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ABSTRACT 

 

Seismic Fragility Assessment and Resilience of Reinforced Masonry Shear Wall 

Systems 

 
Shadman Hosseinzadeh, Ph.D. 

Concordia University, 2020 

 

Reinforced Masonry Shear Walls (RMSWs) are commonly used in low- to high-rise buildings 

as the lateral load resisting system. There have been several experimental and analytical studies 

that evaluated the seismic response of RMSW either as a single element (i.e., planar rectangular 

walls) or as a building consisting of planar walls. However, research on Reinforced Masonry Shear 

Walls (RMSWs) with end-confined Boundary Elements and flanged shear walls are scarce, 

especially considering the effects of design parameters on the systemôs seismic inelastic response. 

The end confined RMSWs proved to have a higher level of ductility since they can postpone the 

reinforcement buckling in compression while increasing the compressive strength of the shear 

wallsô component at the same time. 

The objectives of the current study are to: (i) assess the seismic performance and collapse 

capacity of the RMSW with end confined Boundary Elements and Flanged shear walls at both 

structural element, and entire building level, (ii ) evaluate the seismic resilience and functionality 

of the RMSW system when subjected to severe earthquake events, (iii) to quantify and assess the 

resilience index versus the uncertainty of the studied parameters.  

To achieve the first goal, at the structural element level, the RM shear walls were designed with 

different heights to investigate the effect of the wallôs height on its seismic performance. The 

impact of utilizing flanged walls was assessed and characterized through new seismic performance 

standards and assessment approaches. In this respect, a modified macro-modelling approach has 

been proposed to numerically model and capture the inelastic behaviour of the RM shear walls. 

The proposed model can capture both flexural and shear deformations. The nonlinear model was 
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first validated against experimental data of RM rectangular and flanged shear walls and walls with 

masonry boundary elements (MBEs); afterwards, the model has been utilized in simulating RM 

flanged wall archetypes. Collapse risk evaluation has been conducted by subjecting the wallôs 

numerical model to various ground motions scaled at different intensity levels. Nonlinear static 

pushover analysis and incremental dynamic analysis (IDA) has been conducted on numerical 

models. Quantification of the seismic parameters of the flanged wall system, including period-

based ductility, overstrength, and collapse margin ratios, has been conducted to help better 

understanding the seismic response and collapse capacity of the component. Lastly, the seismic 

resilience of the archetypes against the expected collapse risk was evaluated, before and after 

adding flanges and boundary elements to the walls, in terms of functionality curves. Damage levels 

were considered as performance level functions correlated to the earthquake intensity and were 

used to estimate total loss and recovery time of the archetypes. 

To reach the second objective, the study is extended to investigate the impact of using end-

confined masonry boundary elements at the building level by the adoption of such elements for 

multi-storey RMSW buildings. In this respect, the developed macro-model was updated to take 

the impact of out-of-plane wallsô shear flexibility into account, after adding an out-of-plane shear 

spring. The outcome of the test results of a one-third scale two-storey building was used to validate 

the modelling approach at the system level. Subsequently, the archetype buildings were subjected 

to multiple ground motion records using Incremental Dynamic Analysis to identify the collapse 

initiation and derive fragility curves. The results indicate a significant enhancement of the 

resilience index by using end-confined Masonry Boundary Elements (MBEs). 

 To accomplish the third objective, a probabilistic approach was utilized to quantify the seismic 

resilience index of the RMSW building with MBEs located in a high seismic zone of Canada. The 

uncertainties associated with the losses and expected recovery time and sensitivity of each 

parameter were studied and depicted using the resilience index threshold and the Monte Carlo 

simulation method. The storey shear contribution of in-plane and out-of-plane walls were also 

quantified for all archetype buildings. The results indicate sufficient seismic resilience of ductile 

RMSW buildings with MBEs when subjected to the Maximum Credible Earthquake (MCE). The 

findings of this part are crucial for earthquake mitigation practice and disaster risk reduction plans.
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Chapter 1 

Introduction  

1.1 Background and Problem Definition 

Utilizing reinforcement into the conventional masonry structures started in the eighteenth 

century by testing reinforced masonry lintels (Ashour et al. 2017). The idea led to introducing the 

Reinforced Masonry (RM) structures into the engineering platform. Concrete masonry blocks were 

commercially available by the end of the nineteenth century to make the feasibility of the Concrete-

Block Masonry Structural Walls possible. During the past few decades, there have been many 

research studies addressing the seismic response of the Reinforced Masonry Shear Wall (RMSW) 

components made up of Concrete-Blocks Masonry. However, all studies addressed rectangular 

shear wall systems, and scarce studies investigated walls incorporating Flanges and/or Masonry 

Boundary Elements (MBEs) (e.g., Shedid et al. 2009, Ahmadi et al. 2015, and Aly and Galal 2020). 

These RMSWs can be utilized as fully or partially grouted, end-confined, or non-confined walls 

depending on the level of seismicity, providing the designers with the versatility needed to 

integrate an efficient Seismic Force Resisting System (SFRS) into mid and high-rise buildings. 

During the last few decades, there has been a significant advancement in the definition of 

resilience-based engineering as an updated alternative to performance-based design engineering. 

Natural hazards such as earthquakes have a tremendous social and economic impact on individuals 

and societies. Natural disasters are unpredictable and inevitable, while almost being impossible to 

predict and determine the possible vulnerabilities that may cause. That said, the preparation and 

mitigation actions can be considered as a part of the resilience technique against these disastrous 

events, which can reduce their unfavourable consequences. There is a need for a resilience 

approach to address necessary actions to mitigate the losses and casualties, primarily before the 

event occurs. It has been known that a resilience perspective can help with preparation, response, 

recovery action, and mitigation efforts against probable risks.     

1.2 Research Significance and Motivation 

Analytical and Numerical modelling is more recently considered and used by many 
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researchers since they are less expensive and more effective in estimating the structural response 

without the limitations of experimental tests such as the high cost, scaling method, etc. The 

numerical modelling approach is shown to be capable of capturing experimental response with a 

great level of accuracy. In contrast, these approaches provide the user with more control over the 

failure modes, loading protocols, and collapse criteria assessment (Stavridis et al. 2010, Ezzeldin 

et al. 2016). The literature indicates a lack of relatively simplified macro-models in predicting the 

inelastic behaviour of the RM Shear walls. As will be discussed later in the thesis, these macro-

models are key, not only to facilitate evaluating the overall response of the entire building but also 

to help better understand the performance data following new seismic performance standards and 

assessment approaches. [e.g., ASCE 41-13 (ASCE 2014), FEMA P-695 (FEMA 2009), and FEMA 

P-58 (FEMA 2012)]. 

The current capacity design methodology that was initially introduced by Park and Paulay 

(1975) for the seismic design of buildings provides an efficient design and detailing of structural 

elements to avoid non-ductile sudden failures of the whole structure during seismic events. 

Therefore, the Reinforced Masonry (RM) shear walls should possess sufficient ductility to undergo 

seismic events while being able to sustain large reversible cycles of inelastic deformations without 

significant degradation in strength. This goal can be achieved by adopting a confined zone at the 

outermost ends of rectangular RM shear walls. Incorporating end zone confinement results in 

attaining a higher level of displacement and curvature ductility and enhances the overall 

performance of the wall during the seismic events compared to that of RM rectangular walls. 

(Banting and El-Dakhakhni, 2012, 2014; Ezzeldin et al., 2017; Ezzeldin et al., 2016; Shedid et al., 

2010b). This can be done by utilizing different end zone shapes such as flanges and rectangular 

boundary zones. 

In addition, when the resilience engineering approach is adopted, there is a challenge for 

identifying the effective system that would have better post-disaster performance, especially when 

there are limited resources for fast recovery. It is important to try to use a more competent lateral 

load resisting system to reduce the losses from earthquakes to have a more resilient structure. Also, 

the quantification of the seismic resilience of the utilized seismic force resisting system is vital and 

needs to be studied to evaluate the effectiveness of the system.  
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1.3 Objectives and Scope of Work 

The main objective of this research is to investigate the effectiveness of different end 

configurations, including flanges and confined masonry boundary elements on the seismic 

performance and resilience of reinforced masonry shear wall system buildings at both structural 

elements and building level. 

The following sub-objectives are also considered for the present research: 

- Developing and validating a robust numerical modelling approach capable of predicting the 

nonlinear response of RM shear walls with various end configuration 

- Examination of the impact of end-shape configuration on collapse capacity and seismic 

performance of the RMSW flanged walls and walls with rectangular masonry boundary 

elements 

- Performing incremental dynamic analysis and seismic assessment of RMSW system using 

the proposed methodology by FEMA P695 (2009) 

- Evaluating the impact of utilizing various end configurations on seismic resilience and 

structural and non-structural losses of the RMSW buildings due to the earthquake. 

- Quantification of seismic resilience and its sensitivity against loss ratio and recovery time 

variables 

- Quantification of the out-of-plane response of RMSW building using full 3D numerical 

simulation 

1.4 The Thesis Layout 

The thesis will be comprised of seven chapters, as follows: 

¶ Chapter 1 consists of an introduction, research significance and motivation; objectives 

and scope of work; and a brief literature review and the layout of the thesis. 

¶ Chapter 2 comprises a review on the background of the study, including the effect of 

using boundary elements and/or different end configuration on the response of RMSW 

system, and the numerical micro and macro-model studies proposed for the simulation 

of the seismic behaviour of RMSWs. A general background of the reinforced masonry 

rectangular shear walls, non-planar walls, Flanged walls, walls with Boundary 

Elements, and their nonlinear structural response is also presented in this chapter. 
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¶ Chapter 3 focuses on the development of a numerical model using available commercial 

software and its limitation. Also, the initiative taken to develop a modified wide column 

model is discussed in this chapter addressing the advantages of using an open-source 

program. This chapter comprised of two subchapters, including the seismic performance 

of the core wall system, as well as studying the behaviour of a five-storey building at 

building level as a benchmark for further reference.  

¶ Chapter 4 focuses on the ñSeismic Fragility Assessment and Resilience of Reinforced 

Masonry Flanged Wall Systems.ò Also, the developed numerical macro-modelling 

approach of the RMSW components under Incremental Dynamic Analysis will be 

described in this chapter. 

¶ Chapter 5 consists of ñSystem-Level Seismic Resilience Assessment of the Reinforced 

Masonry Shear Wall Buildings with Masonry Boundary Elementsò which focuses on 

the response of the RMSW building after incorporating Masonry Boundary Elements at 

the system level and assess the seismic resilience and structural and non-structural losses 

after the adoption of end-confined zones. 

¶ Chapter 6 includes ñProbabilistic Seismic Resilience Quantification of End-Confined 

Reinforced Masonry Shear Wall Buildings Under Bidirectional Horizontal Excitationsò 

quantifies the seismic resilience of RMSW having MBEs and assess the sensitivity of 

resilience index against loss ratio and expected recovery time through developed 

fragility surfaces. Also, the quantification of the out-of-plane storey shear contribution 

of RMSW buildings is elaborated in this chapter. 

¶ Chapter 7 consists of the summary of the research project, the main contributions and 

conclusions, limitations associated with the study and the recommendations for future 

work. 
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Chapter 2 

General Background 

2.1 Literature Review 

Masonry structures are among the oldest type of construction and are well-known by their 

durability and construction pace. Conventional masonry was able to resist a high level of 

compressive forces and was quite durable against gravity forces. However, the tensile strength of 

such elements was quite low, causing them not to act properly when subjected to cyclic load arising 

from wind and earthquake. Meanwhile, a series of earthquakes during the 20th century, such as 

San Fernando (1906), Long Beach (1933), San Fernando (1971), and Northridge (1994) caused 

massive deterioration on the unreinforced masonry structures resulting in the innovation of 

Reinforced Masonry (RM) structures. The use of RM structures has been developed in the latest 

20th century and has reached up to building 28 storey buildings using RM Shear Walls (Wang et 

al., 2016). 

As the lateral load resisting system of the building, RM Shear walls are responsible for 

transferring the lateral load from the horizontal diaphragm to the foundation of the structure 

besides carrying the gravity loads due to dead and live loads. Reinforced masonry shear walls have 

been widely used as the main Seismic Force Resisting System (SFRS) in low- to high-rise 

buildings since they inherently possess large lateral stiffness and large lateral load resistance. The 

above-mentioned characteristics of such walls ensure sufficient drift control capability of the well-

designed structural shear walls. 

There have been many research studies conducted to date addressing the in-plane behaviour 

of the masonry shear walls under different load conditions in terms of axial load and lateral shear 

forces. Observations from post-earthquake investigations such as in Chile 1985 (Wyllie et al., 

1986) showed major damage due to extensive use of non-ductile shear walls. RM Shear walls have 

the capability to withstand severe earthquakes with less damage to structural and non-structural 

elements. However, some research studies proved that RM walls governed by shear failure 

performed poorly against lateral load and exerted low ductility in comparison to well-detailed 
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shear walls governed by flexural failure (Paulay et al., 1988; Priestley et al., 1992). Figure 2.1 

shows sample failures of RM shear walls in the flexure and shear governed mode. 

 

 

(a) (b) 

 

Figure 2.1. Failure of RM shear walls in (a) Shear Wall with ductile flexural failure mode (b) 

Shear wall with brittle shear failure mode (Shing, 1989) 

 

The seismic response of the RM shear walls is a function of many factors in an earthquake 

event, including the mass, natural frequency or period of the structure, and its inherent damping 

ratio. The typical design standards procedures, such as equivalent static methods, consider the 

impact of lateral loads arising from wind or earthquake as an equivalent force acting at the center 

of the mass of the structure and the shear walls will resist against lateral loads by providing 

sufficient rigidity at the center of the rigidity of the structure. Shear walls will transfer the loads 

from the diaphragm to the foundation. As a result, yielding of longitudinal reinforcement and a 

high level of plastic deformation is expected at the RM shear wall bottom end, as well as the tip 

of the wall depending on the support condition. This phenomenon often referred to as plastic 

hinging regions in the shear wall segments. These portion of the RM shear walls plays an important 

role in controlling the behaviour of the wall against lateral loads as it can alter the type of failure 

if  the wall is not appropriately designed. As a result of this mechanism, proper detailing of the 

plastic hinging regions is important to provide the required ductility in the wall elements. Adequate 

detailing of the plastic hinge zone should ensure a desirable ductile behaviour of the shear wall 

providing the component with flexural yielding. To reach this goal, transverse reinforcements are 
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utilized to help to postpone the longitudinal reinforcement buckling and increasing the level of 

ductility at these critical regions of the wall. Because of some geometrical limitations, 

incorporating closed-typed hoops at the wallôs extreme side was not possible via regular 

rectangular shape RM shear walls. In the meantime, the presence of these hoops would provide 

the shear walls with more resistance and stability against out-of-plane buckling. A significant 

increase in the compressive strength of the confined zones was also observed after having closed 

hoops in the wallsô ends (Cyrier, 2012). Different methods of confinement have been studied for 

application on RM shear walls, including providing steel plates and seismic combs in the bed 

joints, and steel rings and spirals around vertical reinforcing bars within the block cells (Priestley 

and Elder, 1983; Hart et al., 1988; Snook, 2005; Hervillard, 2005). The scope of all these studies 

was to provide sufficient confinement to the RM shear wall to increase the compressive strain 

capacity, hence the overall ductility of the wall segment. Ductility is an essential property of 

structures subjected to reversed cyclic loads. This includes the ability of the structure to sustain 

large inelastic deformations and dissipate the input energy by its hysteretic behaviour (Priestly et 

al., 2007). 

