damage, and
Complete Damage. (NIBS - National Institute of Building Science, 1999)
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Park et al. (2009) found from the evaluation of the IDA and fragility curves that
the seismic capacity of the modelled URM structure was significantly below the seismic
performance level recommended by the seismic code applicable to the study. The URM
structure modelled in Park et al. (2009) was developed such that it was representative of
similar URM structures in the central and southern regions of the United States.(Park et
al., 2009) The results of the study indicate the vulnerability of URM structures in the
United States. Similar vulnerability may be found from the evaluation of fragility curves
developed from the IDA carried out on the URM structures modelled in this research
project.
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Chapter 4: Methodology
4.1

Applied Element Method Modelling
The software being used in this project to carry out seismic analysis on a URM

structure is Extreme Loading for Structures (ELS), which uses the Applied Element
Method (AEM) of numerical analysis. The theoretical background of the AEM was
previously discussed. In this section, the testing carried out to verify the reliability of ELS
and the testing to determine the sensitivity of the software with varying model
discretization parameters will be presented. The testing which was carried out to
understand the sensitivity of the software with varying material properties will also be
presented. Once the reliability and sensitivity of the software have been established, the
methodology for modelling the case study structure in ELS will be discussed.
4.1.1

Software Verification

In order to verify the reliability of the results generated by the ELS software,
validation of the software was carried out against results from an experimental study
which evaluated the performance of unreinforced masonry walls under a series of loading
conditions and boundary conditions. By verifying that the software numerically predicts
the same behaviour as that which was observed experimentally in the selected paper, the
software may be considered reliable in numerically simulating the behaviour of other
URM structures under similar loading. Further verification of the Extreme Loading for
Structures software can be found in work carried out by Marrs (2020) and Malomo,
Pinho, and Penna (2018), both of which replicated experimental testing campaigns on
unreinforced masonry in ELS. Marrs (2020) specifically verifies the software with
respect to its simulation of out-of-plane behaviour of unreinforced masonry, which is not
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covered comprehensively in the software verification for this thesis project.(Marrs, 2020)
The reader is therefore directed to Marrs (2020) for a comprehensive verification of
Extreme Loading for Structures in its simulation of out-of-plane behaviour in URM
structures.
The study Multi-directional response of unreinforced masonry walls: experimental
and computational investigations by Dolatshahi and Aref was used for verification of inplane behaviour of URM in ELS.(Dolatshahi & Aref, 2016) In the study, experimental
testing was carried out on a set of 6 unreinforced masonry walls with varying material
properties and varying boundary conditions. With forced displacements applied in-plane
to the tops of the walls and out-of-plane loading applied to some walls, the performance
of the walls was evaluated in terms of visible cracking, failure modes, horizontal resisting
load, and in-plane displacement. By varying the loading and boundary conditions at the
tops of the walls, both rocking failure and diagonal shear failure were induced in different
walls. The selected study was chosen for verifying the reliability of ELS based on the
experimental quality of the research and the observation of two typical in-plane failure
modes. The experimental testing done on the first 2 walls from the study (Wall 1-1, Wall
1-2, and Wall 2) were replicated in ELS for verification of the numerical analysis
software.
4.1.1.1

Procedure

In order to replicate the setup used in the experimental study, the geometry, loading
conditions, and boundary conditions of the unreinforced masonry walls were reproduced
in ELS. A single-wythe masonry wall was discretized with 20.3 x 10.1 x 6.1 cm bricks in
width, thickness, and height, respectively, resulting in a 24-course wall with 10 mm
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mortar joints. The bottom course of the wall was constrained in all degrees of freedom,
representing a fixed connection. The top course connected to a steel plate to which
vertical loads, out-of-plane lateral loads, and in-plane lateral forced displacements were
applied. The steel plate was modelled as an 8-node element in ELS with high strength
steel material properties in order to ensure it would behave rigidly while transferring the
applied loads to the masonry. The properties of the steel plate and the boundary
conditions on the bottom course of the wall remained unchanged throughout all iterations
of testing in ELS.
The material properties assigned to the bricks and mortar in ELS were determined
from the published results of experimental testing carried out on material
samples.(Dolatshahi, 2012; Dolatshahi & Aref, 2016) As pointed out in (Malomo, Pinho,
and Penna 2018), the published results of experimental testing campaigns often do not
include all of the details required to perfectly replicate the testing in a numerical analysis
software. Since this was the case with the selected experimental study, some calibration
of the ELS model was carried out in order to better determine the precise material
properties of the mortar.
The calibration of the model involved calculating a preliminary Modulus of Elasticity
(E) and Modulus of Rigidity (G) for the mortar from theoretical equations.(Malomo,
Pinho, et al., 2018) The mortar E for Iteration 1 was taken as the average of the following
4 equations.(Malomo, Pinho, et al., 2018)
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𝐸𝑚𝑜 = ζ(E

Where 𝐸𝑚 is the Modulus of Elasticity for the overall masonry assembly, 𝐸𝑏 is for the
bricks, and ζ is the ratio of the brick’s height to the thickness of the mortar joint.
The Modulus of Rigidity for all iterations was calculated according to the following
equation.
𝐸

4.5

𝐺 = 2(1+𝑣)

Where 𝐸 is the Modulus of Elasticity of the mortar and 𝑣 is Poisson’s Ratio, taken as
0.15 based on the selected study.
The base shear and in-plane displacement results calculated by ELS from the Wall 11 experimental testing procedure based on the calculated 𝐸𝑚𝑜 and 𝐺 were then compared
against the results from the experimental testing. The details of the loading and boundary
conditions for the experimental testing procedures are explained shortly. The 𝐸𝑚𝑜 and
associated 𝐺 of the mortar were varied until satisfactory results were achieved in
comparison to the experimental results.
Table 5 and Table 6 summarize the iterations of varying mortar material properties
for calibration of the model, and the material properties of the bricks and mortar used for
the full software verification testing.
Table 5: Mortar Material Properties Calibration
Mortar Properties Calibration
Property

Iteration 1

Iteration 2

Final Iteration

Eb (MPa)

26500

26500

26500

Emo (MPa)

849

1800

1900

Em (MPa)

4585

4585

4585
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Gmo (MPa)
In-plane
displacement
(m)
Base shear
(kN)

369

783

826

0.0126

0.0078

0.0075

46

47

47

Table 6: ELS Verification Material Properties
Material Properties
Brick

Mortar

Ultimate Compressive Stress (MPa)

35

5

Ultimate Tensile Stress (MPa)

3.5

0.5

Young's Modulus (MPa)

26500

1900

Shear Modulus (MPa)

11520

826

Shear Strength (MPa)

0.135

0.135

Specific weight (kg/m3)

2550

2500

Poisson's ratio

0.15

0.15

Friction coefficient

0.92

0.92

For both the brick and the mortar, the tensile capacity of the material was calculated
as 10% of its compressive strength (MPa), which is similarly recommended in the
Canadian Masonry Standard.(CSA S304-04: Design of Masonry Structures, 2004) The
Modulus of Rigidity of the brick was not specified in the study, so it was calculated with
the same equation for mortar.
Three variations of loading and boundary conditions were carried out on the wall, to
replicate the testing on Wall 1-1, Wall 1-2, and Wall 2 in the experimental study. Wall 11 and Wall 1-2 included vertical point loads of 36.7 kN applied at each end of the steel
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plate, to pre-compress the masonry wall. Wall 1-1 involved a lateral in-plane forced
displacement applied to the steel plate, with no restraint to the top of the wall to simulate
the influence of a flexible diaphragm. Wall 1-2 involved an in-plane forced displacement
applied cyclically, with the steel plate restrained from in-plane rotation, in order to
simulate the influence of a rigid diaphragm constraining the top of the wall. Wall 2
involved the same cyclical in-plane forced displacement, with an out-of-plane point load
of 0.33 kN applied mid-way along the steel plate. A varying axial load was applied to
Wall 2 for pre-compression, with the load varying in order for the actuators to properly
restrain the top of the wall from all rotation. The testing setups in ELS can be seen in
Figure 67.
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Figure 67: ELS Verification Testing Setup
In the experimental study, the first iteration of testing resulted in rocking behaviour in
the wall.(Dolatshahi & Aref, 2016) The second iteration with rotation restrained at the
top of the wall resulted in diagonal shear failure and increased in-plane displacement,
although the peak horizontal resisting force remained the same. The third iteration with
out-of-plane loading similarly resulted in diagonal shear failure and the same in-plane
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displacement, although the peak horizontal resisting force increased by more than 3 times
its original value. The experimental behaviour is illustrated below in comparison to the
results obtained through numerical analysis in ELS.
4.1.1.2

Results

Similar behaviour to the experimental testing in Dolatshahi and Aref (2016) was
found in the analyses carried out in ELS. Figure 68, Figure 69, and Figure 70 show the
in-plane displacement at the top of the wall against in-plane shear at the base of the wall
from Test 1, Test 2 and Test 3 in ELS, shown in the legends as “ELS(Hamp)” for each
test. The results are plotted over top of the results from Dolatshahi and Aref (2016),
which include both the experimental results from the study and the numerical results
achieved through finite element modelling in the study.
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Figure 68: Software Verification Test 1 Results Overlaid on Dolatshahi and Aref (2016)
Wall 1-1 Results (Dolatshahi & Aref, 2016)

130

Figure 69: Software Verification Test 2 Results Overlaid on Dolatshahi and Aref (2016)
Wall 1-2 Results (Dolatshahi & Aref, 2016)

Figure 70: Software Verification Test 3 Results Overlaid on Dolatshahi and Aref (2016)
Wall 2 Results (Dolatshahi & Aref, 2016)
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As seen in Figure 68, the 10.5 kip peak horizontal resisting loads in Wall 1-1 and
Wall 1-2 are replicated in Test 1 and Test 2 in ELS. Rocking failure by cracking along
the base of Wall 1-1 was noted in the experimental study at an in-plane displacement of
approximately 7.6 mm, which compares closely with the 7.5 mm (0.3 inch) in-plane
displacement achieved before softening in Test 1. Wall 1-2 and Test 2 in ELS as well as
Wall 2 and Test 3 compare well in displacement, each achieving 15.2 mm (0.6 inch) in
in-plane displacement before failure. The different shapes of the Test 2 in ELS and the
Wall 1-2 experimental results show that the behaviour of the wall is being simulated
somewhat differently after the initial crack stage. The behaviour of Test 2 in ELS and
Wall 1-2 experimental results are very close up to the peak positive displacement.
The Test 3 results from ELS differ more drastically from the Wall 2 experimental
results, with Test 3 achieving 16.6 kip in peak base shear and Wall 2 experimentally
achieving 43.8 kip. The difference may be attributed to the replication of the loading and
boundary conditions in ELS, as well as the inherent variability of the Modulus of
Elasticity and Modulus of Rigidity of the materials in reality.(Malomo, Pinho, et al.,
2018) In the experimental testing on Wall 2, two actuators applied an axial load and
restrained rotation at the top of the wall, with the axial compression varying throughout
the test in order to maintain the full rotational confinement. Since the numerical range of
the varying axial load on Wall 2 was not specified, the same axial compression from Test
1 was applied to Test 3 in ELS, steel plate was restrained from rotating. The experimental
loading protocol and boundary condition may vary from the idealized boundary
conditions that were defined in the numerical model. Although the numerical results of
Wall 2 and Test 3 differ, the behaviour evidently signifies that the in-plane shear
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resistance of the wall increased significantly under high confinement at the top of the
wall and with the application of out-of-plane loading, similarly to the experimental
results of Wall 2.
Observation of the crack patterns and stress contours in the walls show further good
comparison of the ELS results with the experimental testing results. Figure 71, Figure 72,
and Figure 73 show the axial tension stress and in-plane shear stress contours of each test
iteration at its peak stress, as well as the crack pattern at the point of peak stress, and the
equivalent failure mechanism of the experimentally tested walls. Test 1 indicates rocking
behaviour due to the horizontal open crack at the base of the wall. The increased intensity
of the stress contours and the crack pattern of Test 2 and Test 3 indicate diagonal shear
failure.
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Figure 71: Test 1 a) axial tension stress contour, b) in-plane shear stress contour, c) open
crack pattern, and d) Wall 1-1 cracking image reproduced from (Dolatshahi and Aref
2016)
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Figure 72: Test 2 a) axial tension stress contour, b) in-plane shear stress contour, c) open
crack pattern, and d) Wall 1-2 cracking image reproduced from (Dolatshahi and Aref
2016)
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Figure 73: Test 3 a) axial tension stress contour, b) in-plane shear stress contour, c) open
crack pattern, and d) out-of-plane displacement
Comparison of the results achieved through numerical simulation in ELS with the
experimental results of the selected study show good similarity in both numerical results
and failure patterns observed throughs stress contours and crack patterns. Based on this
comparison of the ELS results against experimentally observed behaviour, the ELS
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software may be considered reliable in numerically simulating the behaviour of other
masonry structures.
The next section will discuss replication of the same experimental testing to
analyze the sensitivity of the software with variations in discretization of the model’s
elements, springs, and material properties.
4.1.2