Canadian design of masonry structures code, CSA S304 (2014), states that reinforced 

masonry shear walls shall be designed to adopt capacity design principles, including the 

occurrence of inelastic deformation in energy-dissipating components (i.e., RM Shear Walls), 

which are designed and detailed accordingly. However, all other load-bearing components are 

designed and detailed to exert enough strength to ensure that the shear walls can perform and fail 

in ductile mode. This can be done by ensuring that the failure mode at the ultimate limit state is 

dominated by flexure failure; due to yielding of the flexural steel reinforcement before shear 

failure. This structure is expected to undergo cyclic inelastic deformations without significant loss 

of strength and is detailed to develop the appropriate level of ductility while remaining stable.  

2.2 Common Failure Modes of RM Shear Walls 

Four common types of major responses were known for RM shear walls subjected to cyclic 

in-plane loading. The response type is important because it can characterize the shear wallôs 

performance under seismic loading. Various design parameters can affect a wallôs response, 

including the applied axial load, shear wallsô height to length aspect ratio, longitudinal and 
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horizontal reinforcement ratios, and anchorage detailing. Paulay and Priestley (1992) found that 

four common response modes for masonry shear walls are associated with flexure, rocking, shear, 

and sliding deformations. These deformations are depicted in Figure 2.2. In general, the in-plane 

behaviour of reinforced masonry shear walls is identified to be flexural and shear types of failure. 

Enough anchorage of the shear wall to the foundation will allow the shear and/or flexure modes to 

dominate the wallôs response. A ductile failure typically results from a flexural response, while a 

brittle failure often results from a shear response. Ductile failures are preferred because the 

structure possesses the ability to deform inelasticity without abrupt collapse. 

Flexural failure is accompanied by tensile yielding of the vertical reinforcement, the 

formation of plastic hinge zone, and gradual crushing of the masonry at the wall extremes. This 

type of failure will provide the structure with high energy dissipation and ductile behaviour. 

Whereas shear failure is mostly characterized by diagonal tension cracking and shear slipping at 

the bed joints of the RM shear walls. This type of failure exhibits more brittle behaviour and rapid 

strength degradation after reaching maximum strength. Shear deformations can be observed 

mostly on the walls with low aspect ratio, whereas, for a relatively high aspect ratio, the response 

is most likely governed by flexural deformation. 

 

(a) (b)     (c) (d) 

 

Figure 2.2. Masonry Shear Walls Failure Modes (adapted from Eikanas, 2003) 

2.3 Seismic Response Assessment of RM Shear Walls 

To facilitate the study of the seismic behaviour of RM shear walls and their failure modes, a 

review of the effect of key parameters on the performance of these components is necessary. In 

general, the seismic performance of the RM shear wall structures can be characterized through 
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performing quasi-static cyclic analysis, in terms of hysteretic lateral force-deformation curves. 

This can be done numerically and/or experimentally; however, numerical models are more 

economically beneficial compared to experimental studies. There have been many experimental 

studies during the past decades trying to investigate the lateral capacity and behaviour of RM shear 

walls (see Figure 2.3.), whereas there are some limitations accompanied with this approach such 

as scaling of the specimens, fabrication issues, and financial matters, that highlights the importance 

of numerical approaches alongside experimental studies.  

 

 

(a) (b) 

 

Figure 2.3. Experimental studies on the lateral performance of RM shear walls: (a) Ahmadi and 

Klingner (2012), (b) Seif-Eldin and Galal. (2016) 

 

A robust numerical simulation should be able to investigate the inelastic response of RM 

shear wall systems by using a reliable modelling approach that can determine important 

characteristics and response parameters such as nonlinear shear-flexural behaviour, confinement 

effects, axial deformations, and sliding of cracked surfaces. A variety of numerical approaches are 

available in the literature; however, not all of them are suitable to capture the overall behaviour of 

a building and not just the shear wall component. Among different numerical modelling technique, 

the macro-modelling approach is the one which can capture the characteristics of the entire 
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building and not only the structural shear wall components. A variety of software tools are 

available that employ non-linear finite element methods for the analysis of reinforced masonry. 

The Finite Elements (FE) modelling approach is available in most of the software tools such 

as ABAQUS and DIANA while they utilize built-in constitutive material strain-stress relationship 

to resemble the behaviour of shear wallsô components including the rupture of the rebars, cracking 

and/or crushing of the masonry elements and bond-slip in addition to the global force-deformation 

responses. Different material properties need to be defined in this type of programs, and the 

property of the materials should be calibrated using the available constitutive material model of 

the software (i.e., smeared vs discrete steel reinforcement, masonry confinement) to ensure the 

robustness and precision of the approach to deliver a reliable outcome. This approach also conveys 

considering some additional parameters to drive the nonlinear solution algorithms to convergence.  

FE approaches can often be used to calibrate the nonlinear load-deformation behaviour of 

structures using the fibre-based technique. Software tools such as OpenSees (OS), SeismoStruct, 

and Perform-3D are the example of the packages that can utilize Fibre-based Element (FibE) 

technique to capture the nonlinear strength and stiffness degradation of fibre elements of complete 

building structures with significantly less computational effort. It is worth noting that, the 

predictions of both FE and FibE models need to be validated against available experimental data 

to verify their performance for both ductile (flexural) and brittle (shear) failure mechanisms. 

There are not many research studies conducted on developing an efficient numerical 

approach for modelling RM shear wall systems. However, there are many experimental tests 

available in the literature addressing the inelastic response of Reinforced Masonry elements. The 

main objective of these numerical studies is to develop and validate micro/macro models for 

reinforced masonry walls subjected to cyclic loads. Some also developed simplified models that 

can be adopted by engineering practitioners. The adopted modelling approach is elaborated in the 

subsequent chapter of the thesis addressing the required elements and corresponding material 

constitutive models in detail. The process for calibration of parameters is highlighted in some 

cases. An overview of the common macro-models for numerical simulation of RM shear walls is 

presented in Figure 2.4. 



 

11 

 

Comparison of the results from the analysis of the walls subjected to both monotonic and 

reversed cyclic loading protocols with the corresponding test data showed the efficiency of some 

of the proposed modelling approach as well as their drawbacks. Results showed that some models 

could consider both stiffness and strength degradations. Moreover, the proposed models are often 

able to capture the strain histories of the concrete and steel reinforcement with an acceptable level 

of accuracy. 

 

 

(a) (b) (c) (d) 

 

Figure 2.4. Overview of available macro modelling approaches: (a) A typical RM shear wall, (b) 

Wide column model (Millard, 1993), (c) Multiple vertical line element model (Vulcano et al., 

1988), (d) Truss model (Panagiotou and Restrepo, 2011) 

2.4 Behaviour of End-Confined RM Shear Walls  

There has been a broad application of the RM shear walls with various end configuration in 

the recent decades (Shedid et al., 2010b, Aly and Galal, 2020); however, their cyclic response is 

not well known and discussed by both practice codes and research which highlight the importance 

of studying the behaviour of such elements more meticulously. It is worth noting that shear walls 

with flanges are naturally formed because of having perpendicular lateral load resisting walls. 

However, most of the practicing engineers typically, and conservatively, neglect the effect of the 

flanges, assuming two separate walls in the design without any influence on their counterpartôs 

lateral resistance and stiffness.  

In ductile masonry structural walls governed by flexural failure, a plastic hinge mechanism 

will form whereby inelastic rotations are concentrated at the base of the wall. The plastic hinge 
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zone represents the part in which the inelastic rotation of the shear wall is happening and needs 

more attention in terms of design and detailing since it is a critical section of the shear wall. 

Estimation of the plastic hinge region for RM structural wall design has been derived from the 

analysis of RC shear walls. The results of RC beams were used to propose a plastic hinge length 

(Mattock, 1967) in terms of wall parameters, which was modified by Paulay and Uzumeri (1975), 

who recommended two specific equations for application with RC walls, based on the height (hw) 

and length (Lw) of the wall. Later, Paulay and Priestley (1992) suggest a range of values based on 

reinforcement and proposed equations for RM walls to relate the plastic hinge with the wall 

dimensions and reinforcing bar properties such as its diameter (db), yield strength (fy) and ultimate 

strength (fu). Lastly, Bohl and Adebar (2011) proposed a lower bound estimation for the isolated 

shear walls correlating it to the axial stress imposed on the wall element
'( )c gP f A . 

'(0.2 0.05 )(1.0 1.5 / ) 0.8w w c g wl h P f A l+ - ¢   Bohl and Adebar (2011) (2.1) 

To develop significant displacement ductility, damping and overall energy dissipation 

required to resist strong ground motions in RM shear wall buildings, the plastic hinge zone must 

be capable of withstanding relatively high inelastic curvatures. The plasticization of RM shear 

walls is generally characterized by the cracking of masonry components and the yielding of vertical 

reinforcement. Whenever all vertical tension reinforcement within the wall cross-section develops 

its yield strength, it can be shown that the nominal flexural capacity (Mn) of the wall remains nearly 

constant. As strains in the reinforcement are increased, wall curvature will also increase, which 

can be determined from strain compatibility assuming plane section analysis. Subsequently, as the 

moment is increased to the maximum capacity of the wall, the neutral axis will shift and based on 

force equilibrium, much higher strains in the reinforcement will be achieved, resulting in an 

increased curvature. Beyond this point, there will be minor changes to the nominal flexural 

capacity (Mn), as well as depth of neutral axis, but the curvature keeps increasing until an ultimate 

strain in the reinforcement (Ůsu) or masonry (Ůmu) is reached. As yield strains begin to form in the 

vertical reinforcement, it will gradually spread over the plastic hinge region of the walls, as shown 

in Figure 2.5. 
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            (RM shear wallôs elevation) (Curvature profile of RM shear wall) 

Figure 2.5. Inelastic curvature spreading over shear wall plastic hinge length (Banting, 2013) 

 

The wall curvature capacity strongly influences the displacement capacity and displacement 

ductility. Curvature may be limited in an RM shear wall by tensile strains in the reinforcement 

associated with fracturing failure of the reinforcement. However, it is more likely to be governed 

by the compressive strain capacity of masonry, mue . This phenomenon will stress the fact that by 

using confinement in the masonry shear walls, the curvature capacity and thus the overall capacity 

and ductility level can be enhanced. Priestley and Elder (1982) tested three scaled slender RMSW 

with an aspect ratio of 2.5. The test by Priestley and Elder (1982) studied the impact of axial stress 

and confinement plate at the mortar bed joints. High levels of strength and stiffness degradation 

were reported as a result of increasing the axial stress. The wall ductility significantly enhanced 

by using the steel confinement plates. More recently, Ahmadi (2012) tested 21 shear wall 

specimens as both cantilever and fixed-fixed elements along with two full-scale masonry buildings 

on a shake-table. A wide range of various aspect ratios was considered along with a different level 

of axial load levels. Ultimate drift levels were reported to fluctuate from 1.31% to 4.47%, with 

average displacement ductilities from both directions of loading that were found to range from 

4.66 to 17.04. The research program concluded the fact that displacement-based design for use on 

masonry structures yields more reliable results in terms of ultimate and serviceability limit states 

and suggested that was a better approach towards the design of irregular structures when force-

based procedures could not be applied. 
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To address the limited compressive strain of the masonry, Priestley (1976) and Priestley and 

Elder (1982) introduced steel confinement plates in the bed joints of the compression toes in RM 

structural walls. There has been a couple of efforts in the literature to address the impact of 

confining masonry elements to enhance the performance of the RM shear walls, which some of 

them are highlighted in the following. 

As one of the first efforts, Bresler and Gilbert (1961) found that lateral stirrups around 

vertical reinforcement in RC columns can inhibit and delay the tendency for vertical reinforcement 

to buckle under compressive stress. The potential for inelastic buckling of reinforcement in the 

plastic hinge zone of RC columns has been extensively studied by Pantazopoulou (1998), Moyer 

and Kowalsky (2003) and Berry and Eberhard (2005) leading to detailed prescriptive requirements 

for RC columns as well as structural walls. The proposed detailing requires the end of the shear 

walls to incorporate confined zones containing a minimum of two layers of reinforcement with 

lateral confinement stirrups. One of the earliest means to confine masonry shear walls were 

stainless steel plates placed on the mortar bed on the face shell and web of the units. Tests on 

structural walls detailed with confinement plates were first conducted by Priestley and Bridgeman 

(1974) in brick walls and later by Priestley (1976) and Mayes et al. (1976) in concrete block walls 

and piers, respectively. In these early tests, it was observed that the confinement plates acted as a 

mechanism to delay the vertical splitting tension failure of the compression toes, thus increasing 

the effective compressive strain of the masonry. Tests on a series of walls and prisms reported by 

Priestley and Elder (1982) and Priestley and Elder (1983) were used to evaluate the design 

characteristics necessary to predict confined wall behaviour. It was suggested that a modified 

Kent-Park stress-strain relationship, adopted from concrete behaviour, could be used to estimate 

the confining effects on the masonry. 

To investigate the behaviour of RM structural walls possessing different end configurations, 

Shedid et al. (2010a) tested seven fully grouted RM structural walls constructed of half-scale block 

units. This test program was aimed at comparing the seismic behaviour of walls with three different 

end configurations: a conventional rectangular wall cross-section, a flanged wall and a wall with 

confined boundary elements at its ends. The three walls detailed with a confined boundary element 

at the ends allow for four vertical reinforcement bars placed in two layers and confined with steel 

reinforcement stirrups placed in every course. Tests of boundary element prisms reported by 
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Shedid et al. (2010b) indicated an increase in the compressive strain by 51% over unreinforced 

and unconfined boundary elements. Shedid et al. (2010a) reported that an increase in ductility of 

at least 39% and 106% was achieved in walls with the addition of flanges and confined boundary 

elements, respectively. Additionally, the measured drift for rectangular, flanged and boundary 

element wall configurations at a drop of 20% from peak load was observed to be at least 1.0%, 

1.5% and 2.0% drift, respectively. 

2.5 Design Provisions for RM Shear Walls 

A research done by Shibata and Sozen (1974) proposed that structures that contain multiple 

degrees-of-freedom under dynamic excitation could be represented by an SDOF substitute 

structure possessing similar stiffness, strength, and displacement capacity properties to the more 

complex structure. Moreover, since only the stiffest elements within a structure are expected to 

resist seismic loads, the structure can be represented solely by its seismic force resisting system 

(SFRS), which for masonry structures is the structural wall system. Hence, proper detailing must 

be provided in the structural walls to permit the required ductility-based reduction factor of seismic 

force. Ensuring a flexural failure mechanism governs structural wall behaviour rather than a more 

brittle shear failure is one means of providing the necessary ductility and is the foundation of the 

capacity design philosophy proposed by Park and Paulay (1975). NBCC (2015) recommended 

about 30 recognized seismic force resisting systems (SFRS), which can ensure energy dissipation 

within sufficient ductile response. The NBCC assigns two seismic force ñRò modification factors 

by which the elastic seismic force can be reduced by the factor, which is related to the ductility of 

the SFRS, Rd, and the second factor is based on the ratio of the anticipated overstrength of the 

SFRS, Ro. The detailing requirements of each SFRS should be consistent with the associated code 

of design set by the relevant materialsô design standard, which is, for example, the CSA S304.14 

for masonry structures (CSA 2014). A higher value of Rd typically requires more stringent detailing 

and more complex design provisions to corroborate a safe design with enough ductility and 

safeguard against the abrupt failure of the structure. The elastic force-based method exercising the 

equal displacement assumption is employed in the Canadian code of practice as well as the 

American Society of Civil Engineers (ASCE) building code ASCE 7-16 (2016). On the other hand, 

a masonry SFRS is made of several structural walls acting together. Therefore, it is necessary for 

each component to comply with the design code criteria to ensure enough ductility and/or drift 
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capacity for the overall system. The recent RM structural wall construction in seismically active 

areas of Canada generally requires concrete block units, fully grouted and detailed with horizontal 

and vertical steel reinforcement. This is very similar to RC structural wall construction with 

regards to material behaviour and analysis of strength and displacement whereby RC structures 

are provided with three levels of ductility (i.e., limited, moderate, and ductile shear walls). 

However, NBCC recently added a new level of ductility (ductile RM shear wall with Rd=3.0 

and R0=1.5) for RM shear wall buildings in the latest edition. It is worth noting that CSA S304 has 

limited regulation regarding the design of RM shear walls with end-confined zones and flanged 

walls. There is also a lack of research to evaluate the value of Rd and R0 for this type of SFRS. 

Comparing the force modification factors of RM shear walls with RC shear walls, the value of 

Rd=3.5 and R0=1.6 are assigned for the ductile RC shear wall structures (NBCC 2015). 

Furthermore, in a recent study by the National Institute of Standards and Technology (NIST) GRC 

10-91-8 (2010), it was noted that both special RC and RM wall categories equally satisfied collapse 

prevention criteria following nonlinear dynamic analysis. In conclusion, the level of inelastic 

deformation capacity of masonry structures is recognized in the U.S.A. as being capable of an 

equal performance with RC, when similar restrictive prescriptive requirements are applied. 

Therefore, it is inferred that RM and RC structural wall systems could each be assigned somehow 

the same levels of Rd Ro proposed by the NBCC, following the fact that a sufficiently conservative 

and thorough set of prescriptive requirements that include, for example, confinement of the 

masonry is fully met. 

2.6 Performance-Based Seismic Design and Resilience of RM shear walls 

By the advent of the Structural Engineers Association of California (SEAOC) Vision 2000 

document (SEAOC 1995), a growing emphasis is being placed on the building level, rather than 

materially based or structural element level performance. Eventually, this will lead to a shift away 

from using the current qualitatively assessed force-based response modification factors towards 

performance-driven designs based on several factors that may include more relevant critical 

aspects such as life safety, the extent of damage, and rehabilitation costs. 

It has been suggested that the current elastic force-based design methodology employing the 

equal displacement assumption and using fixed material-based seismic force modification factors 
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will produce widely variable results between otherwise identical SFRS when aspects such as repair 

costs and drift-based damage are considered (Nassar and Krawinkler 1991, Priestley 2000). 

Priestley et al. (2007) also describes several inconsistencies associated with using an elastic 

approach to design, such as period elongation from reduced wall stiffness with increased top drifts, 

increased damping shown by walls which have cracked or reinforcement that has yielded and 

system-level effects on component behaviour, which tend to be overly simplified or completely 

neglected. Quantifying the level of damage sustained by a structure can be related to peak 

displacement (drift) demands. For instance, Park and Ang (1985) expressed the damage of RC 

elements based on historical observations in terms of a damage index. It was observed that the 

extent of damage sustained in RC elements after seismic events could be related to both the level 

of peak drift as well as absorbed hysteretic energy by the system. It has been observed in studies 

by Li and Weigel (2006) and Murcio-Delco and Shing (2011) that experimentally tested RM walls 

sharing the same failure mechanisms could be related by their damage performance via peak lateral 

drift sustained during loading cycles. Therefore, drift and damage, rather than force, would be a 

better measure of earthquake resistance and performance. 

There have been many advancements in understanding the inelastic response of RM Shear 

Walls (RMSW) in recent decades. This understanding is a pledge for the performance-based 

seismic design of the structures. The performance-based seismic design incorporates a specific 

performance level corresponding to the level of damage that occurred in the structure (FEMA 445, 

2006). The methodology correlates the damage state to a specific functionality level and losses of 

the whole system when the structure is prone to seismic events. These definitions form the 

framework of the seismic resilience of a structure, which declares the level of functionality of a 

structure in the aftermath of the unwanted seismic event. The concept of resilience also shows the 

capability of a system to resist and maintain its functionality during and after an unwanted event 

(i.e., flood, earthquake, fire, etc.) (Bruneau et al., 2010). To assess the resilience of a structure 

against seismic events, fragility functions need to be precisely derived after performing collapse 

assessment (FEMA P-58). Fragility functions have been used in the past for different applications 

(ATC-13), where they correlate an engineering demand parameter (EDP) to the probability of 

collapse at a specified damage level (Hwang and Jaw, 1990). These functions are necessary for 

predicting the level of damages and losses to evaluate seismic resilience. Deriving fragility 
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functions is possible through performing collapse assessment, which can be done by following the 

available guidelines in the literature (FEMA P695, P-58, and ATC-13).  

The risk of economic losses due to natural disasters (e.g., earthquakes, flood, etc.) is 

correlated with the state of building performance. Both system vulnerability and hazard are 

conditioning parameters. In an extended approach, other causes of disaster risk are demographic 

and sociopolitical. In general, vulnerability originates in physical fragility systems designed and 

built prior to modern codes (Bankoff et al., 2004). These are also characterized by a lack of 

resilience which is defined by the ability of the system ñto reduce the chances of a shock, to absorb 

such a shock if it occurs and to recover quickly after the shockò (Bruneau et al., 2003). Seismic 

resilience describes the loss and loss recovery required to maintain the functionality of the system 

with minimum interruption (Cimellaro et al. 2006). The resilience also takes the impact of the 

recovery process, including the behaviour of individuals and organizations in the post-disaster 

phase into account. In order to quantify the seismic resiliency of structures, the alphabet of 

structure functionality needs to be properly defined. Loss and recovery time are estimated with 

respect to the fragility assessment in order to calculate the remaining functionality of the structure 

after an earthquake event. The resiliency function can be found as the area underneath the 

functionality curve, which is defined analytically as per Eq. 2.2. 

()
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R Q t T dt

+

= ñ   (2.2) 

where the functionality, Q(t), ranges from 0 to 100% meaning total loss and no reduction in the 

performance, respectively. If an earthquake happens at time T0E it could cause enough damage to 

the structure and reduce its performance. Subsequently, within a period called recovery period, 

TRE, the system will be able to recover itself to the same functionality level prior to the extreme 

event, which is observed over a control time period, TLC. 

2.7 Summary and Conclusions  

RM shear walls are best known as efficient lateral resisting systems in buildings because of 

their high stiffness and their high flexural and shear capacities. Many studies have been carried 

out to investigate the structural response of RM wall systems with different geometries. However, 

investigation of the nonlinear response of non-planar RM walls integrating different end shape 
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condition is still necessary. Moreover, continuous advancements in seismic design codes and 

regulations and deterioration of existing RM structures are two major reasons for the necessity of 

performance-based and resilience-based design of shear wall structures. In this respect, different 

end configurations of the RMSW buildings have been proposed, but reliable means of estimating 

the behaviour of RM shear walls are required to choose the most effective approach. Therefore, 

numerical studies need to be conducted to assess the required design equations and the most 

efficient configuration of the walls.  
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Chapter 3 

Numerical Investigation and Collapse Evaluation of 

Reinforced Masonry Shear Wall Systems 

3.1 Seismic Collapse Evaluation of Reinforced Masonry Core Wall Systems 

3.1.1 Abstract 

Since the 20th century, several experimental and analytical studies have been conducted to 

evaluate the seismic response of RMSW element and system (i.e., building consisting of planar 

walls). However, research on RM core wall systems is scarce, especially considering the torsional 

effects on the systemôs seismic inelastic response. A core is a structural element with a cellular 

section that is typically closed on three sides and is either open or partially closed by coupling 

beams on the fourth side. In the current study, a five-storey building, designed according to the 

National Building Code of Canada (NBCC 2015) and the Canadian Standards Association (CSA) 

S304-14, was considered to assess the seismic performance and collapse capacity of RM core wall 

systems. SeismoStruct software package was used to model the building numerically. The 

nonlinear model is validated against experimental data of an asymmetric RM building. Collapse 

risk evaluation has been conducted for reliable design of RM cores within the context of FEMA 

P-695 by subjecting the mentioned buildingôs numerical model to various ground motions scaled 

at different intensity levels. This study is proposing RM Core wall system as a reliable alternative 

seismic force resisting system. It also contributes to better understanding and quantification of its 

seismic response and collapse capacity. 
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3.1.2 Introduction  

In the past few decades, there has been considerable advancement in understanding the 

RMSW response under lateral loading. Several experimental and analytical studies focused on 

studying the seismic performance of RMSW elements (e.g., Dhanasekar et al., 2002, Wang et al. 

2016, and Beyer et al. 2008). However, previous research studies addressed rectangular shear 

walls, and based on the literature, no research considered the RMSW core system. More recently, 

RMSW was introduced in high-rise buildings, which reached up to 28 stories in China (Wang et 

al. 2016). The available space around the elevator service area is an optimum region to place the 

core wall system, similar to the common practice in reinforced concrete structures. The need for 

access to the lift and other services requires an open section to be applied, (i.e., a C-shaped 

element). This opening is partially closed by spandrel or slabs connected along each floor level.  

Although reinforced concrete core walls are very popular in practice, their inelastic 

behaviour under seismic loading has not been examined in detail. There is a limited number of 

experimental studies on the cyclic response of C-shaped walls, e.g., Beyer et al. (2008). Unlike 

rectangular walls, which only resist lateral loads in one direction, C-shaped walls provide lateral 

stiffness in both loading directions and possess torsional stiffness. 

In this study, a comparison was made between the seismic response of three individual 

rectangular RMSW connected using the rigid floor diaphragm and a C-shaped wall having similar 

overall dimensions. A 5-storey building is used to simulate a mid-rise building with RMSW. The 

rectangular walls were assembled using rigid links, with the master nodes being at the center of 

the wall. In addition, different torsional sensitivities have been considered as per NBCC 2015, to 

investigate the effect of torsion on the seismic response of the core wall system. 

The nonlinear numerical model was first validated against the experimental results of the 2-

storey building tested by Heerema et al. (2015). The building had rectangular and flanged shape 

RMSW. Furthermore, quantification of the seismic performance of RM cores has been conducted 

within the context of FEMA P-695 (2009). This is achieved by subjecting the reference building 

to various ground motions scaled at different intensity levels. Finally, the seismic collapse risk of 

the RM core system was assessed in terms of fragility curves considering different torsional 

sensitivities. 
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3.1.3 Building Layout  

The archetype building selected in this study, shown in Figure 3.1, is a 5-storey RMSW 

building. The overall building height is 19.45 m, with a first-floor height of 4.85 m and a typical 

floor height of 3.65 m. The floor is 18 m x 18 m and is built using a 200mm thick pre-stressed 

hollow core concrete slab. Two C-shaped walls are located close to the buildingôs center of mass. 

Each wall consists of two 3 m flanges and a 6 m web with a thickness of 250 mm. The columns 

are made up of reinforced masonry blocks with a dimension of 400 mm x 400 mm. The dimension, 

spacing, and cross-section details of the walls and columns are summarized in Table 3.1. 

 
Figure 3.1. Archetype Building with C-shaped Walls: (a) Typical Floor Plan View; (b) 3-D 

Layout 

 

 

Table 3.1. Archetype Building with C-shaped Walls: (a) Typical Floor Plan View; (b) 3-D 

Layout 

Element 

type 

Element 

ID 
Type 

Typical 

height 

(mm) 

Web 

length 

(mm) 

Flange 

length 

(mm) 

Aspect 

ratio 

(shorter 

wall) 

Vertical 

reinforcement 

Horizontal 

reinforcement 

vj

(mm) 

vr
(%) 

hj
(mm) 

hr

(%) 

Wall W1,2 C-shaped 3650 6000 3000 1.22 15 0.15 15 0.4 

Column C1 
RM 

Column 
3650 400 400 - 20 1.00 10 0.063 

2.4 m

3.0 m

6
.0

 m

6.0 m 6.0 m 6.0 m

6
.0

 m
6

.0
 m

6
.0

 m

(a) (b)
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3.1.4 Torsional Sensitivity 

The structural system response to earthquake loads can include torsional forces due to the 

eccentricity between the Center of Mass (CM) and the Center of Rigidity (CR). In NBCC 2015, 

this concept is defined as inherent torsion. The uncertainties related to the position of CM and CR 

induce an additional seismic moment called accidental torsion. NBCC 2015 recommends a limit 

for classifying the torsional sensitivity of structures. The limit is based on the torsional sensitivity 

parameter (B), which is defined at each level, (Bx), as ŭmax/ŭave. In the equation, ŭmax is the 

maximum storey displacement at the extreme point of the structure at level x induced by the 

equivalent static forces with accidental eccentricity, and ŭave is the average displacement at the 

extreme points of the structure at level x produced by the above forces. According to NBCC 2015, 

as the value of B exceeds 1.7 and IEFaSa (0.2)>0.35, the building is called torsional sensitive. In 

this case, a 3-D dynamic analysis is mandatory for evaluating the response of the structure.  

In this study, the torsional sensitivity was defined as per NBCC 2015. Three levels of 

torsional sensitivity (i.e., B = 1.0, 2.1 and 2.5) were considered to cover the expected range of 

eccentricities in buildings with core walls. This allows having a comprehensive and realistic 

assessment of the proposed structural system with core walls for RM buildings. The torsional 

sensitivity levels were achieved by shifting the CM from the CR by a certain eccentricity. The 

amount of eccentricity was estimated based on an iterative procedure by analyzing the structure 

against the design earthquake lateral forces based on NBCC 2015. The nonlinear dynamic analyses 

and collapse fragility assessment of the archetype building were performed at the three torsional 

sensitivity levels.  

3.1.5 Masonry Wall Model 

SeismoStruct package was used to conduct all analyses of the RMSW systems. Inelastic 

displacement-based beam-column fibre elements were used to model the RMSW. Different 

material models were assigned to the fibres to resemble the reinforcement and masonry cyclic 

response. Based on sensitivity analysis, it was found that the number of fibres needed in the cross-

section discretization is 300 for walls and 200 for the columns. It is worth noting that increasing 

the number of fibres does not necessarily yield more accuracy. On the contrary, using too many 

fibres can negatively affect the result of analysis and increase the error if not carefully utilized.  
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All walls are assumed to be fixed at the base and the soil-structure interaction was neglected as per 

NIST (2010) recommendations.  

Two uniaxial stress-strain relations were utilized to model the behaviour of the RMSW; one 

for the masonry and another for the reinforcing steel. The nonlinear steel model of Menegotto and 

Pinto (1983) is implemented with the modification of isotropic strain hardening presented by 

Filippou et al. (1983). A Youngôs modulus (Es) of 200 GPa, a yielding strength (fy) of 495 MPa, 

and a strain hardening ratio of 0.01 have been considered in modelling the reinforcement. It should 

be noted that these material properties are as reported by Hereema et al. (2015) and were only used 

in the nonlinear modelling validation. A yielding strength of 400 MPa was used in the design (i.e., 

as per the design code CSA S304-14 requirements) and analyses of the archetype building.  The 

masonry behaviour was modelled based on the constitutive model proposed by Mander et al. 

(1988). The specified masonry compressive strength (fôm) was assumed to be 18 MPa, and the 

elastic modulus ( mE ) was calculated according to CSA-S304-14 (i.e.,
'850 mf ). 