Software Sensitivity Analysis
Following verification of ELS against experimental testing, the sensitivity of the

software was evaluated by varying model parameters. Discretization of elements and
springs in the software was varied with the objective of reducing computational expense
without sacrificing accuracy or precision of the results. The material properties of the
bricks and mortar were varied within a range of upper and lower bound values typical for
clay bricks and historic lime-based mortar with the purpose of understanding the
influence of each material property on the behaviour of the structure. The time step of the
output solution in ELS was varied to determine the time step required to achieve the most
precise solution.
In order to evaluate the sensitivity of the software, the same model used for
software verification testing was altered with variations in elements, springs, and material
properties. The results of the variations were compared against the results from the
software verification testing to look for any loss of accuracy or changes to the behaviour.
Since the sensitivity testing is carried out as a comparative assessment, the results of the
tests are evaluated for any changes in the behaviour of the model, rather than evaluating
the actual values of the test results.
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Following the sensitivity analyses on the small-scale wall from the verification
testing, testing was carried out on a larger-scale model to evaluate the influence of
varying model parameters at a larger physical scale. The sensitivity analyses carried out
with varying time steps were done on the model used for the full incremental dynamic
analysis in this research, since the time step is dependent on the modal properties of the
structure. In the following sections, the results from the sensitivity analyses on the smallscale wall, the large-scale structure, and the final 2-storey structure will be presented.
4.1.2.1

Small-scale model testing
Analysis of the software’s sensitivity to variations in elements and springs was

first carried out on the wall modelled for software verification testing in the previous
section. The material properties are the properties determined before calibration of the
model, and the loading and boundary conditions are similar to those from the third
iteration of testing, with increasing linear in-plane forced displacement, out-of-plane
loading, and fixed rotation all at the top of the wall. The material properties of the wall
are shown in Table 7. The base of the wall is constrained in all degrees of freedom, and
an axial load acts vertically on the wall.
Table 7: Small-scale model sensitivity analysis material properties
Material Properties
Brick

Mortar

Ultimate Compressive Stress (MPa)

35

5

Ultimate Tensile Stress (MPa)

3.5

0.5

Young's Modulus (MPa)

26500

1530

Shear Modulus (MPa)

11520

665
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4.1.2.1.1

Shear Strength (MPa)

0.135

0.135

Specific weight (kg/m3)

2550

2500

Poisson's ratio

0.15

0.15

Friction coefficient

0.92

0.92

Elements

The element discretization in the model was varied by altering the dimensions of
the bricks, with 1 rigid element for each brick. Discretization of the model with multiple
rigid elements for each masonry unit would allow for better precision in simulating any
potential failures occurring within the bricks, such as splitting or crushing of the
bricks.(Malomo, Pinho, et al., 2018) However, with the objective of developing a
simplified numerical model and lowering the computational expense, 1 element is
discretized per brick. The first iteration of element simplification is a replication of the
software verification testing, with bricks 20.3 x 10.1 x 6.1 cm in length, width, and
height, respectively. The second iteration involved doubling the length and height of the
bricks, at 40.6 x 10.1 x 14.2 cm in length, width, and height. In the third iteration the
brick lengths and heights were tripled, with bricks at 60.9 x 10.1 x 21.3 cm in length,
width, and height. The width of the bricks was kept the same throughout in order to
maintain the same wall thickness. The results of the iterations of varying brick
dimensions are shown in Figure 74 and Figure 75.
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Base Shear vs. In-plane Displacement in Walls with Varying Brick
Dimensions
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Figure 74: Element Size Sensitivity Testing Results from In-Plane and Out-of-Plane
Loading: Base Shear vs. In-Plane Displacement
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Out-of-plane displacement at right sid eof wall
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Out-of-plane Displacement vs. In-plane Displacement in Walls
with Varying Brick Dimensions
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Figure 75: Element Size Sensitivity Testing Results from In-Plane and Out-of-Plane
Loading: Out-of-Plane Displacement vs. In-Plane Displacement
Since the simplification of element discretization for masonry involves simply
increasing the dimensions of the bricks, it should be understood that this is an alteration
to the actual structure, rather than an alteration to the discretization of the structure in the
software. The variation in behaviour with each iteration is thus due to the different
interactions of the larger bricks under the applied loading, with fewer bricks and fewer
mortar joints in the wall in total. As found in experimental and numerical testing,
increasing dimensions of masonry blocks lead to an increase in the strength of the
masonry structure.(Godio et al., 2018) The objective in evaluating the larger brick
dimensions is thus to determine whether the structure will behave with reasonable
similarity to the structure with the original brick size, with the goal of reducing the
computational expense of the software by using fewer and larger elements. The three
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variations of brick dimensions reported above show that there is variation in both base
shear and out-of-plane displacement in the structures with larger bricks compared to the
wall with the original brick size, in particular during the non-linear phase of behaviour.
The prediction of peak in-plane displacement prior to collapse varies significantly with
the third iteration of simplification. Further discussion regarding the use of larger brick
dimensions is carried out in the next section, in which the number of springs per interface
of each rigid element is increased with the objective of improving the precision of the
results.
4.1.2.1.2

Springs

To evaluate the influence of the number of springs per rigid element interface on
the results of the numerical analysis in the software, 5 variations in the numbers of
springs were carried out on each of the models with varying brick dimensions. The
variations in number of springs specified in ELS included 2, 3, 4, 5, and 10 springs. Since
the actual number of springs in ELS per element interface is the square of the number
specified in the software, this means that there were 4, 9, 16, 25, and 100 springs per
interface of each element in the models, respectively. This is illustrated in Figure 76,
where two brick elements are connected by 5x5 springs per interface. The side view
shows 5 springs at the interface of the two bricks, and 5 springs at the interface of each
element with the ground. The perspective view reveals the 5 by 5 grid of springs which
connects the elements in 3 dimensions.
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Figure 76: Side and Perspective Views of Two Brick Elements with 25 Springs Between
Each Interface in ELS
The results of the spring sensitivity tests are shown in Figure 77 and Figure 78.
Base Shear vs. In-plane Displacement in Walls with Varying Springs
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Figure 77: Spring Sensitivity Testing Results: Base shear vs. In-Plane Displacement
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Figure 77 depicts iterations of varying numbers of springs per interface
converging to a smoother curve of base shear against in-plane displacement. The
comparison of the base shear results, depicted in terms of percent difference in Figure 78,
shows that there is negligible difference between the results of the iterations with 5
springs and with 10 springs, apart from the first few iterations, in which the values of the
base shear were smaller than 1 x 10-9 kN. The differences found at such small values of
base shear are insignificant. The difference in base shear results with 2 springs or 10
springs is larger, suggesting that with increasing springs, there is a convergence towards
more accurate results, with 10 springs offering the highest accuracy of results. The
difference in results of in-plane displacement depicts similar trends, with negligible
differences in results calculated from 5 springs or 10 springs.
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Percent Difference of Base Shear and In-Plane (IP) Displacement in
Walls with Varying Springs
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Figure 78: Spring Sensitivity Testing Results: Percent difference of Base Shear and InPlane Displacement
In each case the difference in results with varying springs increases significantly
following the failure of the wall. This may present a concern, since it is the peak, or
maximum performance of the model that is often of interest for analysis. The difference
in results at the point of failure of the structure will be further analyzed on the largerscale model. Based on the evaluation of varying springs on the small-scale wall, it is
reasonable to proceed with 5 springs specified per interface of each rigid element in ELS,
due to the negligible difference in results found between 5 and 10 springs. The use of 5
springs per element interface also aligns with Applied Element Method modelling carried
out in other studies.(Malomo, Pinho, et al., 2018)

145

Figure 79 and Figure 80 compare the iterations of testing with variations in brick
dimensions, from the iterations with 5 springs specified per element interface.
Base Shear vs. In-plane Displacement in Walls with Varying Brick
Dimensions
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Figure 79: Brick Size Sensitivity Testing Results: Base Shear vs. In-Plane Displacement
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Figure 80: Brick Size Sensitivity Testing Results: Percent Different of Base Shear and InPlane Displacement
Again, the percent differences increase following failure of the wall while
remaining somewhat similar during the linear phase of behaviour. However, the percent
differences from varying the brick dimensions are higher, within a range of 5-15% rather
than below 5%. In terms of both base shear and in-plane displacement results, there are
larger differences between the 1x and 3x brick dimension iterations than the 1x and 2x
brick dimension iterations. A 15% difference may not be reasonable for carrying out a
reliable analysis of the performance of a structure. The differences will be further tested
on a larger scale structure. In particular, the points of peak base shear and displacement
will be assessed across varying brick dimensions to assess whether 2x or 3x brick
dimensions yield reasonably similar behaviour to the original brick dimensions.
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4.1.2.2

Large-scale model testing
The larger-scale model used to test the sensitivity of the software is similar to the

H-plan model which is the subject of the seismic analysis of this research. The model
created in ELS is shown in Figure 81, with 20 x 10 x 30 cm bricks in length, height, and
width, respectively. The width of the bricks was specified as 30 cm in order to replicate
the typical thickness of a URM wall, without creating more than one wythe of bricks,
since it is not in the scope of this study to evaluate the behaviour of multiple wythes. De
Felice ( 2011) confirmed through numerical investigation that a single equivalent wythe
of masonry in the numerical model is effective in representing a multi-wythe URM wall
with header bricks connecting the inner and outer wythes throughout the wall.(De Felice,
2011) Tie bricks with dimensions of 30 x 10 x 30 cm in length, height, and width are
located at each corner of the structure where orthogonal walls are otherwise connected by
a vertical plane of mortar. The tie bricks were modelled as 8-node elements in ELS, with
the same material properties as the bricks in the URM walls.
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Figure 81: Large-scale H-plane URM structure with 20 x 10 x 30 cm bricks
Boundary conditions were applied to the structure such that the base of the walls
was restrained in all degrees of freedom, and the tops of the walls were unrestrained.
Axial loading was applied along the top of the walls to induce compressive stress, lateral
uniform pressure was applied in the X direction to all of the walls along the Y plane to
simulate wind loading. Additionally, lateral forced displacement in the X direction was
applied at the top of each wall acting in-plane in the X axis. The lateral forced
displacement was applied with the objective of causing collapse in the structure, to
observe its behaviour up to and after failure. Throughout the sensitivity analysis, the
behaviour was measured in Wall S5 identified in Figure 82.
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Figure 82: Wall S5 in Large-Scale Structure
4.1.2.2.1

Springs

Sensitivity testing on the large-scale structure was first carried out by varying the
number of springs per element interface, to confirm that similar trends to the small-scale
wall would be found. The iterations of varying springs on the structure with original brick
dimensions included iterations of 2, 3, 4, 5, and 10 springs per element interface. The
base shear results in Wall S5 of the structure are shown in Figure 83.
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Figure 83: Large-Scale Spring Sensitivity Test Results: Base Shear
Figure 84 illustrates the percent difference in base shear between iterations with
varying springs.
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Figure 84: Large-Scale Spring Sensitivity Test Results: Percent Different in Base Shear
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As noted from the evaluation of the small-scale wall, the linear phase of
behaviour (before analysis frame no. 30 in Figure 84) has very small differences in
results with varying numbers of springs. Regarding the point of peak base shear in the
wall, a 30% and 16% difference was found in the results with 2 and 3 springs,
respectively, compared to the results from the iteration with 10 springs. The results with 2
and 3 springs are not shown in Figure 84 since the calculated percent different is clearly
very high. The base shear results with 4 and 5 springs resulted in approximately 8% and
4% differences (around analysis frame no. 30 in Figure 84) compared to the results from
the iteration with 10 springs, respectively. This confirms that the accuracy of the results
increases with additional springs, and that 5 springs per element interface is an
appropriate compromise of accuracy and computational expense.
The same iterations of variations in springs per element interface were tested on
the structure with brick dimensions 2 times the original dimensions, and the same trend
of improved accuracy was observed with increasing springs.
4.1.2.2.2

Elements

To evaluate the influence of simplifying the element discretization of the model, 2
iterations of the structure with larger brick dimensions were tested. The first iteration had
brick dimensions double the size of the original bricks, at 40 x 20 x 30 cm in length,
height, and width. The second iteration had brick dimensions three times the size of the
originals, at 60 x 30 x 30 cm in length, height, and width. It should be noted that the
width of the bricks was once again unaltered in order to maintain the same thickness of
the single-wythe walls throughout the iterations. Figure 85 shows the three iterations of
large-scale structures with varying brick dimensions.
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Figure 85: Large-scale structure with a) original brick dimensions b) 2x bricks, and c) 3x
bricks
As depicted in Figure 86, the three variations in the structure were found to have
reasonably similar behaviour within the linear phase, with larger discrepancies in the
non-linear phase and during collapse of the structure.
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Figure 86: Brick Size Sensitivity Test Results: Base Shear in Wall S5
The percent difference in values of peak shear resistance in the walls in Figure 86
was calculated, resulting in 7% difference between the structure with 2x brick dimensions
and the original structure (approximately -8 tonf vs. -7.5 tonf), and 13% difference in the
structure with 3x brick dimensions and the original structure (approximately -8.5 tonf vs.
-7.5 tonf). This comparison shows that the simplification of the structure to brick
dimensions 2 times the original dimensions yields reasonably similar results to the
behaviour of the original structure. This simplification of the model discretization allows
for fewer elements to be used to model the structure, improving the computational
efficiency of the analysis without significantly sacrificing the accuracy of the results.
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4.1.2.3

Material Properties
In order to develop an understanding of the influence of different material

properties on the behaviour of unreinforced masonry, iterations of testing were carried
out on the small-scale wall used for ELS verification testing, with varying material
properties typical to clay brick and historic lime-based mortar. A range of typical values
for material properties were determined from a review of relevant literature and from the
Canadian Masonry Standard.(CSA S304-04: Design of Masonry Structures, 2004) For the
purpose of this research, literature-based material properties are considered acceptable
since experimental testing on the case study structure is outside the scope of the project.
From the literature, it was found that the range of experimental unit compressive
strength values typical for clay brick was lower but comparable to the minimum unit
compressive strength specified in the Canadian Masonry Standard. The lower values of
unit compressive strength found in the literature can be attributed to a number of factors
pertaining to the composition and condition of the clay units tested. Factors such as
environmental forces causing weathering and cracking in the materials over time; a lack
of maintenance to mitigate the weathering and cracking; the chemical composition of the
clay masonry and mortar; and manufacturing methods used to form the units, which can
affect the pore size and distribution in masonry units.(Bompa & Elghazouli, 2020;
Stefanidou et al., 2015)
Table 8 summarizes the range of material property values for lime-based mortar
and clay brick use in the sensitivity testing in ELS. In comparison to the range of values
shown in the table, the minimum compressive strength of clay bricks according to the
Canadian Masonry Standard ranges from 17.2 MPa to 20.7 MPa depending on their
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grade, and a minimum compressive strength of 2 MPa is specified for low-strength
mortars which are “generally used for restoring old masonry structures.”(CSA S304-04:
Design of Masonry Structures, 2004)
Table 8: Material Properties of lime-based mortar and clay bricks from reviewed
literature
Bricks

Compressive Strength (MPa)
Tensile Strength (MPa)
Elastic Modulus (MPa)
Shear Modulus (MPa)
Shear Strength (MPa)
Density (kg/m3)
Friction Coefficient

Lower
Bound
5.0
620
258
0.07
1400
0.3

Mortar
Upper
Bound
32.0
5140
3100
0.90
3000
0.8

Lower
Bound
0.5
0.0
282
118
0.01
1600
-

Upper
Bound
14.2
2.0
5140
3100
0.13
3000
-

The range of Modulus of Elasticity, E, was determined from the Canadian
Masonry Standard, which cites the MSJC Code (Masonry Standards Joint Committee)
from the American Society of Civil Engineers (ASCE) for the lower bound coefficient
applicable to clay brick masonry. The upper bound is taken as the coefficient specified
for all masonry in the Canadian Masonry Standard. The MSJC Code was selected for
calculating the lower bound of E in this research since it specifies unique coefficients for
clay masonry (700*f’m) and concrete masonry (900*f’m).(CSA S304-04: Design of
Masonry Structures, 2004) The MSJC Code value for E can be taken as more
representative of clay masonry behaviour. In the absence of a formula specific to limebased mortar, the same range was used to calculate the Modulus of Elasticity for mortar,
and the results line up with typical values found in literature.
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The Modulus of Rigidity, G, was calculated for each value of E according to the
formula from the Canadian Masonry Standard, as discussed previously. Since G is
dependent on the value of E, the two properties of material stiffness were varied together
in the ELS testing.
The shear strength of the materials was calculated based on the following formula
from the Canadian Masonry Standard.(CSA S304-04: Design of Masonry Structures,
2004)
𝑀𝑓

𝜈𝑚 = 0.16 (2 − (𝑉

𝑓 𝑑𝑣

)) √𝑓𝑚′

4.6

Where 𝑀𝑓 and 𝑉𝑓 are the factored moment (kNm) and shear force (kN) applied to
the wall at the section being analyzed, and 𝑑𝑣 is the depth of the wall in-plane (m). A
𝑀𝑓

value of 1.0 was used for 𝑉

𝑓 𝑑𝑣

to calculate the lower bound value of shear strength

according to each compressive strength (𝑓𝑚′ ). The range of shear strengths tested in ELS
was calculated based on the range of compressive strengths of mortar and brick observed
in the literature.
Although the material properties used in the numerical analysis in this thesis are
determined from relevant literature and the Canadian Masonry Standard, the importance
of experimental testing for historic structures to determine accurate material properties
cannot be understated. In the conservation of historic structures and built heritage, it is
best practice for minimal and compatible interventions to be carried out in order to
conserve and protect the historic structure and its character defining elements, to reduce
the risk of deterioration or damage, and to prolong the structure’s service
life.(Vandesande & Verstrynge, 2020) Making assumptions about the material properties
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for the structure subject to conservation works causes a risk of incompatible
interventions. Only with a knowledge of the actual material compositions and properties,
can compatible and minimal interventions be effectively designed. For this reason, the
sensitivity analysis of varying material properties is carried out to form an understanding
of the influence of each material property on the results reported by the software. Based
on the results of the sensitivity analysis, material properties suitable for the case study
structure are used in the seismic analysis of the structure.
The next section discusses the key findings from the material properties
sensitivity analysis.
4.1.2.3.1

Results

Throughout iterations of testing on the small-scale wall in ELS, the following
properties were varied one at a time to evaluate their influence on the behaviour of the
wall:
•

Brick compressive strength;

•

Brick stiffness (E and G);

•

Brick shear strength;

•

Brick density;

•

Mortar compressive strength;

•

Mortar tensile strength;

•

Mortar stiffness (E and G);

•

Mortar shear strength;

•

Mortar density; and

•

Coefficient of friction.
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As expected, the brick material properties had negligible or no influence on the
behaviour of the wall. The density of the brick had a very minor influence on the base
shear of the structure because of the influence of self-weight. The wall’s ability to resist
shear stress increases with increasing axial compression, so with the higher axial
compression from increasing self-weight, this caused the base shear to achieve higher
values. This is justified by evaluation of the equation for in-plane shear resistance
according to the Canadian Masonry Standard, in which the shear resistance is directly
proportional to increasing axial compression.(CSA S304-04: Design of Masonry
Structures, 2004)
𝑉𝑟 = φm (𝑣𝑚 𝑏𝑤 𝑑𝑣 + 0.25𝑃𝑑 )γg

≤ 0.4φm √f ′ m𝑏𝑤 𝑑𝑣 γg

4.7

Where φm is the resistance factor for masonry, taken as 0.6, 𝑣𝑚 is the shear strength
of the masonry (MPa), 𝑏𝑤 is the width of the masonry (mm), 𝑑𝑣 is the effective depth of
the masonry for shear calculations (mm), 𝑃𝑑 is the axial compressive load acting on the
masonry section (N), and γg is the factor to account for partially grouted or ungrouted
walls, taken as 1 for solid brick masonry.
Although the compressive strength of the brick had no influence on the behaviour
of the wall, the compressive strength of the mortar did. As shown in Figure 87, with
increasing mortar compressive strength, the wall failed at greater displacements and
greater shear strengths. This is justified by the previously discussed formulas for the
shear strength of masonry and the in-plane shear resistance of masonry, which are
directly proportional to the compressive strength of the masonry. In this case, the
compressive strength of the masonry assembly is controlled by that of the mortar.
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Base Shear vs. In-plane Displacement in Walls with Varying Mortar
Compressive Strength
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Figure 87: Base shear vs. in-plane displacement results in walls with varying mortar
compressive strength
The tensile strength of the mortar also had an influence on the behaviour of the wall,
although it was not a significant influence. This is likely because the wall is failing
mostly in diagonal shear, which is not dependent on the tensile strength of the mortar. It
is likely that the tensile strength of the mortar would play a greater role in determining
the performance of the wall if the loading conditions were inducing rocking failure. In the
case of rocking failure, the mortar joints would fail in tension, as seen in Test 1 in the
software verification testing, in which a horizontal crack formed along the mortar joint at
the base of the wall.

160

The stiffness of the mortar (Modulus of Elasticity and Modulus of Rigidity) had a
significant influence on the behaviour of the wall. With increasing stiffness (increasing
brittleness of the material) the wall failed at lower in-plane displacements, although the
peak base shear remained relatively unchanged throughout, as shown in Figure 88.
Base Shear vs. In-plane Displacement in Walls with Varying Mortar
Stiffness
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Figure 88: Base shear vs. in-plane displacement in walls with varying mortar stiffness (E,
G)
The shear strength of the mortar had the opposite influence on the behaviour of the
wall. With increasing mortar shear strength, the peak base shear in the wall increased,
with the maximum in-plane displacement in the wall remaining relatively unchanged, as
shown in Figure 89.
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Base Shear vs. In-plane Displacement in Walls with Varying
Mortar Shear Strength
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Figure 89: Base shear vs. in-plane displacement in walls with varying mortar shear
strength
Overall, the influence of the material properties of the mortar on the behaviour of the
wall align with the concept of the mortar controlling the wall’s performance. Similar to
the discretization of a structure in ELS, masonry performs as a system of rigid blocks
with weaker joints, with the soft joints deforming and failing before the rigid blocks.
Finally, the coefficient of friction of the wall was varied based on values observed in
literature. As shown in Figure 90, it was observed that the peak base shear increased with
increasing μ, and the shape of the base shear vs. in-plane displacement became more
curved, with the lowest friction coefficient causing the wall to achieve a low value of
base shear and continuously displacing without increasing shear resistance.
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Base Shear vs. In-plane Displacement in Walls with Varying Friction
Coefficient
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Figure 90: Base shear vs. in-plane displacement in walls with varying coefficient of
friction
For subsequent seismic analyses in ELS, values within the upper and lower
bounds presented in Table 8 for the compressive strength, tensile strength, stiffness, and
shear strength of clay brick and lime-based mortar are adopted. A coefficient of friction
of 0.7 is chosen for subsequent analyses, as it is the value most commonly observed in
literature for historic masonry.
4.1.2.4

Analysis Time Step
The final parameter of the ELS model which was analyzed for its influence on the

solution was the calculation time step of the solution. The sensitivity analysis is carried
out on the model that is used for the full incremental dynamic analysis research process,
due to the dependency of the recommended time step on the modal properties of the
structure. The selected time step chosen for calculating the solution must be significantly
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shorter than the duration of the analysis and should be smaller than the shortest period of
vibration of the structure in order to capture that period’s behaviour. A conservative rule
for the calculation time step is to take a time step 20 times smaller than the lowest period
of vibration of the structure.(Bianchini, 2018) In contrast, the ELS manual recommends a
calculation time step of just 2 times smaller than the lowest period of vibration.(Extreme
Loading for Structures, 2020) These constraints are used to evaluate the results of the
time step sensitivity analysis.
Basic details of the model are included in this section, with the details of the
modelling decisions included in the next section with a thorough presentation of the
modelling methodology. The model is shown in Figure 91.

Figure 91: 2-storey URM structure used for time step sensitivity analysis
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The model is a 2-storey unreinforced masonry structure with openings throughout
both storeys, with lintels supporting the unreinforced masonry above the openings. The
orthogonal walls are connected with corner units assigned brick material properties. The
lintels were assigned generic elastic material properties to simulate the behaviour of
typical wood lintels. The material properties of the unreinforced masonry and wood
lintels are shown in Table 9.
Table 9: Time Step Sensitivity Analysis Material Properties
Material Properties
Brick

Mortar

Wood Lintels

Ultimate Compressive Stress
(MPa)

15

5

6.96

Ultimate Tensile Stress (MPa)

1.5

0.5

6.00

Young's Modulus (MPa)

2000

1500

6000

Shear Modulus (MPa)

833

625

2500

Shear Strength (MPa)

0.4

0.1

4.80

Specific weight (kg/m3)

2000

2000

420

Friction coefficient

0.7

0.7

0.8

Axial and seismic loading were applied to the structure, including factored dead
and live loads acting along the tops of the walls and scaled simulated ground motions
acting in the X and Y directions on the structure. The base of the structure is constrained
in all degrees of freedom, and there are no constraints at the tops of the walls. The
simulated ground motion records were generated by Gail Atkinson and scaled against the
target spectrum of Montreal using the method recommended by Atkinson for the
simulated records. Scaled ground motion records from historical seismic events are used
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in the incremental dynamic analysis and are discussed later on this thesis. The scaled
simulated ground motion records are shown in Figure 92 and Figure 93, with record no.
34 applied in the X direction, and no. 35 applied in the Y direction of the structure.

Simulated Ground Motion Record No. 34
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Figure 92: Simulated ground motion record no. 34 (Atkinson et al., n.d.)