3.1.6 Model Validation and Calibration  

Verification of the model predictions with a two-storey asymmetric RMSW building tested 

by Heerema et al. (2015) is presented in Figure 3.2. The same loading protocol used for the 

experimental program was implemented to compare the numerical and experimental hysteretic 

response. Figure 3.2 shows a comparison between the experimental and numerical hysteresis loops 

for the building. As shown in Figure 3.2, the model captures the experimental response with an 

acceptable accuracy with a maximum difference of 16% in the prediction of lateral force. In 

general, the model could capture both the elastic and inelastic response of the RM shear walls. 
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Figure 3.2. Numerical Model Validation 

3.1.7 Seismic Collapse Evaluation of RM Core Walls 

The seismic behaviour of the archetype building was investigated in the moderate seismic 

zone of eastern Canada, Montréal, Quebec (Assatourians and Atkinson 2010). The walls are 

founded on site class C, which represents very dense soil.  

The seismic collapse evaluation methodology is based on FEMA P695 (2009), which 

consists of first establishing the seismic performance of the studied building using nonlinear static 

pushover and dynamic analyses. Afterwards, adjusting the nonlinear dynamic analyses results to 

explicitly consider uncertainties in ground motion, design, test data, and modelling. Finally, using 

the adjusted results, seismic collapse fragilities are established to assess the collapse risk of the 

archetype building. 

3.1.7.1 Static Pushover analysis 

The calibrated nonlinear model was utilized to perform pushover analysis in order to 

estimate the lateral force and deformation capacity of the archetype building. Pushover analysis 

was conducted according to FEMA P695 (2009) using a lateral load distribution proportional to 

the fundamental mode shape. The results were used to establish the capacity curves depicted in 

Figure 3.3 for the archetype building utilizing three rectangular walls and a C-shaped wall. The 

predicted lateral force capacity was found to be in good agreement with design capacity based on 

CSA S304-14. 
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Comparing the capacity curves shown in Figure 3.3, the initial stiffness values were almost 

identical for the C-shaped and rectangular walls. However, utilizing C-shaped walls significantly 

increased the lateral load capacity. In addition, the results showed an increase in the ultimate 

displacement and ductility capacity of the C-shaped walls compared to that of the rectangular 

walls. 

 

Figure 3.3. Pushover Curves: (a) E-W Direction; (b) N-S Direction 

 

Spectral shape factors (SSF) are introduced by FEMA-P695 (2009) to adjust seismic collapse 

margin ratios and account for the elongation of the natural period prior to collapse. SSFs can be 

found in Table 7-1 of FEMA-P695, depending on the fundamental period and period-based 

ductility. Pushover analysis results were used to estimate the archetype building period-based 

ductility. The period-based ductility factor for a given structure (‘) is defined, as shown in Eq. 

(3.1), as the ratio of ultimate roof drift displacement (‏) to the effective yield roof drift 

displacement ‏ȟ . 

T

,

u

y eff

d
m

d
=  (3.1) 

The effective yield roof drift displacement is calculated using Eq. (3.2) according to FEMA-

P695 (2009) 
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(3.2) 

Where C0 relates fundamental-mode (single degree of freedom) displacement to roof 

displacement, Vmax/W is the maximum base shear normalized by the building weight, g is the 

gravity constant, T is the fundamental period of the structure based on an empirical formula and 

T1 is the fundamental period of the model computed using eigenvalue analysis.  

The values of Period-based ductility are tabulated in Table 3.2, ( Rect.Tm ) for the archetype 

building using three individual rectangular walls, and ( .C ShapedT -m ) for the C-shaped configuration. 

It is evident that there is a clear increase in ductility as a result of using the C-shaped walls. 

Table 3.2. Period based Ductility Factors 

Rect.Tm  
4.76 

.C ShapedT -m  
12.15 

 

3.1.7.2 Incremental Dynamic Analysis 

In this study, the dynamic response of the RM core wall building was determined using 

Incremental Dynamic Analysis (IDA). This dynamic analysis method was introduced by 

Vamvatsikos and Cornell (2002). In this method, the structure is subjected to a series of Nonlinear 

Response History Analyses (NLRHA) with increasing the intensity of the ground motions until 

the collapse of the structure occurs. IDA allows a complete assessment of the structureôs response 

and properly captures the higher modes of vibration contribution to the buildingsô dynamic 

behaviour. The intensity measure (IM) chosen in this study is the spectral acceleration (5% 

damping) at the fundamental period of the structure (T) specified as Sa (T, 5%). T is calculated 

based on the empirical formula provided in NBCC 2015. The analysis results are used to construct 

the IDA curves which relate the IM and the Engineering Demand Parameter (EDP). The chosen 

EDP in this study is the inter-storey drift ratio (IDRmax). 

Several ground motions were selected and scaled to perform the NLRHA. A set of 22 

simulated records from Assatourians and Atkinson (2010) were used to obtain Canadian design 

response spectrum-consistent motions for the considered region (i.e., Montréal, Quebec). The 
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characteristics of the selected ground motions reflected the seismicity in the region of eastern 

Canada, as described by Assatourians and Atkinson (2010). The selected time histories had 

magnitudes ranging between 6 and 7 for site class C and epicentral distance ranging between 15 

and 100 km. The ground motion records are scaled based on the ratio between the design spectral 

acceleration Sa(T) and the geometric mean spectral acceleration (Sgm) of each pair. The geometric 

mean is calculated using Eq. (3.3).  

)()()( TSTSTS yxgm =  (3.3) 

Sx and Sy are the orthogonal components of spectral acceleration at period T. The scale factor 

is calculated at T= 0.56 s, which is the average fundamental period of the orthogonal directions of 

the building. The scaled ground motions are then used in the IDA. 

3.1.8 Seismic Collapse Risk Evaluation 

To establish the collapse fragility curves, IDA results were used to determine the intensity 

of each ground motion, which causes the structure to collapse. The collapse probability at each IM 

was estimated as the number of records causing collapse divided by the total number of records. 

In this study, the collapse criteria of the RM core walls are defined based on the inter-storey drift 

limits. According to FEMA P695 the collapse of the structure occurs when a certain limit of drift 

is exceeded and is referred to as EDP-based rule. ASCE41 (2013) adopts the maximum inter-storey 

drift ratio to assess the level of damage in structural elements and SFRS. To be consistent with the 

ASCE41 (2013) guidelines, the collapse point is set to 2.5% inter-storey drift ratio, which 

corresponds to the collapse prevention performance level of NBCC 2015. The calculated collapse 

probabilities were then used to construct the collapse fragility curve, which is a plot that relates 

the probability of collapse to the ground motion intensity. 

A cumulative distribution function has been recommended by the FEMA P695 to generate 

fragility functions based on a log-normal probability distribution. Eq. (3.4) illustrates the 

probability distribution function. 

)
)ln(x/

(x)=IM|C(
b

q
f=P  (3.4) 
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Where ὖὅȿὍὓ ὼ is the probability of collapse at a given intensity, ה is the standard 

normal cumulative distribution function, — is the collapse median intensity or the intensity level 

with 50% probability of collapse, and ‍ is the standard deviation (dispersion) of IM. The fragility 

function parameters were found using the maximum likelihood method by Baker (2015).  

The collapse fragility curves for the archetype building in N-S direction utilizing three 

rectangular walls and C-shaped walls with the three torsional sensitivity levels is shown in Figure 

3.4.  

 

Figure 3.4. Collapse Fragility Curves: (a) C-shaped vs Three Rectangular Walls (b) Three 

Rectangular Walls with Different Torsional Sensitivity Levels (c) C-Shaped Walls with Different 

Torsional Sensitivity Levels 

 

Figure 3.4a shows that the use of C-shaped walls resulted in a higher collapse spectral 

intensity (Ὓ ) compared to the use of rectangular walls. The justification of this finding is because 

of the contribution of the effective flange width on enhancing the ultimate curvature of the walls. 

The larger ultimate curvature of the walls with the C-shaped configuration delayed the collapse 

and thus resulted in reducing the collapse risk under high seismic loads. Figure 3.4b and Figure 
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3.4c compares the fragility curves of different torsional sensitivity levels. As shown, the torsional 

sensitivity can significantly affect the collapse fragility curves. Using the collapse fragility curves, 

the median collapse capacity (Ὓ ) is evaluated as the 5% damped spectral acceleration 

corresponding to a 50% probability of collapse. The median collapse intensity (Ὓ ) of the RM 

core system decreased by approximately 20% when torsional sensitivity parameter (B) is equal to 

2.1. The reduction in median collapse capacity was more than 75% when B is 2.5, in comparison 

with the one with no torsional sensitivity (i.e., B = 1). 

The Collapse Margin Ratio (CMR) is calculated using Eq. (3.5) as the ratio between the 

median collapse intensity (Ὓ ) and the Maximum Considered Earthquake (MCE) intensity (Ὓ . 

CMR is a principal parameter used to characterize the collapse safety of the structure. 

MT

CT

S

S
CMR

%

=  (3.5) 

The estimated SSFs are multiplied by the calculated CMRs to account for the elongation in 

the natural period prior to collapse and calculate the Adjusted Collapse Margin Ratio (ACMR). 

The calculated ACMR values are then compared with the allowable values proposed by FEMA-

P695 which are introduced in terms of the total system uncertainty‍ . The total system 

collapse uncertainty is a function of record-to-record uncertainty (‍ ), design requirements 

related uncertainty (‍ ), test data related uncertainty (‍ ) and modelling uncertainty (‍ ). 

This value is computed using Eq. (3.6). 

2222

MDLTDDRRTRTOT bbbbb +++=    (3.6) 

Table 7-3 of FEMA-P695 provides acceptable values of Adjusted Collapse Margin Ratio, 

ACMR10% and ACMR20%, based on total system collapse uncertainty, considering values of 

acceptable collapse probability at MCE to be 10% and 20%, respectively. The value of ‍  was 

calculated to be 0.725, assuming the values of the different uncertainty parameters, as shown in 

Table 3.3. 
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Table 3.3. Uncertainty Parameters 
Uncertainty Parameter Value 

‍  0.4 

‍  0.35 

‍  0.35 

‍  0.35 

‍  0.725 

 

Table 3.4 summarizes the seismic collapse performance parameters of the archetype building 

considering the three rectangular walls or the C-shaped wall for the torsional sensitivity of B = 1.0. 

ACMR10% is shown as an acceptance criterion. Ensuring calculated ACMR is higher than 

ACMR10% reflects that the structureôs probability of collapse at MCE is lower than 10%. 

Table 3.4. Summary of Collapse Performance Evaluation of RM Shear Walls 
Shear Wall 

Configuration 
Ὓ  CMR SSF ACMR ACMR10% 

Three rectangular 

walls 
1.3 4.44 1.36 6.04 2.53 

C-shaped wall 2.0 6.83 1.36 9.29 2.53 

The calculated ACMR values for both rectangular and C-shaped walls are satisfying FEMA 

P695 acceptance criteria. However, there is more than 50% increase in the ACMR when the C-

shaped wall is utilized. This is attributable to the contribution of the effective flange wall width in 

improving the inelastic response of the shear walls 

3.1.9 Conclusion 

The current study evaluated the seismic collapse risk of a 5-storey RM core wall building. It 

demonstrated the significant enhancement in overall response when utilizing C-shaped walls 

compared to three individual rectangular walls. Nonlinear pushover analysis was conducted to 

evaluate the capacity and period-based ductility. The results showed that by using C-shaped walls 

instead of the individual walls, the ultimate curvature increased due to the contribution of the 

effective length of the flange. Thus, it resulted in higher values of ductility and ultimate capacity 

for the C-shaped walls. The lateral capacity of the structure increased by 45% in N-S direction and 

by 55% in the E-W direction. Furthermore, the utilization of the C-shaped wall resulted in a 190% 

increase in the period-based ductility of the building.  
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The seismic collapse fragilities demonstrated that the C-shaped walls had a greater seismic 

collapse capacity and a lower probability of collapse compared to rectangular walls. The results 

showed more than 50% increase in the Adjusted Collapse Margin Ratio when the C-shaped walls 

were used. This reflects a substantial improvement in the overall seismic performance when 

utilizing C-shaped walls. Furthermore, it was evident that torsional sensitivity can significantly 

affect the fragility function of C-shaped and rectangular walls. It resulted in up to 20% and 75% 

reduction in seismic collapse capacity for torsional sensitivity levels of B=2.1 and B=2.5, 

respectively. In addition, increasing the torsional sensitivity leads to steeper fragility curves 

reflecting higher collapse probabilities.  
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3.2 Enhancing the Seismic Resilience of Existing Reinforced Masonry Shear 

Wall Building by Incorporatin g Boundary Elements 

3.2.1 Abstract 

In this research work, a framework for the seismic collapse assessment of existing 

Reinforced Masonry (RM) Shear wall building was developed using a numerical modelling 

approach. In the current study, a five-storey RM shear wall building, located in Los Angeles and 

designed based on the American Masonry code which was proposed by FEMA-451, is considered 

to assess the seismic performance of RM shear wall systems as a benchmark. The above-mentioned 

building was designed using rectangular RM shear walls, while the current study investigates the 

impact of incorporating boundary elements at the ends of the rectangular shear walls on the seismic 

performance of these buildings. A macro-model numerical approach was used to simulate the 

dynamic response of the RM shear wall buildings. The numerical model was first validated against 

the available experimental results to ensure the capability of the proposed model in capturing the 

hysteretic response of the RM Shear Walls. Afterwards, Incremental Dynamic Analysis is 

conducted on the building before and after incorporation of the Boundary Elements. The fragility 

curves were derived subsequently and were used to evaluate the performance function of the 

structures. In conclusion, the results show a significant level of enhancement in the seismic 

performance and resilience of the buildings with boundary elements. 
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3.2.2 Introduction  

There have been many advancements in understanding the inelastic behaviour of Reinforced 

Masonry Shear Walls (RMSW) in recent decades. This understanding is a pledge for the 

performance-based seismic design of the structures. The performance-based seismic design 

incorporates a specific performance level corresponding to the level of damage that occurred in 

the structure (FEMA 445, 2006). The methodology correlates the damage state to a specific 

functionality level and losses of the whole system when the structure is prone to seismic events. 

These definitions form the framework of the seismic resilience of a structure, which declares the 

level of functionality of a structure in the aftermath of the unwanted seismic event. The concept of 

resilience also shows the capability of a system to resist and maintain its functionality during and 

after an unwanted event (i.e., flood, earthquake, fire, etc.) (Cimellaro et al. 2010). To assess the 

resilience of a structure against seismic events, fragility functions need to be precisely derived 

after performing collapse assessment (FEMA P-58, 2009). Fragility functions have been used in 

the past for different applications (ATC-13, 1985), where they correlate an engineering demand 

parameter (EDP) to the probability of collapse at a specified damage level (Hwang and Jaw, 1990). 

These functions are necessary for predicting the level of damages and losses to evaluate seismic 

resilience. Deriving fragility functions is possible through performing collapse assessment, which 

can be done following the available guidelines in the literature (FEMA P695, P-58, and ATC-13). 

However, all these methods need Numerical and/or Experimental test matrices to predict the 

structural response against lateral forces. There have been a few numerical studies addressing the 

seismic behaviour of RMSW walls with Boundary Elements (BE), where incorporating BEs helps 

the RMSW to possess a greater value of displacement and curvature ductility when subjected to a 

high level of seismic loads (Ezzeldin and El-Dakhakhni, 2016). Among the most recent studies, 

Shedid et al. (2010) tested seven half-scale RM shear walls with different end configurations to 

assess the impact of confinement and shape configuration on the inelastic response of RMSWs. 

They have concluded that by using end confined BEs, the ductility level was enhanced 

significantly, and maximum saving of around 40% was observed in vertical longitudinal 

reinforcement in those types of RMSWs. More recently, Banting and El-Dakhakhni (2014) tested 

five half-scale fully grouted RM shear walls with confined boundary elements. They considered 

different seismic design parameters such as aspect ratios, reinforcement ratio, and gravity load 

profile to assess the effect of adding BEs on each of them. It has been concluded that by using 
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BEs, the buckling of the longitudinal reinforcement was postponed; therefore, the post-peak 

strength of the walls was enhanced relative to the walls without BEs. In terms of numerical studies, 

Ezzeldin and El-Dakhakhni, 2016 performed a collapse assessment analysis following FEMA P-

695 (2009) methodology on the RMSWs before and after having BEs at the component level. They 

concluded that by using BEs, the system was able to satisfy the proposed criteria of the 

methodology successfully with a great safety margin.  

In the current study, the impact of using BEs on seismic response of a full 3D RMSW 

building is studied before and after the adoption of BEs. In this regard, a macro-modelling 

numerical approach is used, and a numerical model is developed in OpenSees. The validation of 

the modelling approach was conducted against available experimental test results to ensure the 

capability of the modelling technique in the prediction of the nonlinear behaviour of the RMSW 

buildings. Subsequently, the above-mentioned modelling technique was utilized in modelling a 

five-storey RMSW building located in Los Angeles, California. The building was initially 

designed and proposed by FEMA 451 (2006). Afterwards, the building was redesigned to 

incorporate end confined BEs in the shear walls. Furthermore, Incremental Dynamic Analysis 

(IDA) was performed to diagnose the collapse mechanism of the building prior to and after the 

adoption of BEs. A suite of 44 far-field ground motion was used to perform IDA analysis in 

accordance with the FEMA-P695 recommendation. Fragility functions are derived for structural 

components based on the IDA results for different performance levels considering both analytical 

and EDP-based failure criteria. In addition, the inter-storey drift level and storey shear response of 

the building is compared before and after using BEs to assess the damage level and probable losses 

due to the damages.  

3.2.3 Numerical modelling and analysis methodology 

A new modified macro-modelling approach is utilized to capture the nonlinear response of 

the RM shear walls using OpenSees. The reason for migrating from SeismoStruct to OpenSees is 

the fact that there are limitations associated to commercial based FE software. OpenSees addresses 

most of the limitations that a commercial software has such as limitations of the cross-section 

shape, constitutive material model, convergence criteria, integration points, proprietary source 

code, and limitations of some features and output data sets. OpenSees owes this capability to being 

an open-source package which enables the user to implement various I/O and multiple features 
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without any notable limitation. In this light, Four Displacement-Based (DB) beam-column element 

with fine discretization was used to model the shear wallsô segment of one-storey level along with 

elastic shear links to resemble the shear flexibility of the shear walls and tentative failure due to 

sliding shear. The fibre-based approach found to be the most suitable technique to model the 

inelastic response of wall components. In this regard, two different material models, namely 

Masonry and Steel, were assigned to the fibres to resemble the behaviour of each constituent part, 

which will be elaborated in the subsequent section. Five Gaussian integration points were 

considered in DB Beam-Column elements to precisely capture the inelastic deformation of shear 

wall elements. Zero-length elements were used to model the shear deformation of the walls. A 

linear uniaxial Force-Deformation Elastic Material model relationship, originally introduced by 

Beyer et al. (2011), was defined and assigned to the translational Degree of Freedom (DOF) 

respective to in-plane and out-of-plane direction of the wall and rest of the active DOFs were 

constrained to follow the previous nodal deformation using EqualDOF command incorporated in 

OpenSees. A fully restrained constraint was modelled, and soil-structure interaction was ignored 

as per a recommendation of NIST (2010). a zero-length element section was modelled at the base 

level of the wall to capture the effect of strain penetration of longitudinal steel reinforcement using 

Bond_SP01 material available in the material library of OpenSees. The schematic configuration 

of the wall segment nodes and elements are shown in Figure 3.5. Finally, rigidDiaphragm 

constraint was used to build a rigid diaphragm for the building and to assign the effective seismic 

masses to that center of the mass node.  
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Figure 3.5. Schematic element assembly of the shear wall segment 

3.2.3.1 Material properties 

Fibre sections were assigned to DB Beam-Column elements to simulate the behaviour of 

masonry and steel reinforcement independently. Chang and Manderôs (1994) uniaxial material 

model (Concrete07 in OpenSees) was assigned to the masonry fibres and was carefully calibrated 

based on available experimental data, which is discussed in detail in the validation part. The benefit 

of using this uniaxial material model is the capability of Concrete07 to capture the post-peak 

behaviour due to cracking and/or crushing of the masonry elements with a remarkable accuracy, 

which differentiate it from all other available constitutive material models available for concrete 

and masonry. The vertical reinforcement steel rebars were modelled using Menegotto-Pinto (1983) 

Uniaxial constitutive material model for steel (i.e., Steel02 in OpenSees), which is a common 

material model to capture the main characteristics of steel rebars including the yield strength, initial 

stiffness, isotropic strain hardening, pinching and strength degradation. The value of material 

properties parameters is consistent with the ones reported by the authors and researchers published 

the work and can be found on Appendix A. The effect of buckling/rupture of the reinforcement 

could not be captured directly by Steel02 Material; however, MinMax material model was used to 

mimic the aforementioned effect by restraining the ultimate strain of steel material. The value of 

0.06 was considered based on the available experimental data to clarify the onset of 
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rupture/buckling of the rebars. It is worth noting that the failure criteria of the RMSW are 

considered in accordance with the recommendation of the original study of GCR 10-917-8 

proposed by NIST (2010). The effect of confinement for the masonry material of Boundary 

Elements was considered following the recommendation of Chang and Mander. 

3.2.3.2 Validation of the modelling approach 

The model verification was performed to ensure the robustness of the proposed modelling 

method in predicting the hysteretic response of RMSW structures. To achieve this goal, three half-

scale fully grouted RM shear walls with different end configuration originally tested by Shedid et 

al. (2010) was numerically modelled incorporating the above-mentioned methodology and was 

analyzed against reverse quasi-static cyclic loading scheme using the identical loading protocol 

performed in the structural lab. As can be seen in Figure 3.6, the proposed modelling approach 

was able to successfully capture the principal characteristics of the hysteretic response of the 

RMSW subjected to cyclic analysis. In general, the model was able to predict the main response 

characteristics of RMSW including the initial stiffness of the walls, peak strength, post-peak 

degradation, hysteretic shape, and pinching of the element with a great level of accuracy. A 

maximum difference of 7% and 13% was observed in capturing the maximum peak strength and 

hysteresis energy dissipation, respectively, which is considered acceptable. 

 

Figure 3.6. Comparison of Numerical versus Experimental Hysteretic loops: (a) W1; (b) W2; and 

(c) W3 (Experimental data from Shedid et al. 2010) 
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3.2.4 Modelling and specification of studied archetype 

In this paper, a five-storey residential RMSW building designed by FEMA 451 was 

considered to assess the seismic performance of such buildings prior to and after adding boundary 

elements at the walls' ends. The building is in Los Angeles, California and has structural walls of 

8-in. thick reinforced masonry units. The roof was made of 8-in. thick hollow-core precast pre-

stressed concrete slabs. The building was built on site class D soil type, and the Seismic Design 

Category of D was considered for it. The full detail of the building besides the configuration and 

design procedures of the buildings is fully discussed in Appendix A of the thesis as well as FEMA 

451. The building was once again designed incorporating the identical seismic design parameters 

(i.e., Response modification factor and deflection amplification factor) while having boundary 

elements at its ends to investigate the impact of using boundary elements on its response. The 

reinforcement detail and configuration of the RM shear walls with boundary elements are 

summarized in Table 3.5.  

Table 3.5. Dimensions and Reinforcement Configuration of RMSW building with Boundary 

Elements 

Wall ID 
Height 

(mm) 

Length 

(mm) 

Vertical 

Reinforcement 

ratio (%) 

Horizontal 

Reinforcement 

ratio (%) 

Aspect 

ratio 

Wall A 13818 10972.8 0.4 0.13 1.26 

Wall B 13818 10363.2 0.44 0.13 1.33 

Wall C 13818 9956.8 0.50 0.15 1.39 

Wall D 13818 9956.8 0.50 0.15 1.39 
 

Both RMSW buildings were analyzed against a 44 far-field ground motion proposed by 

FEMA P-695 to assess the seismic collapse of the structure (refer to Appendix A for more 

information). Based on the adopted methodology, Incremental Dynamic Analysis (IDA) was 

performed to track down the collapse initiation of the RMSW buildings. The analysis involves 

subjecting the structure to Nonlinear Time History Analysis by various ground motion suites and 

increase the intensity such that the ground motion record cause structure to fail or collapse at a 

certain degree in accordance with the predefined failure modes. The spectral acceleration of 5% 

damping was considered as intensity measure, and the maximum inter-storey drift ratio was 



 

40 

 

monitored as the demand parameter of interest. A five percent damping ratio was considered in 

the model analysis based on the Rayleigh damping formulation built-in command of OpenSees, 

which is a common value of damping ratio in Reinforced Masonry is building practice. 

3.2.5 Selection and scaling of ground motion records 

Based on the recommendation of FEMA P-695, 44 far-field ground motions proposed by the 

methodology were used to perform IDA analysis. It is worth noting that, using as many as possible 

record will help to reduce the uncertainties arising from record-to-record variability. However, the 

large computational effort is the main drawback of using such a large database of strong ground 

motions. The individual response spectrum of the unscaled records, together with the median of 

the spectrums and upper and lower bound of the seismic response spectrum of the specified site 

location, is depicted in Figure 3.7.  

The scaling method was followed as per as recommendation of FEMA P-695. First, the 

records were normalized to their peak ground acceleration, and later the median of the spectrum 

was scaled such that it matches the Target response spectrum of the Maximum Credible 

Earthquake (MCE) level at the fundamental period of the structure, T. 

 

Figure 3.7. Response Spectrum of 44 unscaled Ground motions along the median spectrum; 

Upper bound (S Dmax), and Lower bound (S Dmin) 
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3.2.6 Seismic Assessment and performance analysis 

After performing the analysis, the IDA curves were derived and are shown in Figure 3.8 for 

the RMSW building before and after adding boundary elements. As shown, by adding the 

boundary elements, the collapse capacity of the system has been increased significantly. This result 

can be related to the fact that the boundary elements increased the wallôs curvature ductility at the 

ultimate stage. The IDA curves also show that the dispersion of the response data of each archetype 

was lowered for different ground motion frequency content in terms of inter-story drift ratio. 

3.2.6.1 Quantification of performance parameters 

The median collapse capacity of the structure, SCT, was defined as the intensity level at which 

half of the records cause the structure to fail. The other term defined by the methodology is the 

Collapse Margin Ratio (CMR). This parameter is used to characterize the safety of the structure 

against collapse. It can be calculated as the ratio of median collapse capacity (SCT) to the spectral 

acceleration capacity of the structure at its fundamental period (SMT). The calculated CMR value 

of the building before and after adding boundary element is presented in Table 3.6. As can be seen, 

the CMR value has been increased by adding the boundary element. This is due to the fact that the 

boundary elements have increased the confinement at the outermost fibres of the walls and 

postponed the buckling of longitudinal reinforcement, hence, leading to higher curvature and 

overall displacement ductility. 

3.2.6.2 Collapse Fragility Assessment 

The probability of the collapse versus the Intensity Measure (IM) can be derived by adopting 

a Cumulative Distribution Function (CDF), forming Fragility functions. The IM value 

corresponding to initiation of collapse for each ground motion is calculated using the IDA results 

and a cumulative distribution function is fitted to resulting IM values. The lognormal CDF can be 

defined as follows: 

ln( )

( | ) ( )

x

P C IM q
b

=F  (3.7) 
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Where P(C|IM) shows the probability of collapse corresponding to specific IM; ū is the 

CDF, and ɗ, ɓ are the mean and standard deviation of the data, respectively. A sample curve fitting 

dataset is shown in Figure 3.9 using the method mentioned earlier.  

Table 3.6. Summary of CMR value of the building 

Building ID Configuration SMT[T](g) SCT[T](g) CMR 

5 Storey Building  

Los- Angeles 

Without Boundary 

Element 
1.0 1.4 1.4 

With Boundary 

Element 
1.0 2.1 2.1 

 

 

Figure 3.8. IDA Curves and 16th, 50th, and 84th percentile: (a) RMSW Building without 

Boundary Element; (b) RMSW Building with Boundary Element; (c) Comparison of the results 
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Figure 3.9. Sample Fragility Function Curve Fitting 

 

The collapse fragility curve of the building before and after adding Boundary Elements was 

extracted for different performance levels proposed by ASCE 41 (2017) and presented in Figure 

3.10. The results indicate that by using the boundary elements, the collapse capacity of the building 

was increased for all performance levels. The results highlight the impact of using boundary 

elements on delaying the collapse of the RMSW building at different levels of inter-story drift 

ratio. 

3.2.6.3 Inter -storey Drift and Response Shear Variation 

The variation of response storey shear and the inter-storey drift ratio of all records are shown 

in Figure 3.11 and Figure 3.12, respectively. The results show that by adding boundary elements, 

the base shear of the building has increased; however, the initial stiffness of the building was 

considered to be identical for the building with and without boundary elements. It can be inferred 

that, due to the higher level of ductility that RMSW with boundary elements have, the building 

could incorporate higher storey shear at the upper level of the building (i.e. the storey shear 

diagram shifted rightwards in the top stories). Having higher storey shear capacity within the 

identical initial stiffness will help to control the losses and damages caused to the overall structure 

and helps to increase the seismic resilience of the building. 

The inter-storey drift ratio also was carefully monitored, and it can be concluded that having 

boundary elements helped the building to experience a lower level of inter-story drift ratio, which 
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in turn means a lower level of structural and non-structural damage of the components. Hence, 

higher seismic resilience can be estimated for such buildings. 

 

Figure 3.10. Fragility Curves of different Performance Levels: (a) IO; (b) LS;(c) CP; (d) 
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Figure 3.11. Response Storey Shear Variation before and after Boundary Elements: (a) Without 

Boundary Elements; (b) With Boundary Elements; (c) Comparison prior and after adding 

Boundary Elements. 
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Figure 3.12. Inter-Storey Drift Variation of the RMSW Building before and after having 

Boundary Elements 

3.2.7 Conclusions 

In this study, the impact of adopting boundary elements on the seismic behaviour of a five-

storey fully grouted RMSW building located in Los Angeles was investigated. A fibre-based 

macro-modelling approach was utilized to capture the inelastic behaviour of RMSW and was 

validated against the experimental data to validate the capability and robustness of the approach. 

Afterwards, IDA analysis was conducted on the numerical model, and fragility curves were 

derived. Also, the variation of the storey shear and inter-storey drift ratio was studied after utilizing 

Boundary elements. The following remarks were concluded: 

¶ The proposed modelling approach was able to capture both elastic and inelastic 

characteristics of the response of RMSW with an outstanding level of accuracy. A 

maximum difference of 7% and 13% was observed in capturing maximum peak 

strength and hysteresis energy dissipation, respectively. 

¶ The results of IDA curves show higher collapse capacity for the shear walls with 

Boundary elements; meanwhile, lower dispersion of data was found after utilizing 

Boundary Elements. 

¶ The CMR ratio of the walls with Boundary Elements found to be higher than the 

rectangular walls since BEs will delay the buckling of the vertical reinforcement 
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besides confining the extreme sides of the shear walls which in turn leads to higher 

ductility and safeguards against collapse. A 50% increase in the CMR value was 

observed after adding Boundary Elements to the RMSW Building. 

¶ The collapse fragility curves of the walls with BEs had up to 65% lower probability 

of failure for a specific intensity measure at different performance level as a result of 

possessing higher ductility. 

¶ There was a maximum of 20 % increase in the response storey shear after adding 

BEs, and the storey shear diagram shifted rightwards in the upper stories by having 

BEs. 