Simulated Ground Motion Record No. 35
20.00

Acceralation (m/s2)

15.00
10.00
5.00
0.00
0

5

10

15

20

25

30

35

40

45

50

-5.00
-10.00

Time (s)

Figure 93: Simulated ground motion record no. 35 (Atkinson et al., n.d.)
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Over iterations of testing, the time step of the output solution in ELS is decreased,
to test for its influence on the precision of the solution. The results are analyzed in terms
of base shear in one wall of the structure against in-plane displacement at the top of the
wall. Figure 94 and Figure 95 confirm that a time step of 0.002 seconds gives the most
precise solution out of the range of time steps tested. Figure 95 shows a zoomed in view
of Figure 94, to illustrate the increase in precision of the results with smaller time steps.

Base Shear vs. In-plane Displacement over Iterations of
Decreasing Time Step
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Figure 94: Base Shear vs. In-Plane Displacement over Iterations of Decreasing Time
Step, 0.01s-0.002s
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Base Shear vs. In-plane Displacement over Iterations of
Decreasing Time Step
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Figure 95: Base Shear vs. In-Plane Displacement over Iterations of Decreasing Time
Step, 0.01s-0.002s, Zoomed In
Since the lowest period of vibration of the ELS model was found to be 0.00998
seconds through a modal analysis, the calculation time step is recommended to be
between 0.0005 seconds to 0.005 seconds, based on the Tn/20 or Tn/2 constraints noted
previously. In the interest of computational efficiency, a calculation time step of 0.0025s
is used, which is closer to the Tn/2 rule. This gives a reasonable computation time and
achieves a time step of approximately Tn/4, thus considering periods 4 times smaller than
the lowest period of vibration in the solution.
The next section presents the ELS model of the case study structure in ELS, with
a discussion of modelling decisions and the selection of material properties informed by
the sensitivity analyses.
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4.1.3

URM Case Study Model in Extreme Loading for Structures

This section presents the structures modelled in Extreme Loading for Structures
which are the subject of nonlinear static and dynamic analyses carried out for this project.
Based on the discussion following the typology survey, the modelling objective in this
research project is to represent a typical Ottawa URM structure with an H-plan layout,
which includes torsional irregularity and re-entrant corners. Information that is key to
effectively representing a typical Ottawa URM structure includes the masonry assembly
details and material properties, the plan dimensions of the building, the number of
storeys, and details of the floor and roof diaphragms.
Three structures were modelled for analysis in Extreme Loading for Structures, which
are shown in Figure 96, Figure 97, and Figure 98. The first structure, “Model A,” is
representative of the “worst case” of the 3 models, with respect to the torsional
irregularity and length of re-entrant corners in the structure. Model B is a copy of Model
A with some modifications to be representative of a mid-case of torsional irregularity and
re-entrant corner length. Model C is also a copy of Model A with additional
modifications to represent the best case. Model A is modelled such that there is torsional
irregularity in the structure due to asymmetry across the X axis. The lengths of the legs of
the H-plan in Model A which create re-entrant corners are representative of the length of
the legs of the Strathcona and the Windsor Arms. Model B includes one additional URM
shear wall in the X direction which minimizes the torsional irregularity of the structure
while maintaining the presence of re-entrant corners. Model C includes 2 more additional
shear walls in the X direction which create fully continuous facades in the X direction of
the structure, removing the re-entrant corners from the structure. The modifications in
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Model B and Model C are modelled such that they represent retrofitted versions of Model
A, with structural additions to mitigate the torsional irregularity and re-entrant corners of
Model A. A real seismic retrofit to a structure such as Model A would likely include a
steel frame or another minimally intrusive structure, rather than URM. URM was chosen
for the additional shear walls in Model B and Model C because the design of a steel
frame to connect with the existing URM in Model A is outside the scope of this thesis.

Figure 96: Model A Perspective and Plan View
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Figure 97: Model B Perspective and Plan View

Figure 98: Model C Perspective and Plan View
The plan of each of the models measures 9.9m in total in the X direction and
12.3m in total in the Y direction. The plan dimensions are approximately ¼ of the scale
of the Strathcona, to reduce the number of elements in the model. The structures are all
two storeys in height, at 3m per storey. Although the Strathcona and the Windsor Arms
are each five storeys in height, two storeys were chosen for the modelled structures in
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order to maintain simplicity in the models while maintaining the ability to evaluate
structural behaviour in more than one storey. This is important in parameters of
behaviour such as inter-storey drift and floor rotation, which are expected to increase
with each storey. These results may be similar in comparison to the actual five storey
case study buildings since both the plan and height of the modelled structures are smaller.
To further simplify the models, the bricks are modelled at twice the size of typical
clay bricks, at 0.4m x 0.2m x 0.3m in length, height, and width, respectively, with 5x5
springs between each element interface. Figure 99 illustrates a small section of brick
elements connected by springs in 5x5 grids at each interface between two separate
elements. The walls were also modelled with only one wythe of bricks in order to reduce
the number of brick elements. Future research may include a multi-wythe masonry model
and evaluate the behaviour of the multiple wythes under seismic loading.

Figure 99: Elevation and Perspective View of a Section of Brick Elements Connected
with Springs
172

Since Extreme Loading for Structures automatically generates a continuous plane of
mortar connecting orthogonal walls, the walls had to be connected manually. The
orthogonal walls were connected using 8-node elements representative of bricks in ELS.
These “corner stones” were placed at all of the connections between orthogonal walls
where ELS had automatically modelled vertical planes of mortar as the connection. The
corners stones have the same dimensions as the brick elements in the URM walls and
were spaced every five rows at the corners, as illustrated in Figure 100. The corner stones
were similarly modelled with 5x5 springs connecting their interfaces with the adjacent
bricks.
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Figure 100: Corner Brick Detail in Extreme Loading for Structures
Openings were modelled in the walls to represent windows and doors. The openings
were placed symmetrically throughout the facades, with the objective of reducing the inplane shear strength of the walls, without introducing any vertical irregularities in the
structure. Lintels were modelled above all the openings using 8-node elements with
elastic material properties. The 8-node lintel elements are meant to simulate timber lintels
which support the masonry above.
174

To effectively represent the flexible diaphragms and poor floor-to-wall connections of
the case studies inspected in Ottawa, no diaphragms were included in the modelled
structures. Rather, dead loads accounting for the mass of timber floor systems were
included in the factored axial loads applied to the models.
The material properties of the clay brick and mortar in ELS were determined through
the sensitivity analysis which can be found in section 4.1.2.3. Table 10 lists the material
properties used in the modelled structures for the bricks, mortar, and lintels.
Table 10: Extreme Loading for Structures Models Material Properties
Model Material Properties
Brick
Mortar
Lintels
Compressive Strength (MPa)
15
5
6.96
Tensile Strength (MPa)
1.5
0.5
6.00
Elastic Modulus (MPa)
2000
1500
6000
Shear Modulus (MPa)
833
625
2500
Shear Strength (MPa)
0.4
0.1
5.80
Density (kg/m3)
2000
2000
420
Friction coefficient
0.7
0.7
0.80

The constitutive behaviour of the brick and mortar is shown in Figure 101. The
constitutive behaviour was adapted from the default for brick and mortar in Extreme
Loading for Structures and updated to reflect the properties of historic clay brick and
lime-based mortar, with typical brittle behaviour in tension and softening in compression.
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Material Constitutive Behaviour
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Figure 101: Brick and Mortar Constitutive Behaviour

The next sections will discuss the nonlinear static and incremental nonlinear
dynamic analyses carried out on the modelled structures.
4.2

Nonlinear Static Analysis
Nonlinear static analysis, or pushover analysis, was carried out on the modelled

structures to develop a baseline for comparison of the seismic performance of the
structures with the results of the incremental dynamic analyses. The parameters used to
carry out the pushover analyses are presented in this section. The results of the pushover
analyses are presented in the section 5.1 where they are directly compared with the
results of the incremental dynamic analyses on the same structures.
A review of relevant literature suggests that pushover analyses are not a reliable
method for simulating the behaviour of unreinforced masonry structures with plan
irregularities subjected to seismic loading because of the complex combination of mode
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shapes which represent their typically torsional seismic behaviour. (Marino, Cattari,
Lagomarsino, et al., 2019) The issue lies in the choice of load distribution pattern, which
is used to simulate the inertial forces activated during a seismic event.(Marino, Cattari,
Lagomarsino, et al., 2019) Recent studies recommend simulating seismic forces through
uniform (mass-proportional) or inverted-triangle (mass times height-proportional)
distributed load patterns for structures with plan irregularities, because of the torsional
behaviour of irregular structures.(Endo et al., 2017; Kalkbrenner et al., 2019) Modeproportional lateral load distribution patterns are not recommended for irregular URM
structures because studies have found irregularities between results of modal analyses
using different modelling approaches.(Aşıkoğlu et al., 2020) Additionally, irregular or
asymmetrical structures typically vibrate predominantly in higher modes or a
combination of higher modes, rather than the first mode which typically exhibits
translational behaviour, therefore the first mode is not a good approximation of the
structure’s seismic behaviour.(Kalkbrenner et al., 2019) Although it has been concluded
from recent studies that pushover analysis is not the most reliable method available for
evaluating the seismic behaviour of unreinforced masonry structures, pushover analyses
were still carried out to compare the pushover curve with each modelled structure with
the equivalent results from the dynamic analyses.
In loading the modelled structures for the pushover analyses, dead and live axial
loads were applied to the structures based on the following NBCC load case, thus the
same axial loading was applied to each structure:
1.0𝐷 + 1.0𝐸 + 0.5𝐿

4.8
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The dead loads of the structure include 1.0 kPa for partitions and 0.25 kPa to
account for the dead load of the diaphragms, which were not explicitly modelled to best
represent poor floor-to-wall connections and a flexible diaphragm. The self-weight of the
structure is automatically accounted for in the software. The live load was set as 1.9 kPa
for residential areas as per the NBCC.(National Building Code of Canada, 2015) The
factored dead and live axial loads were applied to the structure at each storey level as
uniformly distributed line loads, divided between the walls based on tributary area. For
all analyses on the modelled structures, the base was fully fixed; restrained from
displacement and rotation in all degrees of freedom.
The pushover loading was applied laterally in the structures’ primary X and Y
directions in separate tests, to isolate the base shear strength of the structure in each the X
and Y directions. The total lateral loading at each level was divided equally between each
brick element at that level, to simulate uniform loading at each storey level. This is
illustrated in Figure 102 for loading in the Y direction.
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Figure 102: Pushover Loading applied to Model A in the Y direction
The total value of the peak lateral load applied at each storey level was
determined from (National Building Code of Canada, 2015), calculated from the
following equation:
𝑉 =(S(Ta) Mv IE W) /(Rd Ro)

4.9

Where S(Ta) is the spectral acceleration (g) at the fundamental period of vibration
of the structure, Mv is the higher mode factor (taken as 1), IE is the importance factor
(taken as 1), W is the total self-weight of the structure, Rd is the force reduction factor
(taken as 1), and Ro is the system overstrength factor (taken as 1). The fundamental
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period of vibration of Model A is 0.15s, and S(0.15) for the Montreal target spectrum is
0.659(g), as determined through the calculation of the target spectrum, which is discussed
in section 4.3. The total weight of Model A is 2180 kN, including the self-weight of the
structure and the applied dead load. V was calculated to be 1437 kN. The loading was
varied as a function of each storey level height relative to the ground, such that the
loading illustrated an inverted-triangle load shape. The lateral loads at each storey level
were applied to the structure in linearly increasing increments until the peak value of
lateral loading was achieved at the top of level 2. The peak value of lateral loading at the
top of level 2 was 1437 kN, although the pushover analyses were found to cause collapse
in the structure at lateral loads lower than the design base shear. The same pattern of
inverted-triangle lateral loading was applied to each of the modelled structures for the
pushover analyses.
The results of the pushover analyses were measured in terms of displacement and
base shear. The displacement was measurement from a point at the roof level of the
centre of the model. Base shear was measured from the in-plane shear at the base of the
structure from the walls acting in the plane of the loading.
The response curve of a pushover analysis is assumed to represent only the
envelope of the equivalent dynamic response of the structure, in terms of peak values of
base shear and displacement. (Minghini et al., 2016) Since all instances of force or
displacement which may cause damage in the structure are not captured, pushover
analysis is not the most reliable method for predicting the behaviour or damage patterns
in a structure.
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4.3

Nonlinear Dynamic Analysis
Nonlinear dynamic analyses were carried out on the same structures modelled in

Extreme Loading for Structures, with the objective of yielding seismic behaviour typical
for URM structures in the city of Montreal. Montreal was selected as the target location
over Ottawa due to its increased seismicity, rendering the results of this study more
applicable to a wider region of Eastern Canada.
When choosing ground motion records for a nonlinear dynamic analysis, the
location and site conditions of the subject structure must be considered, since the soil
conditions and the distance of the structure with respect to the epicentre of the ground
motions and the distance to the recording station influence the magnitude of the ground
motions acting on the structure.(Atkinson, 2009) The periods of vibration of the subject
structure must also be considered, in order to select records with period ranges similar to
the structure.(Atkinson, 2009) The period range for selecting ground motion records is
determined based on the results of a modal analysis on the subject structure. The target
spectrum for Montreal was calculated from the NBCC online seismic hazard calculator
for the period range of 0.5 seconds to 10 seconds.(National Building Code of Canada
Seismic Hazard Values, 2015) Due to the high stiffness of the modelled structures
indicated by their low fundamental periods of vibration, the Montreal target period from
0 to 0.5 seconds was calculated using a more precise method from the NBCC
Commentary J Appendix. (User’s Guide - NBC 2015 Structural Commentaries (Part 4 of
Division B) Commentary J Appendix, 2015) This enables the ground motion records to be
scaled to match the target spectrum more precisely. The target spectrum was calculated
for a 2% probability of exceedance over 50 years, for site class C.
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Figure 103 depicts the calculated target spectrum for Montreal. Figure 103 also
shows the period range over which the ground motion records used to carry out the
dynamic analyses were scaled. The period range was calculated as per the NBCC, based
on the results of modal analyses carried out on each of the modelled structures. The lower
bound value of the period is equal to the period of the modelled structure at which 90%
modal mass participation was achieved, but less than or equal to 0.15 times the first mode
period.(User’s Guide - NBC 2015 Structural Commentaries (Part 4 of Division B)
Commentary J Appendix, 2015) For each of the modelled structures, the lower bound is
0.01s. The upper bound value is equal to 2 times the first mode period but greater than
1.5s, thus an upper bound of 1.5s is used.(User’s Guide - NBC 2015 Structural
Commentaries (Part 4 of Division B) Commentary J Appendix, 2015) Due to insignificant
changes in the modal properties of the modelled structures, the period range used to scale
the ground motion records was unchanged between each of the varying models. This
allowed for the same scaled suite of ground motion records to be applied to each of the
modelled structures, with no alterations to the record scaling between the structures.
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Figure 103: Montreal 2% in 50yr Target Spectrum for Site Class C
The choice of applied loading in nonlinear dynamic analysis is influential on the
quality of the results. The ground motion records can be taken from real seismic events
that were recorded by nearby ground motion recording stations, or they can be artificially
generated.(Bélec, 2016) Although the use of synthetic ground motion records is disputed
regarding their ability to generate deformations in structures equivalent to those
generated by real ground motions, synthetic records are valuable tools for the analysis of
structures in areas where strong seismic events are not common.(Bélec, 2016) For the
nonlinear dynamic analyses in this research project however, ground motion records from
historic seismic events were used.
The ground motion records applied to the structures for the dynamic analyses
were selected based on a review of ground motion record sources and scaling methods
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carried out by Michaud and Léger (2014) for Eastern North America.(Michaud & Léger,
2014) Eleven records were selected as recommended for reliable analysis by the
NBCC.(User’s Guide - NBC 2015 Structural Commentaries (Part 4 of Division B)
Commentary J Appendix, 2015) Because different patterns and intensities of ground
motion can activate different failure mechanisms in a structure, the more accelerograms
used in the analysis, the more representative of all possible responses the analysis will be.
Table 11 lists the ground motion record sets from the PEER database which were selected
for use in this study, where Rrup is the closest distance from the recording station to the
rupture plane and PGA is the peak ground velocity:
Table 11: PEER Database Ground Motion Records (Michaud & Léger, 2014)
Ground Motion Records
PEER Far-Field Year Magnitude Rrup (km) Duration (s) PGA (g)
PEER ID
Records
No.
Northridge (1)
1994
6.7
21.4
29.990
0.096
1
Northridge (2)
1994
6.7
50.4
19.990
0.179
2
Duzce, Turkey
1999
7.1
45.2
55.900
0.022
3
Hector Mine
1999
7.1
87.2
45.310
0.055
4
Kobe, Japan
1995
6.9
70.3
40.960
0.067
7
Landers
1992
7.3
41.4
44.000
0.082
11
Loma Prieta (1)
1989
6.9
47.6
39.955
0.097
13
Loma Prieta (2)
1989
6.9
71.3
39.945
0.090
14
Cap Mendocino
1992
7
19.9
36.000
0.117
18
San Fernando
1971
6.6
30.2
28.000
0.055
21
Friuli, Italy
1976
6.5
15.8
36.345
0.318
22

An unscaled sample record is shown in Figure 104.
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PEER Ground Motion Record F01A
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Figure 104: PEER Ground Motion Record F01A
Once a selection of ground motion records has been chosen for the nonlinear
dynamic analysis, a scale-factor must be applied to all records before applying them to
the subject structure. The ground motion records are not directly compatible with the
structure because they are reported in terms of a specific spectral acceleration, which may
not match the spectral acceleration of the subject structure’s location – the target spectral
acceleration.(Dobrotescu, 2018) The selected ground motion records were scaled over the
calculated period range based on the method specified in the NBCC Appendix to
Commentary J.(User’s Guide - NBC 2015 Structural Commentaries (Part 4 of Division
B) Commentary J Appendix, 2015) The record sets were first scaled individually such that
the average of the target spectrum is greater than or equal to the average of the spectral
acceleration of each record. The individually scaled record sets were then scaled as a
suite such that the mean of the target spectrum at each period is greater than or equal to
90% of the suite of records at each period. Figure 105, Figure 106, and Figure 107 depict
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the suite of unscaled records, the individually scaled record sets, and the fully scaled
records, respectively.
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Figure 105: Unscaled Ground Motion Records
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Figure 106: Individually Scaled Ground Motion Records
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Figure 107: Fully Scaled Ground Motion Records
Figure 108 highlights the period range of 0 to 1 seconds of the fully scaled ground
motion records, to show where the ground motion records spectra deviate below the
Montreal target spectra. The period range of 0 to 0.1 seconds in particular is the period
range which influences the final scaling factor for the full suite of ground motion records.
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Figure 108: Fully Scaled Ground Motion Records at Period 0 to 1s
In addition to the ground motion record sets applied to the modelled structures,
axial loading was also applied at each storey level of the models, to account for dead and
live loading. The same dead and live loads as described for the pushover analysis setup
were applied for the dynamic analyses. A description of the dead and live loading can be
found in section 4.2. For each of the dynamic analyses, the base of the structure was fully
restrained from displacement and rotation, providing fully rigid supports. As noted
previously in section 4.1.2.4, the dynamic analyses were run with 0.0025s time steps.
4.3.1

Incremental Dynamic Analysis
To carry out incremental dynamic analyses on the modelled structures, the median

spectral acceleration of the first period of vibration of the structures was taken as the
intensity measure, from which the suite of ground motion records is scaled in intensity.
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The median value of spectral acceleration of the fully scaled suite of ground motion
records is 0.52(g). This level of spectral acceleration is the NBCC design level intensity
measure for the modelled structures. Based on the results of a sample of dynamic
analyses at the design level of spectral acceleration, five other intensity levels below
0.52(g) were selected to which the ground motion records were scaled in intensity. The
intensity levels were determined using the hunt and fill method outlined in Vamvatskios
and Allin Cornell (2002) by which the intensity of the ground motion records is increased
by a chosen factor until collapse of the structure is found, and then the gaps in the
intensity level increments are filled until an acceptable spacing between intensity levels is
achieved.(Vamvatsikos & Allin Cornell, 2002) Following the initial sample of dynamic
analyses at design level Sa(g) on Model A, the set of ground motion records was scaled
in intensity and run on Model A at 0.05(g), 0.1(g), 0.2(g), and 0.3(g). Each of the eleven
PEER ground motion record sets comprised of two individual records, with one record
applied along the model’s X axis and one applied along the Y axis. Based on the collapse
observed in Model A at multiple ground motion record sets at 0.3(g), softening behaviour
was expected to occur in the modelled structures around 0.3(g). Based on this predicted
behaviour, intensity levels of 0.25(g) and 0.34(g) were added to fill in the gaps in the
intensity levels around 0.3(g). The 0.05(g) intensity level was removed from the analysis
due to its minimal impact on Model A. Indeed, the results of the IDA will show minimal
damage to the structure at 0.1(g) in comparison to the higher intensity levels. The
increments of the IDA intensity measure are shown in Table 12 below.
Table 12: Incremental Dynamic Analysis Intensity Levels
IDA No.
1

IM (Sa(T1,5%)
0.1
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2
3
4
5
6

0.2
0.25
0.3
0.34
0.52

With 11 ground motion record sets each applied to 3 modelled structures analyzed
at 6 different intensity levels, 198 dynamic analyses were run in Extreme Loading for
Structures in total. The results of these analyses are evaluated in terms of inter-storey
drift, floor acceleration, floor rotation, crack patterns, and base shear plotted against inplane displacement. The results and a discussion of the modelled structures’ behaviour
are presented in the next section.
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Chapter 5: Results & Discussion
This section presents the results of the nonlinear static and nonlinear incremental
dynamic analyses carried out on the models in Extreme Loading for Structures. The
objective of the research project is to develop an understanding of the likely behaviour of
URM structures with torsional and plan irregularities under increasing seismic loading,
by identifying patterns in behaviour and vulnerable areas in the URM structures. This
objective will be met throughout the following chapter by evaluating the results of the
parameters selected to measure the modelled structures’ behaviour: base shear plotted
against in-plane displacement, inter-storey drift, floor acceleration, floor rotation, and
crack patterns. Figure 109 depicts the structures modelled in ELS, with Model A being
the “worst-case” model with respect to the torsional irregularity and depth of the reentrant corners, Model B being a “mid-case”, and Model C being the best case. The
results from ground motion records which caused the modelled structures to collapse
were not considered in the evaluation of the results and are not included in any of the
plotted results, apart from illustrations of a sample of the collapsed structures in Extreme
Loading for Structures in section 5.6. Collapse was determined from a combination of
visual evaluation of the deformed structure at the end of the dynamic analysis and the
peak inter-storey drift level experienced by the structure due to the ground motion record.
Dynamic analyses which yielded peak inter-storey drift levels greater than 3.5% were
considered collapsed, as per the HAZUS 99 Earthquake Loss Estimation
Methodology.(NIBS - National Institute of Building Science, 1999) Table 13 lists the
ground motion records at each seismic intensity level in Model A, Model B, and Model C
that caused the structure to collapse, indicated by an ‘x.’
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Figure 109: Model A, Model B, and Model C Perspective and Plan Views
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Table 13: Collapsed Ground Motion Records and Seismic Intensities for Models A, B,
and C
Ground
Motion
Record
1
2
3
4
7
11
13
14
18
21
22

Model A
0.1(g)

0.2(g)

x

0.25(g)

0.3(g)

x

x

x

x

x

0.34(g)

x
x
x
x
x
x

0.52(g)
x
x
x
x
x
x
x
x
x
x
x

Model B
0.1(g)

0.2(g)

1
2
3
4
7
11
13
14
18
21
22

0.25(g)

0.3(g)

0.34(g)

x

x

x

x

x
x

x
x
x
x
x

x

0.52(g)
x
x
x
x
x
x
x
x
x
x
x

Model C
0.1(g)
1
2
3
4
7
11
13
14
18

0.2(g)

0.25(g)

0.3(g)

0.34(g)

0.52(g)
x
x
x
x
x
x
x
x
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21
22

5.1

x

x
x

Base Shear and In-plane Displacement
In this section, the base shear against in-plane displacement results of the

pushover analyses and the nonlinear dynamic analyses are compared. The direct
comparison of these results may provide insight into the reliability and limitations in
pushover analyses to simulate seismic behaviour in a modelled structure. The curve of
each pushover analysis is expected to form an envelope of the peak base shear and inplane displacement behaviour of each structure, within which the dynamic analyses will
lie. First, the results of the pushover analyses on Model A, Model B, and Model C are
compared. Figure 110 and Figure 111 show the results of these pushover analyses, with
lateral loading applied in the primary X axis of the models in Figure 110 and lateral
loading applied in the primary Y axis of the models in Figure 111.
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Figure 110: Pushover Curves in Primary X Axis of Models A, B, and C
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Pushover Curve in Y
800
700

Base Shear (kN)