¶ The Inter-Storey Drift ratio of the RMSW building with BEs had decreased 

dramatically for most of the records. Hence, a lower level of damages is expected for 

structural and non-structural components of the building with Boundary Elements. 

 

 

 

 

 

  



 

48 

 

Chapter 4 

Seismic Fragility Assessment and Resilience of Reinforced 

Masonry Flanged Wall Systems 

 

4.1 Abstract 

Several experimental and analytical studies have evaluated the seismic response of 

reinforced masonry (RM) shear walls either as a component (i.e., planar rectangular walls) or as a 

system (i.e., building consisting planar walls). In the current study, five RM flanged walls were 

studied in order to assess their seismic performance and collapse capacity. The impact of utilizing 

flanged walls was assessed and characterized through FEMA-P695 methodology. In this respect, 

a 2-D fibre-based modelling approach has been developed using OpenSees to numerically model 

and capture the inelastic behaviour of the walls. Collapse risk evaluation has been conducted 

within the context of FEMA P-695 by subjecting the wallôs numerical model to various ground 

motions scaled at different intensity levels. Quantification of the seismic parameters of the flanged 

wall system, including period-based ductility, overstrength, and collapse margin ratios has been 

conducted to help better understanding the seismic response and collapse capacity of the 

component. The results indicate that the selected Reinforced Masonry Flanged walls can satisfy 

the acceptable criteria proposed by the methodology of the anticipated seismic collapse risk. 

Lastly, the seismic resilience of the archetypes against the expected collapse risk was evaluated, 

in terms of functionality curves before and after the adoption of the flanges to the walls. Damage 

levels were considered as performance level functions correlated to the earthquake intensity and 

were used to estimate total loss and recovery time of the archetypes. The selected RM flanged 

walls showed enhanced earthquake resilience and less damage compared to rectangular RM shear 

walls. 
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4.2 Introduction  

Reinforced Masonry Shear Walls (RMSW) are usually used in low- to high-rise masonry 

structures as a part of the Seismic Force Resisting System (SFRS) providing the lateral resistance, 

energy dissipation and lateral stiffness required to withstand lateral loads coming from the 

earthquake. During the past decades, there has been a noticeable advancement in understanding 

the response of RMSW under seismic loading. This understanding was the result of the extensive 

experimental and analytical studies that addressed the seismic performance of RM shear walls as 

a component (e.g., Shedid et al. 2008; Ahmadi et al. 2015) or within a building (e.g. Heerema et 

al. 2012; Mavros et al. 2016; Stavridis et al. 2016). However, most of the literature have addressed 

planar RMSW systems, with a little focus on RM flanged shear walls (e.g., Heerema et al. 2015; 

Shedid et al. 2009; El-Dakhakhni and Ashour, 2017). 

Flanged walls can be formed along the wallsô intersections and enhance the overall seismic 

response of the building. This configuration normally exists among most of the structural plans 

and can be incorporated easily. One of the important characteristics of RM Flanged Shear Wall 

(RMFSW) system is that they resist lateral loads in both horizontal directions compared to RM 

planar shear walls. The following section briefs a review of the available literature with a focus on 

the research studies done on the non-planar walls. Thomsen and Wallace (2004) experimentally 

tested T-shaped reinforced concrete walls to develop a displacement-based design approach. The 

impact of the flange element and decreasing the hoops spacing of the transverse bars at the wall 

boundaries were also investigated. The results indicated that by utilizing non-planar configuration 

the initiation of the reinforcement buckling was delayed resulting in a substantial increase in the 

curvature ductility of the walls. Also, it has been proved that the variation of the yield curvature at 

different drift levels had a negligible impact on the ultimate curvature values. This phenomenon 

emphasizes the contribution of the flanged elements during severe lateral deformation. Another 

experimental test was conducted on the response of half-scale fully grouted RM shear walls by 

Shedid (2009). A quasi-static reversed cyclic loading protocol was applied to the specimens to 

investigate the structural response of RM shear walls with flanges or with end-confined boundary 

elements. A maximum saving of 40% was reported by implementing end-confined or flanged 

cross-sections besides significant enhancement in the level of ductility due to postponing post-

yield initiation. Heerema et al. (2015) experimentally tested a one-third scale fully grouted two-
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storey non-symmetrical RM building comprised of eight concrete block masonry walls. The 

system-level was compared against the component-level of the RM building and the seismic design 

parameters were quantified for the test setup by means of digital image correlation (DIC). The 

results indicate that the orthogonal walls contribute to the lateral force resistance of the building 

with respect to the induced twist. Each wall component of that study was tested individually by 

Siyam et al. (2015a). This test setup comprises walls with different aspect ratio, coupled or 

uncoupled by the slab and flanged configuration. This study characterized the effect of the slab-

coupling on ductile shear walls and quantified the force-based design seismic parameter of the RM 

shear walls (i.e., the plastic hinge length of the walls). A recent study has been carried out by 

Ezzeldin et al. (2016) on the effect of using boundary elements in RM shear walls. A fibre-based 

modelling approach was developed by adding a uniaxial material to resemble the shear flexibility 

of such walls. The study reported significant enhancement on the seismic behaviour of RM walls 

by adding boundary elements. The boundary elements postponed the abrupt strength degradation 

of the walls, however, the fabrication effort using standard blocks was a drawback in this type of 

walls. The collapse risk evaluation of walls with boundary elements was performed through 

FEMA-P695 (2009) methodology on the archetype models of a recent study by NIST (2010) 

resulting in enhanced displacement and ductility capacity.  

FEMA-P695 (FEMA 2009) methodology has been used by many researchers recently (e.g., 

Arabzadeh and Galal 2017; Ezzeldin et al. 2016; Purba and Bruneau 2014; Gogus and Wallace 

2015; Lee and Kim 2013; Lignos et al. 2011). The procedure provides a comprehensive and 

reliable method of assessing the structures over a seismic event by incorporating response 

parameters such as response modification factor (R factor), system over-strength factor (ɋ), and 

deflection amplification factor, ( dC ) of the seismic force resisting system. Arabzadeh and Galal 

(2017) quantitatively evaluated the risk of collapse of coupled Reinforced Concrete Core Walls 

using Fibre Reinforced Polymer (FRP) laminate retrofitting method by proposing a new modified 

Wide Column Method (WCM) using FEMA-P695 methodology. 

The objective of this study is to numerically evaluate the seismic collapse risk of RM flanged 

wall systems, having different heights, under seismic loading. This evaluation is performed in 

accordance with the FEMA-P695 methodology for RM shear wall system, and RM Flanged wall 

system. In this regard, an analytical macro-model was developed using Open System for 
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Earthquake Engineering Simulation software (OpenSees 2000). Subsequently, the models were 

calibrated against the experimental hysteresis response of RM shear walls tested by Shedid et al. 

(2009), and Siyam et al. (2015b) having rectangular and flanged shape cross-section. A 

comparison was made between the seismic responses of RM shear wall archetypes previously 

studied by NIST GCR 10-917-8 (2010) before and after incorporating flanges in the cross-section. 

The archetypes are selected to have different heights of 1, 2, 4, 8, and 12 stories. After validating 

the analytical model, nonlinear Incremental Dynamic Analysis (IDA) was performed, following 

the recommendation of FEMA-P695 methodology. A series of 22 pairs of far-field ground motions 

were used for IDA analyses of the RM Flanged walls. Moreover, the collapse risk of the RM 

flanged system was assessed in terms of fragility curves. Finally, the seismic resilience concept is 

defined as the perseverance of a system to remain functional after an earthquake event occurs. 

Lastly, the seismic resilience of the redesigned archetypes has been evaluated against the original 

archetypes by means of functionality curves. 

4.3 Numerical Modelling for Nonlinear Analysis 

In the current study, a modified wide column modelling approach has been developed using 

Open System for Earthquake Engineering Simulation (OpenSees) software to perform all the 

analysis for the RM planar and flanged shear wall systems. Inelastic displacement-based beam-

column fibre elements were implemented in the model and were assigned different material models 

for reinforcement rebars and masonry. Among different modelling methods available in the 

literature the fibre-based approach was chosen because of its versatility and is easy to calibrate 

(Kolozvari and Wallace 2016). Constant axial strain and linear curvature distribution are 

considered within displacement-based beam-column element formulation without possessing any 

shear deformation. In addition, by using this element both the axial elongation and combined axial 

and bending moment interaction of the RM sections could be considered. The impact of these 

parameters is significant in flanged walls since the variation in axial load in segments is inevitable 

when subjected to loading protocols. Among different fibre-based modelling approaches that are 

available in the literature, the modified model has the capability of simulating the shear 

deformation of the walls by the implementation of a realistic shear-link possessed a multi-linear 

force-deformation relationship. Previous studies used beam-column elements that do not capture 

shear deformation caused by lateral loading (Siyam et al. 2016). A common solution was to utilize 
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an additional uniaxial material to represent the shear deformation characteristic of the component 

(Furtado et al. 2015). The aforementioned modelling approach is hard to calibrate, whereas the 

modified model accounts for shear deformation while being easy to model and calibrate. It is worth 

noting that the fibre-element-based software can also consider the damage and large displacement 

to the shear walls under static and dynamic loading, hence accounting for geometric and material 

nonlinearities. The modelling approach is elaborated in detail in the following sections. 

4.3.1 Geometrical Model and Element and Section Models 

The configuration of nodes and elements are schematically depicted in Figure 4.1a besides 

the discretization of the wall elements shown in Figure 4.1b, c. Each element was set to have ten 

Gauss integration points which estimate the deformation by an eleven-degree polynomial algebraic 

equation along its length. The wall-foundation interaction was assumed to be fully restrained at 

the base of the wall and no soil-structure interaction has been considered according to the studies 

proposed by NIST (2010). Strain penetration at the wall-foundation interface has been considered 

by incorporating a zero-length section element at the base of the wall model which is shown in 

Figure 4.1a, where the longitudinal steel reinforcement was delineated with the Bond_SP01 

uniaxial material model in the OpenSees material library. In this material model, the total 

reinforcement slip is considered as a function of rebar stress that results from the strain penetration 

effects (Zhao and Sritharan 2007). Figure 4.2 shows the location of the zero-length section element 

at the base of the numerical model and Force-Deformation relationship implemented in the zero-

length section element. The number of fibres for masonry and reinforcement is calibrated to create 

fine discretization in the section and to provide sufficient accuracy. The maximum size of 60 mm 

was considered for masonry fibres along the width of the RM shear walls and 100 mm along the 

length of the shear walls. In the flanged zones, this value was reduced to 50 mm since a higher 

level of strain is expected within these zones. An approximated value of 400 masonry fibres was 

used in total to ensure the accuracy of the results while minimizing the computational effort.  

Calabrese et al. (2010) found that displacement-based beam-column elements are too 

sensitive to the number of elements and the length of the first element. To address this issue, a 

sensitivity analysis was conducted to examine the most accurate length and the number of elements 

per storey. The results show that using four elements per storey yields the best accuracy in terms 

of the peak and post-peak behaviour of the nonlinear model. 
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In order to overcome the limitation that displacement beam-column elements are not capable 

of capturing shear deformation, the two elements between successive nodes were connected by 

zero-length spring elements to consider the shear flexibility of the wall elements for each storey. 

Therefore, a horizontal translational degree of freedom (DOF) in the zero-length element was 

assigned to have stiffness corresponding to the shear stiffness of the two successive elements 

comprising the shear spring. EqualDOF type of constraints in OpenSees was also used to couple 

other DOFs of two nodes of the spring. Among different approaches for calculating the shear 

stiffness of zero-length element, the method proposed by Gogus and Wallace (2015) was chosen, 

for both flexure-dominated and shear-dominated walls, with a multilinear trend. Shear strain at the 

yield was set to be equal to 0.0015 based on the study by Gogus and Wallace (2015). The Force-

Shear deformation relation for flexure-dominated and shear-dominated walls utilized in the 

definition of the shear-link elements is also shown in Figure 4.2. 

 
Figure 4.1. Element assembly in a typical archetype model: (a) element discretization; shear-link 

position; distribution of masses; and fibre sections; (b) Wall configurations and material 

discretization of Rectangular RM Shear wall; (c) Wall configurations and ma material 

discretization of RM flanged wall cross section 
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Figure 4.2. Detail of Force-Deformation relationship assigned to shear-link and strain-

penetration components 

4.3.2 P-ȹ effects 

In order to precisely capture the effect of gravity loads on the walls, the ñGravity-Leaning-

Columnò analogy has been implemented in the numerical model adjacent to the RM shear wall 

elements (Lignos et al. 2011). This modelling approach has been used by many researchers to take 

the effect of gravity loads into account by not modelling the whole structure which would become 

computationally expensive. These columns will not contribute to the lateral load resisting system, 

while their presence helps to capture the destabilizing P-ȹ effects associated with the gravity loads. 

An Elastic Beam-Column element, provided in OpenSees elements package, is used to model the 

Gravity-Leaning Column. In this method, the gross section area of the leaning column is 

considered a large value (i.e., 100 times of the area of the wall) to ensure that no axial deformation 

occurs along the elementsô length. In contrast, a relatively small value was considered as the 

appointed effective moment of inertia of the beam-column element (i.e., roughly 100 times 

smaller) to make sure that the gravity leaning column will not manipulate the lateral stiffness of 

the structure. This approach was utilized in order to mimic the pin-ended condition (Purba and 

Bruneau 2014). The leaning column elements were connected at each levelsô elevation using co-

rotational rigid links element. Truss elements were used to model rigid links with a cross-sectional 

area deliberately chosen to represent one-third of the height of the wall and the same width of the 
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connected adjacent wall element. All  effective seismic masses were assigned on wall elements at 

each storey level and no mass was assigned on the corresponding leaning column element. It is 

worth mentioning that the leaning column frame was located at an equal distance of the typical 

span length of the shear wall. The tributary area was considered to estimate the gravity loads 

applied on the leaning column from which the tributary area of the walls is excluded. The 

schematic view of the leaning-column and shear wall assembly is illustrated in Figure 4.3. 

 

Figure 4.3. Schematic Nonlinear structural model of four-storey archetype and leaning column 

analogy frame 

4.3.3 Definition of material properties 

The properties of the materials were defined based on the reported test data or nominal 

strength of masonry and steel reinforcement using the available empirical equations. Figure 4.4 

shows the distribution of material components over the cross-sectional area of the wall simulated 
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in the model. Fibre sections are defined in order to reproduce the response of RM shear walls. The 

cross-sectional area is discretized such that uniaxial materials are assigned to each fibre resembling 

the behaviour of masonry and steel reinforcements independently. 

The concrete masonry material utilized in the modelling is based on Chang and Manderôs 

model (1994) for concrete (Concrete07 in OpenSees). The material model relies on the 

compressive strength,
'

mf , the modulus of elasticity, Em, the strain level corresponding to the 

maximum compressive strength, epsc, and other parameters to represent stiffness and strength 

degradation. The most remarkable aspect of utilizing Concrete07 model is that it is capable of 

representing the post-peak degradation behaviour of the concrete masonry with significant 

accuracy. However, the other available materials (i.e., Concrete02) failed to present such accuracy, 

although the latter material is much easier to calibrate. It is worth mentioning that the strength 

parameters that were used in the validation part are different from those used in the full-scale 

model walls since the regular reinforcement bars possess significant strain hardening relative to 

the one-third scale wires. For the reinforced masonry models, the strain corresponding the 

maximum compressive strength,me , set to be 0.0025 based on the data provided by the prism test. 