600
500
400
300
200
100
0
0.000

0.005

0.010

0.015

0.020

Roof Drift (%)
Model A

Model B

Model C

Figure 111: Pushover Curves in Primary Y Axis of Models A, B, and C
The values of peak base shear achieved in each modelled structure are as
expected. In the X direction of testing, the peak value of base shear increased from Model
A to Model B to Model C with the addition of URM walls. The peak base shear in each
of the models in the Y direction is higher than in the X direction due to the longer walls
in the Y direction. Although URM walls were only added in the X direction of the
models in Model B and Model C, the peak base shear also increased in the Y direction
from Model A to Model B and Model C. This may be due to the lateral support to the
walls in the Y direction provided by the additional URM walls. The increase in peak base
shear between Model A, Model B, and Model C was significantly greater in the X
direction than in the Y direction. This is because the additional URM walls all align with
the X axis of the modelled structures, directly increasing the area of URM walls that
provide in-plane shear resistance.
It is also interesting to note that the base shear-in-plane displacement behaviour in
the Y direction of the models is visibly more linear than the behaviour in the X direction.
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This may be related to the fewer and longer URM walls providing shear resistance in the
Y direction compared to the more numerous and shorter URM walls resisting the lateral
loading in the X direction, although this idea has not been tested in this thesis. The softer
curve in the pushover curves in the X direction can be attributed to localized failures
occurring in different walls, leading to a slower yielding of the overall structure under
lateral loading in the X direction. The significant increase in peak base shear and slow
yielding in Model C in the X direction may be attributed not only to the added URM
walls in the X direction overall, but specifically due to the exterior facades along the X
axis being fully continuous across the plan of the building as well.
Figure 112 and Figure 113 depict the base shear and in-plane displacement results
of Model A from the pushover analyses and a sample of dynamic analyses. Figure 114
and Figure 115 present the results from Model B, and Figure 116 and Figure 117 present
the results of Model C. The sample of dynamic analysis results included in the figures
include the ground motion records which resulted in the maximum and minimum values
of peak base shear at each intensity level of the incremental dynamic analysis. The
records which resulted in the maximum peak base shear values are included to compare
the peak base shear values from the dynamic analyses with the pushover curves. The
records which resulted in the minimum peak base shear values are included to provide a
lower bound reference of the base shear and in-plane displacement values which are
experienced in the models throughout the cyclical events.
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Base Shear vs. Displacement in X - Model A
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Figure 112: Model A Base Shear vs. In-plane Displacement in X
Base Shear vs. Displacement in Y - Model A
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Figure 113: Model A Base Shear vs. In-plane Displacement in Y
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Base Shear vs. In-plane Displacement in X - Model B
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Figure 114: Model B Base Shear vs. In-plane Displacement in X
Base Shear vs. In-plane Displacement in Y - Model B

Model B
Pushover in Y
Sa(0.1) MIN

1000
800

Sa(0.1) MAX

Base Shear (kN)

600

-0.0010

-0.0005

400

Sa(0.2) MIN

200

Sa(0.2) MAX

0
0.0000
-200

Sa(0.25) MIN
0.0005

0.0010

0.0015

Sa(0.25) MAX

-400

Sa(0.3) MIN

-600

Sa(0.3) MAX

-800

Sa(0.34) MIN

-1000
Displacement in Y (m)

Sa(0.34) MAX

Figure 115: Model B Base Shear vs. In-plane Displacement in Y
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Base Shear vs. In-plane Displacement in X - Model C
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Figure 116: Model C Base Shear vs. In-plane Displacement in X
Base Shear vs. In-plane Displacement in Y - Model C
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Figure 117: Model C Base Shear vs. In-plane Displacement in Y
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The direct comparison of the results in the X direction show that the linear portion
of the base shear and in-plane displacement of each model is fairly well simulated by the
pushover analysis in the X direction. The cyclical results generally overlap with the linear
portion of the pushover curves in the X directions up to the point of peak base shear.
For Model A and Model B, the value of peak base shear found from the dynamic
analyses and the pushover analyses in X are close to each other, each around 330 kN in
Model A and 380 kN in Model B. For Model C, however, the values of peak base shear
differ more significantly. The dynamic analyses resulted in a max peak base shear close
to 715 kN and a peak base shear of 575 kN from the pushover analysis in X. This
difference may be due to the limitations of pushover analyses in effectively simulating
the seismic response of a structure as discussed in section 4.2.
The comparison of dynamic analyses with pushover analyses in the Y direction of
each model is much less clear than the results in the X direction, due to the “chaotic”
behaviour of the dynamic analyses in the Y direction. The more chaotic behaviour in the
Y direction of the modelled structures may be due to the shear resistance of the overall
structure relying on fewer and longer URM walls in the Y direction. Thus, when cracking
occurs in the walls in the Y direction, the influence of the cracking on the overall
displacement and shear resistance of the model is greater.
The results in the Y direction of Model B offer a clearer comparison between the
dynamic analyses and the pushover analysis, showing some variation in the linear portion
of the behaviour between the dynamic analyses and the pushover analyses. Again, this
may be due to the limitation of the pushover analyses in effectively simulating the
seismic response of the structure.
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Overall, the pushover analyses provide acceptable simulations of the envelope of
seismic behaviour in the X directions of the modelled structures, but not in the Y
direction of the models. Further research may evaluate the methods available for carrying
out pushover analyses for improved simulation of the seismic behaviour of the structures.
5.2

Inter-storey Drift and Incremental Dynamic Analysis Curves
In each model, inter-storey drift was measured over time throughout the applied

ground motion records, at each intensity level. Points mid-way along the length of the
models at the top of level 1 and level 2 on all four sides of the models were used to
measure the displacement of the models over time. The inter-storey drift was calculated
as the relative displacement between the top and bottom of each storey. The relative
displacement was divided by the height of the storey level, giving ratios of inter-storey
drift which can be interpreted as performance limits of the overall structure. The
maximum value of inter-storey drift ratio in the structure overall was used as the peak
inter-storey drift ratio for that ground motion record. The peak inter-storey drift ratio
overall from each ground motion record was used to develop the incremental dynamic
analysis curves in Figure 118, Figure 119, and Figure 120.
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Figure 118: Model A Incremental Dynamic Analysis Curve

Incremental Dynamic Analysis Curves for Model B
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Figure 119: Model B Incremental Dynamic Analysis Curve
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Incremental Dynamic Analysis Curves for Model C
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Figure 120: Model C Incremental Dynamic Analysis Curve
As shown in the IDA curves, the range within which softening occurs for each of
the modelled structures increases in intensity from Model A to Model B to Model C. In
Model A, global failure of the structure occurs between 0.1(g) and 0.34(g), with all of the
ground motion records causing global failure at the design level 0.52(g). In Model B,
global failures occurred between 0.2(g) and 0.34(g), again with all of the records causing
global failure at 0.52(g). With the total lateral support of the H-plan “legs” and
minimization of torsional irregularity in Model C, global failures occurred between 0.3(g)
and 0.52(g), with only one ground motion record not causing global failure at the 0.52(g)
design level. Although conservative modelling decisions were made in the creation of the
modelled structures, the fact that the models fail at the design level seismic intensity due
to all but one ground motion record is indicative of the seismic vulnerability of the
represented URM structures. The cracking patterns and specific areas in the structures
which are particularly vulnerable are discussed further in section 5.6.
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Hardening behaviour is also visible in the IDA curves, occurring in ground
motion records no. 3 and no. 22 in all 3 models, as well as record no. 14 in Model C,
which are plotted by dotted lines. This phenomenon in the IDA curves is indicated by an
increase in the slope of the IDA curves, suggesting that the model is withstanding higher
rates of increasing seismic intensity as the level of inter-storey drift increases at a lower
rate.
It should be noted that, although global failure was simulated in more than 50% of
the records in each model as recommended by FEMA P695, the IDA curves are not
particularly smooth due to the minimal number of dynamic analyses run.(Applied
Technology Council, 2009) As described in section 4.3.1, ground motion records were
tested on Model A at the design level intensity and at five lower intensities such that the
global failure point of the structure was found and an acceptable increment of seismic
intensity was achieved. Ideally, a smaller increment between seismic intensity levels
would be achieved, such that a softer curve is represented for each record and other
potential occurrences of hardening and weaving behaviour could be identified.
Figure 121, Figure 122, and Figure 123 present the average peak inter-storey drift
results per storey level of each model of the suite of ground motion records.
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Average Peak Inter-Storey Drift of Suite of Ground Motion
Records (%) - Model A
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Figure 121: Model A Average Peak Inter-storey Drift of Ground Motion Records Suite
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Figure 122: Model B Average Peak Inter-storey Drift of Ground Motion Records Suite
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Figure 123: Model C Average Peak Inter-storey Drift of Ground Motion Records Suite
Table 14: Average Peak Inter-Storey Drift Ratios and Standard Deviation of Suite of
Ground Motion Record
Sa(T1,5%)
Model / Storey Level
0.1(g)
0.2(g)
0.25(g)
0.3(g)
0.34(g)
0.52(g)

Average Peak Inter-Storey Drift and Standard Deviation
of Suite of Ground Motion Records (%)
A/1
A/2
B/1
B/2
C/1
C/2
0.010
(0.004)
0.043
(0.046)
0.102
(0.099)
0.145
(0.1)
0.187
(0.115)
-

0.014
(0.013)
0.085
(0.103)
0.221
(0.281)
0.361
(0.328)
0.609
(0.429)
-

0.010
(0.004)
0.023
(0.02)
0.038
(0.033)
0.042
(0.036)
0.058
(0.043)
-

0.013
(0.01)
0.083
(0.109)
0.148
(0.229)
0.166
(0.194)
0.305
(0.38)
-

0.008
(0.004)
0.020
(0.014)
0.034
(0.029)
0.076
(0.074)
0.137
(0.146)
0.458
(0.063)

0.008
(0.005)
0.054
(0.093)
0.124
(0.197)
0.305
(0.482)
0.404
(0.465)
1.005
(0.463)
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The inter-storey drift results show increasing levels of drift with increasing
seismic intensity in each model, as well as a mostly continuous increase in standard
deviation between the results of the ground motion records with increasing seismic
intensity. Table 14 summarizes the values of average peak inter-storey drift ratios and
their associated standard deviations from the suite of ground motion records at each
intensity level. These results are as expected, with larger drift ratios and greater
distribution in the resultant drift ratios under higher acceleration applied to the structures.
Interestingly, the average peak inter-storey drift ratios decrease from Model A to
B and then increase from Model B to Model C, as summarized in Table 15. Presumably,
the additional URM wall in Model B improves the resistance of structure to drift,
increasing the stiffness of the structure by improving the effective transfer of forces
evenly throughout the structure, resulting in lower inter-storey drift values. With the two
additional URM walls in Model C from Model B, the phenomenon which may be
occurring is that the stiffness of the structure has been improved to a greater degree, such
that the structure can withstand higher levels of seismic intensity before experiencing
global collapse. Note that the percent change in average peak inter-storey drift between
each model was calculated only at 0.34(g) due to only one ground motion record not
causing collapse at 0.52(g) across the three models. These observations will be further
verified by comparing the results of the floor accelerations, floor rotations, and crack
patterns in the modelled structures.
Table 15: Percent Change in Average Peak Inter-storey Drift Ratios of Suite of Ground
Motion Records at 0.34(g)
% Change in Average Peak Inter-storey Drift @ 0.34(g)
Model A to Model B
Model A to Model C
Model B to Model C
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Level 1
Level 2
Level 1
Level 2
Level 1
Level 2
-69.2
-49.9
-26.8
-33.7
137.7
32.2

The results in Figure 121, Figure 122, and Figure 123 can be further evaluated as
indicators of performance limits of the structures. The HAZUS 99 Earthquake Loss
Estimation Methodology suggests the performance limits shown in Table 16, which were
defined based on a review of seismic damage to URM structures from previous studies,
and which were followed in Dobrotescu (2018) for a seismic analysis of a URM stone
structure.(Dobrotescu, 2018; NIBS - National Institute of Building Science, 1999) Model
A achieved a maximum inter-storey drift ratio of 0.609% from the average peak drift
ratio at 0.34(g). Model B achieved a maximum of 0.305% at the same seismic intensity,
and Model C achieved a maximum of 0.367% at the same seismic intensity. Model C
achieved a maximum of 1% inter-storey drift at 0.52(g), although this is representative of
only one ground motion record and should therefore not be considered a reliable
representation of expected mean behaviour at that intensity level. The Model A drift ratio
matches well with the Moderate Damage limit specified in Table 16, at 0.6%. The Model
B and Model C drift ratios are closer to the Slight Damage limit of 0.3%. This means that
damage patterns similar to those described in Table 14 may be expected on average in the
ground motion records in Model B and Model C at 0.34(g).
Comparing the results of the IDA curves with the HAZUS performance limits,
some ground motion records yielded drift ratios exceeding 1%. These drift ratios are
cross-referenced with the crack patterns of the same tests in section 5.6 to evaluate for
moderate to extensive damage, as suggested by the HAZUS limits. Further discussion of
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the consistency of the results of this research with the HAZUS performance limits are
included in section 5.6 as well.
Table 16: Structural Performance Levels for URM Structures reproduced from
Dobrotescu (Dobrotescu, 2018)
Performance Level

Drift Ratio (%)

Damage Description

Complete Damage

3.5

Extensive Damage

1.5

Moderate Damage

0.6

Slight Damage

0.3

Structure has collapsed or is in imminent danger of
collapse due to in-plane or out-of-plane failure of
the walls. Approximately 15% of the total area of
URM buildings with complete damage is expected
to be collapsed.
In buildings with relatively large area of wall
openings most walls have suffered extensive
cracking. Some parapets and gable end walls have
fallen. Beams or trusses may have moved relative
to their supports.
Most wall surfaces exhibit diagonal cracks; some of
the walls exhibit larger diagonal cracks; masonry
walls may have visible separation from
diaphragms; significant cracking of parapets; some
masonry may fall from walls or parapets.
Diagonal, stair-step hairline cracks on masonry wall
surfaces; larger cracks around door and window
openings in walls with large proportion of
openings; movements of lintels; cracks at the base
of parapets.

5.3

Fragility Curves
Figure 124 presents the fragility curves developed from the results of the

incremental dynamic analyses on the modelled structures. The fragility curves were
developed from the lognormal cumulative distribution of the seismic intensity at which
collapse occurred in each of the structures over the suite of ground motion records with
increasing intensity levels.(Baker, 2015; Karbassi, 2010)
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Fragility Curves
Probability of Collapse (%)
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Figure 124: Fragility Curves for Model A, B, and C based on Probability of Collapse
The proximity of the probability of collapse between Model A and Model B
suggests that the addition of the URM wall in Model B actually has minimal influence on
the behaviour of the structure in terms of seismic intensity at which the structure will
collapse. Comparing the inter-storey drift, floor acceleration, and floor rotation results,
which are presented in the next sections, the damage to the structure appears to be
reduced in Model B with the additional URM wall. The minimization of torsion in the
structure due to the additional URM wall in Model B may therefore be limited in its
beneficial influence under seismic loads. With the reduced damage in Model B indicated
by the inter-storey drift, floor acceleration, and floor rotation results, the minimization of
torsion may be benefitting the structure by reducing maintenance costs to repair the
reduced damages and by reducing the influence of a seismic event felt by the occupants
of the URM structure at lower seismic intensities. For the probability of collapse of the
structure, however, the minimization of torsion appears to have essentially no effect.
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The significant reduction in probability of collapse at higher levels of seismic
intensity suggests that the mitigation of re-entrant corners in the structure has greater
influence on the structure’s overall seismic performance, However, consideration of the
method for defining collapse in the tested structures should also be given to the influence
of the minimization of torsion in Model B. The definition of global collapse in this
research included local collapses at the extremities of the “legs” of the H-plan, based on
visual review of the deformed structures. Since the full lateral support at the extremities
of the H-plan legs in Model C had a very direct influence in resisting the local failures at
those extremities, the influence of torsional minimization in Model B may be underestimated by including the local collapses in the definition of global collapse. The local
collapses were included in the definition of global collapses in this research project
initially to provide conservative estimates of collapse. Further research may expand the
evaluation of fragility curves from this analysis, by dividing structures into additional
performance levels to assess local collapses separately from global collapses.
5.4

Floor Acceleration
Figure 125, Figure 126, and Figure 127 present the results of the incremental

dynamic analyses in terms of floor acceleration. Similar to inter-storey drift, control
points at the top of each storey level were used to measure floor acceleration throughout
the dynamic analyses. The floor acceleration is measured in absolute terms. Table 17 lists
the values of average peak floor acceleration and their associated standard deviations
across the suite of ground motion records at each intensity level, and Table 18 shows the
change in average peak floor acceleration between each model.
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Average Peak Floor Acceleration (m/s^2) of Suite of
Ground Motion Records - Model A
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Figure 125: Model A Average Peak Floor Acceleration of Suite of Ground Motion
Records
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Average Peak Floor Acceleration (m/s^2) of Suite of
Ground Motion Records - Model B
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Figure 126: Model B Average Peak Floor Acceleration of Suite of Ground Motion
Records
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Average Peak Floor Acceleration (m/s^2) of Suite of
Ground Motion Records - Model C
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Figure 127: Model C Average Peak Floor Acceleration of Suite of Ground Motion
Records
Table 17: Average Peak Floor Acceleration and Standard Deviation of Suite of Ground
Motion Records
Sa(T1,5%)
Model / Storey Level
0.1(g)
0.2(g)
0.25(g)
0.3(g)
0.34(g)
0.52(g)

Average Peak Floor Acceleration and Standard
Deviation of Suite of Ground Motion Records (m/s2)
A/1
A/2
B/1
B/2
C/1
C/2
0.80
(0.64)
2.47
(1.89)
4.56
(4.06)
4.65
(3.13)
7.70
(5.38)
-

2.18
(1.91)
6.80
(5.70)
12.53
(10.92)
16.49
(12.52)
15.92
(8.79)
-

0.79
(0.44)
1.86
(1.04)
2.58
(1.94)
3.28
(2.61)
3.41
(2.44)
-

1.81
(1.16)
7.93
(8.72)
11.78
(12.37)
13.32
(12.88)
15.68
(13.83)
-

0.67
(0.47)
1.45
(0.83)
2.18
(1.71)
3.62
(2.73)
5.27
(4.02)
8.80
(0.24)

1.53
(1.21)
7.92
(11.75)
10.73
(12.73)
16.52
(16.72)
19.64
(17.54)
15.95
(3.31)
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Table 18: Percent Change in Average Peak Floor Acceleration of Suite of Ground Motion
Records at 0.34(g)
% change in Average Peak Floor Acceleration @ 0.34(g)
Model A to Model B
Level 1
Level 2
-55.6
-1.6

Model A to Model C
Level 1
Level 2
-31.5
23.3

Model B to Model C
Level 1
Level 2
54.5
25.3

The average values of peak floor acceleration decrease only slightly from Model
A to Model B and then increase more significantly in Model C, with level 2 particularly
showing increased floor acceleration. This suggests that with the two additional URM
walls in Model C have a significant influence in increasing the stiffness of the structure,
since the structure is capable of vibrating at higher accelerations without failing. These
results suggest that the addition of URM walls in the model to laterally support the “legs”
of the H-plan structure, creating fully continuous exterior facades, has more influence on
the seismic behaviour of the structure than the reduction of torsional irregularity in Model
B. Again, however, it is worthwhile to consider the definition of collapse which was used
in this research when comparing the relative influence of the minimization of torsion in
the structure and the full lateral support of the re-entrant corners.
5.5

Floor Rotation
Floor rotation was measured in each model using the displacement in X and Y of

control points at the top of each storey level at two diagonal corners of the models. By
calculating the angle between each set of points at diagonal corners of the model, the
change in that angle was calculated throughout the dynamic analyses as the points moved
in X and Y, giving an angle of rotation over time in radians. The floor rotation in the
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models can be interpreted as measurements of torsion, with torsion at each level
measured in absolute terms, not relative to the level below.
Figure 128, Figure 129, and Figure 130 show the results of the floor rotation from
the incremental dynamic analyses. Table 19 lists the average peak floor rotations and
their associated standard deviations of the suite of ground motion records, and Table 20
shows the percent change in average peak floor rotation between each model.

Average Peak Floor Rotation (rad) across GMR Suite Model A
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Figure 128: Model A Average Peak Floor Rotation of Suite of Ground Motion Records
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Average Floor Rotation (rad) of Suite of Ground Motion
Records - Model B
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Figure 129: Model B Average Peak Floor Rotation of Suite of Ground Motion Records

Average Peak Floor Rotation (rad) of Suite of Ground
Motion Records - Model C
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Figure 130: Model C Average Peak Floor Rotation of Suite of Ground Motion Records
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Table 19: Average Peak Floor Rotation and Standard Deviation of Suite of Ground
Motion Records
Sa(T1,5%)

Average Peak Floor Rotation and Standard Deviation of Suite of
Ground Motion Records (rad)

Model /
Storey
Level

A/1

3.87E-05
(6.16E-05)
1.22E-04
(1.76E-04)
1.38E-04
(1.87E-04)
2.71E-04
(3.61E-04)
1.82E-04
(4.75E-04)

0.1(g)
0.2(g)
0.25(g)
0.3(g)
0.34(g)
0.52(g)

A/2

-

B/1

8.42E-05
(1.32E-04)
3.06E-04
(4.56E-04)
3.40E-04
(5.03E-04)
7.44E-04
(1.21E-03)
4.48E-04
(1.19E-03)
-

B/2

2.59E-05
(3.38E-05)
9.49E-05
(1.22E-04)
1.18E-04
(1.76E-04)
1.21E-04
(2.10E-04)
1.14E-04
(2.88E-04)
-

5.61E-05
(7.15E-05)
2.68E-04
(4.37E-04)
2.90E-04
(4.76E-04)
3.40E-04
(6.84E-04)
3.27E-04
(9.15E-04)
-

C/1

C/2

3.28E-06
(3.81E-06)
1.35E-05
(2.17E-05)
3.72E-05
(6.33E-05)
6.52E-05
(1.03E-04)
1.13E-04
(1.60E-04)
4.71E-05
(5.18E-04)

7.42E-06
(1.18E-05)
3.91E-05
(6.41E-05)
1.15E-04
(2.03E-04)
2.12E-04
(3.25E-04)
4.95E-04
(7.93E-04)
1.54E-04
(1.70E-03)

Table 20: Percent Change in Average Peak Floor Rotation of Suite of Ground Motion
Records at 0.34(g)
% change in Average Peak Floor Rotation @ 0.34(g)
Model A to Model B
Model A to Model C
Level 1
Level 2
Level 1
Level 2
-37.2
-26.9
-37.6
10.5

Model B to Model C
Level 1
Level 2
-0.74
51.3

The addition of the URM wall in Model B caused an overall reduction in torsion
in the model as expected, since the URM wall was placed in Model B such that it reduces
the torsional irregularity of the structure. The floor rotation at level 1 in Model C is
reduced by a similar amount from the average peak floor rotation in Model A with the
additional URM walls in Model C. However, the average peak floor rotation at level 2
increases in Model C. This suggests that the additional URM walls in Model C
significantly offset the centre of mass from the model’s centre of rigidity, as it was in
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Model A. This is contrary to the behaviour that was expected, which was that having the
exterior walls in the X axis of the structure be fully continuous, without laterally
unsupported H-plan legs, would prevent an increase in torsion from Model B to Model C,
even with the small torsional irregularity re-introduced into the model. Since this
phenomenon of increased torsion in Model C occurs just on average at the top of level 2,
improvements to the diaphragm stiffness may minimize the torsion. Since level 1 has the
benefit of restraint against displacement at the level below (ground level), similar
restraints to displacement at level 1 may benefit the torsional behaviour at level 2.
It should be noted that the value of average peak floor rotation generally increases
with increasing seismic intensity in each model, along with the standard deviation. The
lower average peak floor rotation in Model A and Model B at 0.34(g) compared to 0.3(g)
may be a case of hardening in the incremental dynamic analysis. The decrease may also
be due to the fewer ground motion records contributing to the average peak floor rotation
values at0.34(g), since a larger number of records caused failure at that seismic intensity.
The significantly lower peak floor rotation values at 0.52(g) compared to 0.34(g) in
Model C can be attributed to only one ground motion record not causing collapse of the
structure at 0.52(g). With only one record, the peak floor rotation values at 0.52(g) cannot
be considered to reliably represent the mean behaviour of the structure at that seismic
intensity.
Overall, the torsion results from the incremental dynamic analyses show a
reduction in torsion where it was most expected, with the minimization of torsional
irregularity in the plan of Model B compared to Model A. Although the results were not
quite as expected in Model C compared to Model A and B, the actual values of floor
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rotation in the dynamic analyses are quite small, at only fractions of a radian. This is
supported by the generally high stiffness of the modelled structures, indicated by their
low first-mode periods of vibration. The first-mode periods of vibrations are 0.14s, 0.15s,
and 0.16s for Model A, Model B, and Model C, respectively.
Additionally, the floor rotation results suggest that improvements may be made to
Model C to more effectively evaluate the influence of the plan irregularity of the reentrant corners due to the “legs” of the H-plan structure, without the influence of the
torsional irregularity in the model.
5.6

Crack Patterns and Deformed Structures
As noted previously, the models in each dynamic analysis were determined to be

collapsed based on a combination of the peak inter-storey drift ratio and a visual
assessment of the deformed structure at the end of the analysis in Extreme Loading for
Structures. Figure 131 depicts the deformed Model C at the end of a dynamic analysis
where minimal deformation is visible in the model. This test was cross referenced with
the peak value of inter-storey drift in the structure to determine that it was collapsed. The
peak value of inter-storey drift in the test was 4.78%, which is above the 3.5% limit
specified by HAZUS 99 for the Complete Damage structural performance level.(NIBS National Institute of Building Science, 1999)
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Figure 131: Model C Ground Motion Record No. 1 at 0.52(g)
Figure 132 depicts the deformed Model C at the end of a different dynamic
analysis which evidently caused collapse of the structure upon visual review of the
deformed model.
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Figure 132: Model C Ground Motion Record No. 7 at 0.52(g)
As noted in the discussion of inter-storey drift results, a number of the dynamic
analyses yielded drift ratios above 1% before the collapse of the structure was predicted
by the IDA curve. Figure 133 and Figure 134 show the crack patterns in a sample of
those dynamic analyses, both of which are from the same ground motion record and
seismic intensity in Model A and Model B, respectively. Figure 135 is a direct
comparison of the same seismic intensity and ground motion record in Model C, which
yielded a peak inter-storey drift just below 1%. The model in Figure 133, which reached
1.4% peak drift ratio, is visibly cracked in most of the wall areas throughout the structure.
This can be considered extensive damage, aligning with the HAZUS 99 description of the
Extensive Damage level including “most walls have suffered extensive cracking.”(NIBS
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- National Institute of Building Science, 1999) The model in Figure 134 reached 1.3%
peak drift ratio, and has visibly less cracking, but the cracking would still be considered
extensive. Figure 135 shows visibly less cracking from the same ground motion record
and seismic intensity.