The modulus of elasticity, Em, was calculated based on MJSC 2013 code as 900
'

mf , in which
'

mf  is 

the compressive strength of masonry material. These parameters were validated versus different 

experimental data as will be explained subsequently. The hysteresis stress-strain behaviour of 

masonry material is depicted in Figure 4.5a. As shown, the tensile strength is relatively smaller 

than compressive behaviour and has a minor effect on the numerical models. 

As shown in Figure 4.5b, the longitudinal steel reinforcement was modelled using 

Menegotto-Pinto (1973) Model having Isotropic strain hardening (Steel02 in OpenSees). The 

model is capable of capturing the probable yield strength and hardening effects, nonetheless, the 

model is easy to calibrate. As mentioned earlier, the one-third scale reinforcements used in the 

verification part, possess no strain hardening while the full-scaled reinforcements have the 

capability of developing hardening action. 

The yield strength of 495 MPa with strain hardening of 1.20% is considered to be consistent 

with NIST (2010) study, for the full-scale steel reinforcement. The initial elastic modulus value 
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set to be 200 GPa and the parameters to control the elastic to plastic transition of branches are set 

to be the same as the default value recommended by the developer. 

In order to resemble reinforcement buckling which is highly probable to occur on the 

unconfined areas, the MinMax material model is used to determine the steel reinforcementsô 

ultimate strain. The strain corresponding to the onset of fracture in longitudinal bars was assumed 

to be 0.06 in unconfined zones. This value is about 50% of the measured fracture strain estimated 

in the direct tension test to take the effect of low-cycle fatigue into account (Zong and Kunnath 

2008; Rodriguez et al. 1999). 

 

Figure 4.4. 3D Schematic View of Flanged Walls 
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Figure 4.5. Sample stress-strain hysteretic response of material assigned in the numerical model: 

(a) Masonry; (b) Reinforcement 

4.3.4 Failure Criteria for Materials  

Definition of the failure criteria plays an important role in diagnosing the initiation of 

collapse. Since there are different approaches toward identifying the failure criteria, the method 

proposed by NIST (2010) was utilized hereby in this study with some modifications explained 

subsequently.  

The collapse of flexure-dominated walls is assumed to happen when the wall meets one of 

the following conditions: 

Å When 25% of the cross-section reaches the end of the softening branch of the masonry 

stress-strain curve (i.e., crushing strain); masonry crushing will happen. For the unconfined 

masonry areas, the crushing strain is considered to be 0.015, which shows the end of the 

descending slope. 

Å When 25% of the bars in the cross-section lose their tensile strength due to rupture or reach 

their compressive strength due to buckling. Fracture of the reinforcement happens when the barsô 

strain reaches 0.06 in tension (Kircher et al. 2010). 

The above-mentioned criteria can be visualized through the cross-section of the wall 

component as shown in Figure 4.6. 
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Figure 4.6. Reinforcing steel and Masonry failure criteria (i) Steel rebar rupture (ii) Masonry 

crushing failure 

 

4.4 Validation of the Model 

The validation of the modelling approach and presumed failure criteria were conducted 

against the results of Shedid et al. (2008) and Siyam et al. (2015) experimental studies. These 

experimental studies were considered since they are covering a wide range of reinforced masonry 

walls in terms of the aspect ratio, level of axial loads, and different end configurations. After 

applying the axial load and holding it constant, the reverse cyclic loading protocol is applied at the 

top of the model same as the one applied to the experimental test setup. The configuration and 

specification of each wall are tabulated in Table 4.1; demonstrating the aspect ratio, vertical and 

horizontal reinforcement ratio, level of axial load, dimensions of tested walls, masonry 

compressive strength, and reinforcement steel yield strength for different walls. 

Figure 4.7 shows the comparison of the experimental versus the numerical cyclic response 

curves of the walls. As shown, the numerical model results and the experimental response are in a 

good agreement. The model is capable of simulating the most remarkable characteristics of the 

experimental cyclic hysteresis response (i.e., initial stiffness, peak- load, post-peak strength and 

stiffness degradation, in-cycle and cyclic deterioration, hysteretic shape, and pinching effect due 

to energy dissipation at different levels of inter-storey drift). Table 4.2 summarizes the results from 

the verification models, including the maximum lateral force capacity, Vmax; the initial stiffness, 

Kinitial, unloading stiffness corresponding to 1% drift, Kunloading, yield displacement, ȹy, and shear 

0.25Lw
Ům  Ó Ůfailure

Ůs  Ó Ůfailure

(ii)

(i)
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load corresponding to yielding, Vy. The average difference for each set of the compared results is 

minimal. The maximum observed divergence in the prediction of lateral load capacity and lateral 

stiffness was 4 and 8%, respectively. In addition to that, the maximum difference of 11% was 

observed in predicting the unloading stiffness of a simulated wall. The yielding displacement of 

the walls is also well-predicted at different levels of drift with a maximum difference of 12%. 

Furthermore, the results show that both the failure criteria and modelling approach used for the 

numerical analysis was precise and acceptable. The validated modelsô analogy was then used to 

perform a seismic collapse risk assessment on the group of walls under investigation. 

 

Table 4.1. Wall details and specifications based on a Shedid et al. (2009) and b Siyam et al. 

(2015) 

Wall ID 

number 

Height 

(m) 

Length 

(m) 

Vertical 

Reinforcement 

ⱬ○ (%) 

Horizontal 

Reinforcement 

ⱬ▐ (%) 

█□ 

(MPa) 

█◐ 

(MPa) 

Aspect 

Ratio 

W1a 3.99 1.80 1.17 0.30 13.50 495 2.21 

W2a 3.99 1.80 0.55 0.30 13.50 495 2.21 

W3a 3.99 1.80 0.55 0.30 13.50 495 2.21 

W1b 2.16 1.53 0.60 0.26 19.30 495 1.40 

W5 b 2.16 0.59 0.60 0.26 19.30 495 3.60 

W6b 2.16 0.46 0.60 0.26 19.30 495 4.60 

 

Table 4.2. Summary of verification results: Numerical results against experimental data based on 
a Shedid et al. (2009) and b Siyam et al. (2015) 

Wall ID 

Number 

Numerical/Experimental Ratio 

Vmax K initial Kunloading ȹy Vy 

W1a 0.99 0.93 0.95 1.07 1.01 

W2a 0.98 1.07 0.92 0.96 1.03 

W3a 0.97 0.97 0.89 1.12 1.08 

W1b 1.03 1.08 1.02 0.99 1.06 

W5 b 1.02 0.94 0.96 1.08 0.97 

W6b 1.04 0.99 0.97 1.05 1.05 
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Figure 4.7. Comparison of numerical results against experimental data: (a)Wall 1 Tested by 

Siyam et al.; (b) Wall 5 Tested by Siyam et al.; (c) Wall 6 Tested by Siyam et al.; (d) Wall 1 

Tested by Shedid et al.; (e) Wall 2 Tested by Shedid et al.; (f) Wall 3 Tested by Shedid et al. 
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4.5 RM Archetype and shear wallsô configuration 

In this paper, two critical performance group archetypes were chosen from the NIST GCR 

10-917-8 (2010) RM shear wall archetypes. A total number of five archetypes were chosen namely 

performance groups 5 and 6 of NIST GCR 10-917-8 study. These walls incorporate various design 

parameters such as axial load, seismic hazard level, wall height, and different aspect ratios. These 

walls represent reinforced masonry buildings with different occupancies (i.e., 1-storey 

Commercial and 2, 4, 8, and 12-storey Residential buildings). The elaborated details of the 

buildings and wall design are available in Appendix A of the NIST (2010) study. For the sake of 

comparison, the archetype models were redesigned to incorporate a flanged cross-section while 

the seismic performance parameters (i.e., R, Cd, and ɋ0) remained the same as the one proposed 

by the original study. The index RM flanged shear walls were redesigned in accordance with 

design requirements of Building Code Requirements and Specification for Masonry Structures 

(MSJC 2013), and ASCE/SEI 7-10, Minimum Design Loads for Buildings and Other Structures 

(ASCE, 2010). The RM Flanged Shear Wallsô dimension and the reinforcement ratio of the first 

floor of the walls are summarized in Table 4.3. The effective flange width was calculated in 

accordance with the required design criteria proposed by MSJC 2013. Horizontal ties were 

positioned at the same spacing as the transverse reinforcement of the walls, using the same grade. 

The chosen archetype possesses low gravity loads and the Seismic Design Category (SDC) of Dmax 

based on the Minimum Design Loads and Associated Criteria for Buildings and Other Structures 

(ASCE/SEI 7-16). This data set was selected since it was found to be the most critical performance 

group among the rest of the proposed configurations. 

Minimum base shear and storey drift limits were considered in the design process of all 

archetypes using the requirements of ASCE/SEI 7-16. Table 4.4 summarizes the seismic design 

parameters of the RM Flanged Shear Walls, including the response spectrum of Maximum 

Considered Earthquake (MCE) at the fundamental period of the given archetype. The code-based 

period is the upper-bound approximate fundamental period estimated based on the equation, 

T=CuTa (ASCE/SEI 7-16). A lower bound value of 0.25 seconds is considered based on the 

Methodologyôs recommendation. The code-based period remained the same as the values of the 

original study since they are irrelevant to the configuration of the wall. In order to evaluate the 

eigenvalue periods (T1), a linear elastic model has been developed with half of the effective 
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moment of inertia (Ie) of the original uncracked masonry wall cross-section considering the 

elasticity modulus recommended by the MSJC (2013) requirements (FEMA 2009). 

Table 4.3. Configuration and reinforcement details of RM flanged shear walls 

Archetype 

ID 

Height 

(m) 

Length 

(m) 

Flange 

Length 

(mm) 

Vertical reinforcement 

Horizontal 

reinforcement 

(mm) 

ɟh(%) 
Aspect 

Ratio 

Each 

Flange 
Web ɟv(%)    

S11-F 3.65 7.31 350 4-#3 4-#4 0.07 #5@1220 0.085 0.50 

S12-F 6.10 9.75 500 4-#5 6-#6 0.157 #4@800 0.082 0.63 

S13-F 12.19 9.75 1000 4-#6 8-#6 0.200 #6@800 0.180 1.25 

S14-F 24.38 9.75 1220 4-#8 8-#8 0.340 #4@800 0.082 2.50 

S15-F 36.58 9.75 1220 4-#6 2*8-#8 0.400 2*#5@1220 0.072 3.75 

 

Table 4.4. RM flanged shear wall archetype design characteristics 

Archetype 

ID 

No. of 

Stories 

Key Design Parameters 

Gravity 

Loads 

Seismic Design Criteria 
SMT(T) 

(g) SDC R T (sec) T1(sec) V/W (g) 

S11-F 1 Low Dmax 5 0.25 0.11 0.200 1.50 

S12-F 2 Low Dmax 5 0.26 0.13 0.200 1.50 

S13-F 4 Low Dmax 5 0.45 0.22 0.200 1.50 

S14-F 8 Low Dmax 5 0.75 0.6 0.160 1.20 

S15-F 12 Low Dmax 5 1.02 0.85 0.118 0.89 

4.6 Seismic Collapse Evaluation 

Based on FEMA-P695 Methodology (FEMA, 2009), quantification of building system 

performance and response parameters have been conducted for use in seismic design. The 

methodology consists of establishing seismic performance factors that comprise the development 

of probabilistic collapse risk assessment and detailed system design information, using nonlinear 

dynamic analysis and explicitly considering uncertainties associated with the test data and design, 

ground motion, and modelling (FEMA, 2009). 

4.6.1 Nonlinear static pushover analysis 

Pushover analysis was performed in order to estimate the lateral force and deformation 

capacity of the archetype model. The analysis was conducted according to FEMA-P695 

mailto:#5@1220
mailto:#4@800
mailto:#6@800
mailto:#4@800
mailto:2*#5@1220
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requirements using a lateral load distribution proportional to the fundamental mode shape. The 

results were used to establish the capacity curves illustrated in Figure 4.8 for the archetype walls 

before and after incorporation of the flanged wall. 

By comparing the capacity curves, the initial stiffness values were almost identical for the 

Flanged and Rectangular RM shear walls. However, by adding a flange, the lateral load capacity 

of the walls increased significantly. In addition, the results showed an increase in the ultimate 

displacement and ductility capacity of the flanged RM shear walls compared to their counterpart. 

Over-strength of the structure, ɋ, and period-based ductility, Tm , are two parameters that 

can be derived directly from the pushover analysis results. The definition of the over-strength 

factor is shown in Eq. 4.1, as the ratio between the maximum base shear (Vmax) to the design base 

shear (V) of the structure. 

maxV

V
W=   (4.1) 

The period-based ductility is, Tm , is defined in Eq. 4.2 is the ratio of roof ultimate drift 

displacement, ud , to the roof effective yield drift displacement ,y effd . 

,

u
T

y eff

d
m

d
=  

 (4.2) 

The roof effective yield drift displacement is given by the following formula (Eq. 4.3) in 

FEMA-P695. 

2max
, 0 12

[ ][max( , )]
4

y eff

V g
C T T

W
d

p
=   (4.3) 

In the above-mentioned equation, C0 is a coefficient that relates fundamental-mode (single 

degree of freedom) displacement to roof displacement, Vmax/W is the maximum normalized base 

shear, g is the gravity constant, T is the fundamental period of the structure based on empirical 

formula and T1 is the fundamental period of the model estimated by eigenvalue analysis. The Tm

factor is later used for performance evaluation. 
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Figure 4.8. Comparison of pushover curves of Flanged against Non-Flanged archetype model 

S14 

4.6.2 Nonlinear response history analysis 

The inelastic behaviour of the RM Flanged wall system in this study was determined by 

means of Incremental Dynamic Analysis (IDA). The method is explained in detail by Vamvatsikos 

and Cornell (2002). The method involves subjecting the structure to a series of Non-linear 

Response History Analysis (NLRHA) increasing the intensity of the ground motion until the 

collapse of the structure occurs. The chosen Intensity Measure (IM) in this study is the 5% damping 

spectral acceleration estimated at the fundamental period of the structure (T) specified as Sa(T,5%). 

The analysis result, IDA curves, demonstrates the relationship between Intensity Measure and the 

Engineering Demand Parameter (EDP). The chosen EDP in this study is the Inter-storey Drift 

Ratio of the structure. The structural damping was considered by means of mass and stiffness 

proportional Rayleigh damping method. A damping ratio of 5%, a typical value for RM structures, 

was assigned to the first two modes of the structure except for one storey building T1 and 0.2T1 

was used instead. Howbeit, the Rayleigh damping feature in OpenSees can estimate the damping 

matrix using the initial, current, and/or last committed stiffness matrix, the committed stiffness 
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matrix was used in the current work. However, the rigid truss elements that linked the frame and 

the leaning columns do not possess any sort of damping. 

4.6.3 Selection and scaling of ground motion records 

Based on FEMA-P58-1 (2012) a minimum set of 7 ground motion is required to surmount 

the record-to-record variability observed in a small suite of ground motions. In contrast, using 

more than 44 ground motion records for collapse risk assessment is recommended by FEMA-P695 

to achieve more reliable results. However, the large computational effort is always a disadvantage 

of using a large number of strong-motion records. To be consistent with the methodologyôs 

recommendation, the applied ground motion record set is taken to be the same as the records 

proposed by the FEMA- P695. In this regard, 22 pairs of far-field ground motion records were 

selected to conduct the Time-History Analysis. The median response spectrum of all records was 

scaled to match the spectral acceleration of the MCE level spectrum at the fundamental period of 

the structure, T (Appendix A. FEMA-P695). The normalized response spectrum of the 44 ground 

motion records is shown in Figure 4.9. 