Figure 133: Model A Crack Patterns from Ground Motion Record No. 2 at 0.34(g)
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Figure 134: Model B Crack Patterns from Ground Motion Record No. 2 at 0.34(g)
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Figure 135: Model C Crack Patterns from Ground Motion Record No. 2 at 0.34(g)
For comparison, Figure 136, Figure 137, and Figure 138 each show a dynamic
analysis which yielded a peak inter-storey drift ratio around 0.3%, corresponding to the
HAZUS 99 Slight Damage performance level.(NIBS - National Institute of Building
Science, 1999) The cracking in these examples is visibly reduced from that of the
examples at the Extensive Damage level, although the classification as Slight Damage
may be questioned. The figures clearly show examples of diagonal cracking throughout
the structures, although it is not possible to confirm that the cracking is “hairline
cracking” as described for the HAZUS 99 performance level or if they are larger
cracks.(NIBS - National Institute of Building Science, 1999) Figure 139 shows the
diagonal crack patterns of Model C ground motion record no. 21 at 0.2(g) more clearly,
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and Figure 140 clearly depicts the crack patterns around the window openings from the
same dynamic analysis. This further matches the description of the HAZUS 99 Slight
Damage structural performance level.(NIBS - National Institute of Building Science,
1999)

Figure 136: Model A Crack Patterns from Ground Motion Record No. 3 at 0.25(g)
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Figure 137: Model B Crack Patterns from Ground Motion Record No. 13 at 0.2(g)
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Figure 138: Model C Crack Patterns from Ground Motion Record No. 21 at 0.2(g)

Figure 139: Model C Crack Patterns in East Façade from Ground Motion Record No. 21
at 0.2(g)
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Figure 140: Model C Crack Patterns in North Facade from Ground Motion Record No.
21 at 0.2(g)
Further evaluation of the crack patterns and deformed structures indicates that the
extremities of the models are the areas that experience failure first. Since the top outer
corners of the structures are further from the core of the structures and therefore the
centre of mass, these areas can be expected to experience the highest levels of
acceleration. This also aligns with the results of the floor rotation in the models, where
the torsion that occurred in the structure was concentrated more at the top of level 2.
Figure 141 and Figure 142 depict the deformed structures of a sample of dynamic
analyses which resulted in collapse at the extremities of the models.
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Figure 141: Model A Deformed Structure from Ground Motion Record No. 7 at 0.34(g)

230

Figure 142: Model C Deformed Structure from Ground Motion Record No. 14 at 0.52(g)
Upon evaluation of the crack patterns from dynamic analyses at a lower seismic
intensity, where minimal to slight damage occurs in the structures, the influence of the reentrant corners in the structures was observed. With the onset of cracking in the
structures from increasing seismic intensity, cracking first occurs as a combination of
diagonal cracks mostly around window openings and cracking at the inner corners of the
re-entrant corners, where the “legs” of the H-plan connect to the core of the structure.
Figure 143 and Figure 144 illustrate this behaviour in Model A.
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Figure 143: Model A Crack Patterns from Ground Motion Record No. 1 at 0.2(g)
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Figure 144: Model A Crack Patterns from Ground Motion Record No. 2 at 0.2(g)
With the addition of a URM wall in Model B that decreases the length of the legs
where cracking is concentrated at the inner corners in Model A, cracking is negligible at
the same corners. Overall in the same dynamic analyses in Model B, the cracking is
reduced, suggesting better transfer of forces equally throughout the structure. Figure 145
and Figure 146 illustrate these examples in Model B. In the same dynamic analyses on
Model C, cracking is negligible overall.
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Figure 145: Model B Crack Patterns from Ground Motion Record No.1 at 0.2(g)
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Figure 146: Model B Crack Patterns from Ground Motion Record No. 2 at 0.2(g)
Comparing the crack patterns of dynamic analyses from a ground motion record
which caused greater damage to the models overall shows similar trends. The following
observations are reflected in the captions of the figures discussed in order to facilitate
reading. Figure 147, Figure 148, and Figure 149 show Model A, Model B, and Model C
damaged from the same ground motion record at 0.2(g), with moderate cracking
throughout. Figure 150 more clearly shows the concentrated cracking which occurs at the
inner corners of the re-entrant corners in Model A. In Model B, the cracking at those
inner corners is negligible as illustrated in Figure 151 and is instead concentrated at the
inner corners of the shorter re-entrant corners in Model B. The location of wall ‘N3’ in
Figure 150 and Figure 151 is illustrated in Figure 152. The same behaviour is visible in
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Figure 149 where cracking remains concentrated at many of the connections between
orthogonal walls, although cracking is reduced overall.

Figure 147: Model A Crack Patterns from Ground motion Record No. 21 at 0.2(g)
showing moderate cracking throughout the structure
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Figure 148: Model B Crack Patterns from Ground Motion Record No. 21 at 0.2(g)
showing moderate cracking throughout the structure, with cracking concentrated at the
shorter re-entrant corners compared to Model A
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Figure 149: Model C Crack Patterns from Ground Motion Record No. 21 at 0.2(g)
showing reduced cracking throughout the structure compared to Model A and Model B,
with cracking concentrated at many of the connections between orthogonal walls
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Figure 150: Model A Wall 'N3' Crack Patterns from Ground Motion Record No. 21 at
0.2(g) showing cracking concentrated at the inner corners of the re-entrant corners

Figure 151: Model B Wall 'N3' Crack Patterns from Ground Motion Record No. 21 at
0.2(g) showing that cracking at the inner corners of the re-entrant corners is negligible
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Figure 152: Wall 'N3' Depicted in Model A; Wall N3 is the same in Model B and Model
C
5.7

Discussion
The evaluation of results from the incremental dynamic analyses has found that

the damage and probability of collapse of the structure is overall reduced with the
minimization of torsional irregularity and full lateral support of the H-plan legs, as in
Model C. Although damage was found to be reduced overall with the minimization of
torsional irregularity in Model B, the probability of collapse with respect to seismic
intensity remained relatively unchanged from Model A. The results from both the
nonlinear static analyses and the dynamic analyses suggest that the minimization of
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torsion in the structure does cause a reduction in damage in the structure and an
improvement in the stiffness of the structure, which was expected to be more clearly
illustrated in the fragility curves. The reduction in damage is attributed to the visibly
reduced cracking in the same tests from Model A to Model B, along with 50-69%
reduction in average peak inter-storey drift in the building storeys, and 27-37% reduction
in average peak floor rotation in the building storeys, when comparing Model A and
Model B. Since these changes in behaviour are not reflected clearly in the fragility curves
of Model A and Model B, evaluation of the HAZUS 99 performance level damage
descriptions suggests that the definition of collapse used in this research was overconservative.
Vulnerable areas in the structures were identified by evaluation of the crack
patterns and deformed structures of the dynamic analyses. The results confirmed that
cracking typically begins around window openings in the structures, as expected.
Additionally cracking and failure was found to concentrate first at the extremities of the
top level of the structures. The “legs” of the H-plan were found to cause concentrations of
the cracking at their inner corners. The minimization of torsional irregularity and lateral
support to the “legs” of the H-plan in Model B and Model C were also found to improve
the distribution of forces throughout the structures, based on the overall reduction in
damage in Model B and Model C. The floor acceleration results suggest that the
resistance of the structure to higher seismic accelerations improved with the
modifications in Model B and Model C.
Comparing the results of Model A and Model C shows that the full lateral support
of the H-plan legs clearly contributes to preventing the collapse of the structure, more so
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than the minimization of torsion, as shown by the fragility curves. The smaller reduction
– and sometimes an increase – in the parameters of the structures’ behaviour from Model
A to Model C indicates that Model C is resisting increased seismic intensities without
local or global collapse of the structure. These results suggest that the full lateral support
of the H-plan legs is more effective for mitigating collapse of the structure. The
minimization of torsion may serve as a less invasive intervention when considering
retrofit options for a URM structure such as that represented in this thesis and may be the
preferred solution if the retrofit objective is to simply reduce damage to the structure in
the case of low intensity seismic events.
The next section summarizes the objectives and findings of this research project.
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Chapter 6: Conclusion
URM is inherently vulnerable to seismic forces due to its minimal ability to resist
tensile forces. Unfortunately, typical structural design features in URM buildings such as
flexible timber diaphragms, structural irregularities, and poor-floor-to-wall connections,
also increase that vulnerability. Additionally, the use of URM in new construction is less
common in practice. Based on this inherent seismic vulnerability and the vulnerability of
the construction industry to lose awareness of URM design, it is important that
continuous research into the seismic performance of URM be actively pursued in the
field of structural engineering.
This thesis has sought to contribute to the structural engineering knowledge
required to conserve URM structures and reduce their vulnerability in order to lessen the
need for new construction by supporting the reuse, rehabilitation, and ongoing
maintenance of existing buildings. This objective has been endeavored through an
evaluation of the influence of plan irregularities on the seismic response of URM
structures under increasing seismic loads using numerical analysis.
A survey of URM structures in Ottawa and investigations in three case study
URM structures in Ottawa identified torsional irregularities and re-entrant corners as
being prevalent forms of plan irregularities in URM structures in Ottawa. Further
inspection of three URM structures in Ottawa provided evidence of typical construction
details for URM structures, which informed the numerical models used for the seismic
analyses in this thesis. A comparative analysis based on the results of nonlinear static and
incremental dynamic analyses was carried out on structures modelled in Extreme
Loading for Structures. The results from these analyses determined that damages to the
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structure and the probability of collapse of the structure were reduced overall with the
minimization of torsion and full lateral support of the re-entrant corners in the modelled
structures. Evaluation of the results indicate that the minimization of torsion in the
structure reduces damage to the structure at lower seismic intensities but does not
improve the probability of collapse of the structure. The full lateral support of the H-plan
along with the minimization of torsion in the structure is most effective in improving the
structure’s probability of collapse by improving its ability to resist higher seismic
intensities.
The evaluation of the results in this research project was limited by a qualitativeonly evaluation of the crack patterns and deformed structures illustrated in Extreme
Loading for Structures. Future research may develop a quantitative method for evaluating
cracking in the structures, in order to discriminate between hairline cracks and larger
cracks. The evaluation of the results was also limited by the conservative definition of
structural collapse chosen for deformed structures. Future research may expand the
evaluation of fragility curves from this analysis by specifying deformed structures
according to additional performance levels to assess local collapses separately from
global collapses. Future research may also explore the definition of other performance
levels, such as slight and moderate damage, from the results gathered from the
incremental dynamic analyses.
The research itself was constrained by time due to the computational expense of
carrying out nonlinear dynamic analyses. Future research may carry out dynamic
analyses to yield a more comprehensive range in seismic intensity, particularly between
the range of 0.34(g) to 0.52(g) for the structures modelled in this project, in order to
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better simulate and evaluate the onset of collapse. Future research may also carry out
testing on a larger variation in URM structures, to more clearly discriminate between the
influence in torsional irregularity and re-entrant corners on the behaviour of the
structures.
Based on the numerical analysis of URM structures more broadly, an area of
future research includes the evaluation of varying nonlinear static analysis methods for
improving the simulation of seismic behaviour of URM structures.
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Appendix A Seismic Target Spectrum Data
Sa(T) [g]
Sa (0)
Sa(0.05)
Sa(0.1)
Sa(0.2)
Sa(0.3)
Sa(0.5)
Sa(1.0)
Sa(2.0)
Sa(5.0)
Sa(10.0)
PGA(g)
PGV (m/s)

Montreal Ottawa
0.378
0.281
0.631
0.448
0.723
0.524
0.595
0.44
0.447
0.334
0.311
0.237
0.148
0.118
0.068
0.056
0.018
0.015
0.006
0.005
0.378
0.281
0.256
0.197
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Appendix B Typology Survey Data Summary

Construction
Material
Original
Occupancy

Plan area (w/o
additions)
No. storeys
Row vs. isolated
Mid- vs. end
Vertical
irregularities
(FEMA 154)

Plan irregularities
(FEMA 154)

Fall hazards
(FEMA 154)

Roof shape

Primary
structural
assembly

Foundation

TOTAL BUILDING
COUNT
stone
brick
residential
commercial
industrial
institutional
mixed-use
plan area (sq.m.)

95
18
77
49
7
1
25
13
458

No. storeys
row
isolated
middle
end
sloping site
soft storey
out-of-plane setbacks
in-plane setbacks
short pier
split level
torsion/plan eccentricity
non-parallel systems

3
22
73
14
21
0
3
32
16
1
0
26
1

re-entrant corners

79

diaphragm openings
chimney
cornice
parapet

3
49
45
14

masonry veneer
overhang
heavy roof equipment
other
gabled masonry
hipped
flat roof
multi-wythe stone
multi-wythe brick
masonry veneer w/ timber
frame
unknown
stone

30
2
24
3
34
31
39
18
77
0

concrete
plaster/unknown

1
12

0
82
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