 

Figure 4.9. The normalized response spectrum of 44 ground motion records, median spectrum, 

Upper bound (S Dmax); and Lower bound (S Dmin) 
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4.7 Results and Discussion 

4.7.1 Seismic Design Parameter and Performance Quantifications 

By extracting the IDA curves and depicting the 16th, 50th, and 84th fractiles of the IDA results 

presented in Figure 4.10; the necessary parameters to assess collapse criteria were developed. 

These curves expressed the dispersion of the response of each archetype to the various ground 

motion frequency content in terms of inter-storey drift ratio. Figure 4.11 shows the 16th, median 

and 84th percentile of the RM shear walls before and after incorporating a flanged cross-section. 

The results indicate that by adding a flange to the archetypes the destabilizing effect of the data set 

ground motions are postponed and the structure shows more residual strength relative to the non-

flanged models. Consequently, RM Flanged shear walls represent larger ultimate curvature that 

delays the collapse of these walls.  

The calculation of median collapse intensity (SCT) has been conducted for each model. Based 

on the definition, the minimal intensity at which half of the records were observed to result in 

collapse is the median collapse intensity, SCT. In this study, the value of SCT was defined based on 

the material strain limitation described in the previous section. The Maximum Considered 

Earthquake (MCE) spectral acceleration intensity (SMT) was also calculated with respect to the 

fundamental period of the model. The ratio between the median collapse intensity, SCT, and the 

MCE intensity, SMT, is defined as the collapse margin ratio (CMR). This value is the principal 

parameter to characterize the collapse safety of the structure (Eq. 4.4). 

CT

MT

S
CMR

S
=  

 (4.4) 

The value of ɋ, SCT, and SMT for both flanged on non-flanged walls are summarized in Table 

4.5. As shown, the CMR values of the original archetypes are consistent with the values obtained 

from NIST GCR 10-917-8(2010), confirming that the approach is valid and sufficiently accurate. 
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Table 4.5. Summary of collapse results for RM flanged shear wall archetype 

Archetype 

ID 

Design Configuration Pushover and IDA Results 

No. of 

Stories 

Gravity 

Loads 
SDC Static ɋ 

SMT[T] 

(g) 

SCT[T] 

(g) 
CMR 

S11 1 Low Dmax 1.85 1.5 0.95 0.63 

S11-F 1 Low Dmax 2.36 1.5 3.00 2.00 

S12 2 Low Dmax 1.85 1.5 2.35 1.57 

S12-F 2 Low Dmax 1.94 1.5 4.20 2.80 

S13 4 Low Dmax 1.85 1.5 2.50 1.67 

S13-F 4 Low Dmax 2.04 1.5 4.75 3.17 

S14 8 Low Dmax 1.61 1.2 1.89 1.58 

S14-F 8 Low Dmax 1.78 1.2 3.75 3.13 

S15 12 Low Dmax 1.50 0.89 2.00 2.25 

S15-F 12 Low Dmax 1.95 0.89 3.20 3.60 

 
Figure 4.10. IDA response curves of each archetype and 16, 15, and 84 percentiles: (a) S11- 

flanged wall; (b) S12- flanged wall; (c) S13- flanged wall; (d) S14- flanged wall; (e) S15- 

flanged wall 
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Figure 4.11. Comparison of IDA response curves of each archetype and 16, 15, and 84 

percentiles with and without Flanged Cross-Section: (a) S11; (b) S12; (c) S13; (d) S14; (e) S15 

4.7.2 Collapse fragility analysis 
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probability for a specified Intensity Measure (IM) will be estimated as the number of records 
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The ATC-58-1 (ATC 2009) recommends the use of cumulative distribution function to 

generate fragility functions based on a log-normal probability distribution. The log-normal 

probability distribution function is given by Eq. 4.5. 

( )
( )ln /

|
x

P C IM x
q

f
b

å õ
= =æ ö

ç ÷
 

 (4.5) 

where ( )|P C IM x= is the probability of collapse at a given intensity, f is the standard 

normal cumulative distribution function (CDF), q is the collapse median intensity, and b is the 

standard deviation (dispersion) of IM. The parameters of fragility fitting function (i.e.,q and b) 

are estimated following the maximum likelihood method (Baker 2015). In this method, the mean 

and dispersion of the data are estimated in a way to maximize the likelihood of CDF function in 

the reproduction of the observed data points.  

Although the failure criteria for the material was defined to numerically capture the 

instability of the structure, some failure modes are not possible to be captured during the analysis. 

Therefore, these failure criteria are captured after the post-processing of the obtained results. These 

criteria are elaborated in the subsequent section. 

Table 4.6. Sample data set used in the development of the archetypeôs fragility curve 

IM 
Number of 

analyses 

Number of 

collapses 

Fraction causing 

collapse 

Theoretical 

fragility 

function 

0.10 44 0 0.00 0.00 

0.48 44 0 0.00 0.00 

0.87 44 5 0.11 0.00 

1.25 44 7 0.16 0.04 

1.63 44 12 0.27 0.14 

2.01 44 23 0.52 0.29 

2.40 44 28 0.64 0.46 

2.78 44 32 0.73 0.60 

3.16 44 33 0.75 0.72 

3.54 44 36 0.82 0.81 

3.93 44 37 0.84 0.87 

4.31 44 38 0.86 0.91 

4.69 44 42 0.95 0.94 
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5.08 44 43 0.98 0.96 

5.46 44 44 1.00 0.97 

4.7.3 Failure Criteria based on chosen Engineering Demand Parameter 

Besides the collapse criteria that focus on the uniaxial materials, there is another type of 

failure criterion which is relative to the performance of the whole component or system level. The 

latter criteria are known as the Engineering Demand Parameter (EDP) based method in which the 

collapse occurs when a certain limit of EDP (i.e., inter-storey drift in this study) is exceeded. Based 

on the suggested requirements of FEMA-P58-1 the inter-storey drift is limited to 0.01 times the 

storey height in the walls classified as masonry cantilever shear wall structures. Meanwhile, the 

maximum allowable drift for the structures to be functional is limited to 0.025 times the height 

based on NBCC 2015. Currently, FEMA P58-1 designated the maximum inter-storey drift ratio to 

be 2.5% to evaluate the level of damage that occurred on the structural components and lateral 

load resisting systems, which is consistent with NBCC (2015). Another collapse assessment 

approach is described by Vamvatsikos and Cornell (2002), which uses the Intensity Measure to 

define the collapse. In this method, the last point on the IDA curve (i.e., Intensity Measure 

corresponding to that point) with a tangent slope equal to 20% of the elastic slope is defined as the 

initiation of collapse. For the sake of comparison, in the current study damage states were kept 

constant based on the performance levels proposed by ASCE 41-17 (2017), and fragility curves 

for different damage states were developed accordingly. Immediate Occupancy (IO), Life Safety 

(LS), and Collapse Prevention (CP) performance limits were considered for the seismic collapse 

assessment. The curve-fitting procedure to establish fragility curves are presented in Figure 4.12, 

and Figure 4.13 shows the fragility curves of the original archetypes versus the RM Flanged shear 

walls. 

For all the archetypes shown in Figure 4.13, the walls with flanges possess larger collapse 

spectral capacity, CTS , compared to the planar walls. As is shown, the impact of adding a flange 

to the walls are more significant on the walls with larger aspect ratios (i.e., taller walls), whereas 

for higher level of drift due to corresponding performance level (i.e., CP performance level) the 

walls with the flanges show less probability of collapse against imposed lateral loads. The reason 

is that the flanged elements decreased the curvature at the initiation of yielding of the longitudinal 

steel bars and increased the curvature at the ultimate state, therefore enhanced the wallsô curvature. 
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In general, the RM flanged walls resulted in the reduction of compression zone depth, which 

resulted in increasing the moment arm and ultimately led to higher wall cross-section moment 

capacity. 

4.7.4 Collapse performance evaluation 

In order to evaluate the performance, the estimated CMR value needs to be amended to take 

the effect of ground motions frequency contents into account (i.e., spectral shape effect). This 

amendment is possible via the application of the Spectral Shape Factor (SSF) presented in Table 

7-1 provided by FEMA-P695 (2009). This factor was used to adjust the pre-estimated CMR to 

obtain the Adjusted CMR (i.e., ACMR value). 

ACMR value is the function of the model fundamental period (T1) and Tm  parameter obtained 

from the nonlinear static analysis. Consequently, the ACMR values along with their corresponding 

SSF are calculated and summarized in Table 4.7 for each of the archetypes. A comparison is needed 

between the acceptable ACMR values and the calculated ones in order to evaluate the systemôs 

credibility in fulfilling the requirement of the methodology. The estimation of the acceptable 

ACMR values is possible through the evaluation of the total system uncertainty (ɓTOT), which is 

presented in (Eq. 4.6). The ɓTOT is a value that combines different uncertainty sources related to 

record-to-record (ɓRTR), design requirements (ɓDR), test data (ɓTD), and nonlinear modelling (ɓMDL). 

2 2 2 2

TOT RTR DR TD MDLb b b b b= + + +   (4.6) 

The value of ɓRTR was considered to be equal to 0.4 and kept constant for the selected ground 

motions for all of the archetypes, finding that period-based ductility, Tm , is greater or equal to 3. 

In this paper, the design procedures of the RM flanged archetypes followed the recent 

provisions provided by MJSC 2013. Moreover, RM Flanged walls have been utilized as the 

primary lateral force resisting systems in various low-rise to high-rise buildings (El-Dakhakhni 

and Ashour 2017). Therefore, according to the FEMA-P695 (2009) criteria, the current RM 

Flanged design provisions are categorized as B (good) with the uncertainty level of 0.2 (i.e., ɓDR = 

0.2). 
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The data available in the literature regarding RM Flanged walls is relatively low compared 

to other RM rectangular walls. Moreover, the available test data are mostly focused on component 

behaviour rather than the global behaviour of the structure. Hence, RM Flanged wallsô test data is 

assessed as B (good) with uncertainty corresponding to test data, (ɓTD), of 0.2. 

The developed nonlinear numerical model is determined to be B (good) with the uncertainty 

level for the nonlinear model (ɓMDL) equals to 0.2. The justification of this choice is because the 

developed model is capable of capturing the principal factors that might collaborate into the 

collapse of RM Flanged walls (i.e., flexural/shear failure, sliding shear failure, and rebar 

buckling/rupture besides concrete crushing/cracking). 

Substituting the values to Eq. 4.6, ɓTOT is equal to 0.525. Based on a table provided in FEMA-

P695 (2009), the allowable ACMR for 20% collapse possibility of the MCE ground motions 

records (i.e., ACMR20%) is 1.56.  ACMR20% is chosen since the probability of collapse for MCE 

level should be 20% or less for each archetype of the performance group of the interest. 

The comparison of the ACMR values with the acceptable values for each archetype model 

of both systems (Flanged and Non-Flanged) is summarized in Table 4.7. The first performance 

group of RM walls without flanges could not satisfy the required provisions proposed by the 

methodology. On the contrary, the selected RM Flanged walls could meet the minimum 

requirement demanded by FEMA-P695 methodology acquiring a higher collapse margin, despite 

that, these flanged walls were designed to withstand the same seismic loads as the walls without 

the flanges. The results show that the selected RM flanged wall system performed safely against 

the lateral loads by showing a lower probability of collapse due to the development of a higher 

level of reserved over-strength provided by the flanged segment. It can be proved that the low-rise 

archetypes (1 & 2 Storey archetypes) are more prone to collapse without incorporation of the 

flanged cross-section. Although, the response modification factor correlated to low-rise walls is 

large enough to suffice the performance requirement objective of the guidelines. Meanwhile, the 

rest of the models (4, 8, and 12 stories archetypes) can fulfill the requirement of the methodology 

while an adjustment is needed to R-factor for using flanged cross-section in those archetypes based 

on the results (i.e., R-factor can be increased since it satisfied the ACMR requirements). 
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Table 4.7. Summary of collapse performance evaluation of RM flanged shear wall archetype 

Archetype ID 

Design Configuration 
Computed over-strength and collapse 

margin parameters 
Acceptance check 

No. of 

Stories 

End 

Configuratio

n 

ɋ CMR ɛT SSF ACMR 
Acceptable 

ACMR 

Pass/

Fail 

S11 1 
Without 

Flange 
1.85 0.63 5.22 1.26 0.80 1.56 Fail 

S11-F 1 With Flange 2.36 2.00 7.57 1.33 2.66 1.56 Pass 

S12 2 
Without 

Flange 
1.85 1.57 8.15 1.33 2.08 1.56 Pass 

S12-F 2 With Flange 1.94 2.80 10.12 1.33 3.72 1.56 Pass 

S13 4 
Without 

Flange 
1.85 1.67 11.30 1.33 2.22 1.56 Pass 

S13-F 4 With Flange 2.04 3.17 16.11 1.33 4.21 1.56 Pass 

Mean of 

Performance 

Group 

 
Without 

Flange 
1.85    1.7 1.96 Fail 

 With Flange 2.11    3.53 1.96 Pass 

S14 8 
Without 

Flange 
1.61 1.58 13.85 1.40 2.21 1.56 Pass 

S14-F 8 With Flange 1.78 3.13 24.47 1.40 4.38 1.56 Pass 

S15 12 
Without 

Flange 
1.50 2.25 42.12 1.47 3.30 1.56 Pass 

S15-F 12 With Flange 1.95 3.60 47.60 1.47 5.29 1.56 Pass 

Mean of 

Performance 

Group 

 
Without 

Flange 
1.56    2.76 1.96 Pass 

 With Flange 1.87    4.84 1.96 Pass 
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Figure 4.12. Curve fitting of fragility functions of different archetypes (a) S11-Flanged Wall; (b) 

S12-Flanged Wall; (c) S13-Flanged Wall; (d) S14-Flanged Wall; (e) S15-Flanged Wall 

 

Figure 4.13. Comparison of collapse fragility curves for each archetype with and without 

Flanged cross-section: (a) Archetype S11; (b) Archetype S12; (c) Archetype S13; (d) Archetype 

S14; (e) Archetype S15 
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4.7.5 Inter -storey Drift variation  

Inter-storey Drift variation of each archetype model is presented in the following section. 

Inter-storey drift is an important representative of collapse initiation in the performance-based 

seismic design of the structures. The variation of the drift ratio is shown in Figure 4.14 in terms of 

boxplots for each of the archetype walls at the design level before and after adding a flange to the 

cross-section. In this figure, the solid line shows the upper bound and lower bound of the drifts 

due to imposing 44 ground motion records on the RM walls. The beginning of the box indicates 

the first quartile, and the end shows the third quartile while the line in between illustrates the 

second quartile or the median of the observed data. As can be seen in the figure, the lower bond 

and upper bond for the maximum inter-storey drift ratios of the low-rise original archetypes were 

approximately 0.3 and 3.0%, respectively, while this value fluctuates along 0.1 and 2.5% for mid 

to high-rise archetypes. The median values of the drift ratios decreased dramatically by adding 

flanges to the archetype models. The impact of implementing flanges is more magnificent in mid 

to high-rise models rather than low-rise walls as a result of higher mode contribution. The results 

show an average decrease in the maximum drift ratio of up to 28% relative to the original structure. 

A significant decrease in the median inter-storey drift was observed in comparison with the 

original structures for all cases. The justification of this phenomenon would be the capability of 

the flanged walls to resist lateral loads due to possessing higher curvature ductility which can alter 

the behaviour of the structures to be more ductile with a higher level of energy dissipation. 

Therefore, it limits the inter-storey drift ratio of the flanged walls while postponing the stiffness 

degradation which leads to less damage to both structural and non-structural components. 

Meanwhile, the interquartile range was found to be smaller in the flanged walls compared to the 

original structures, which means a lower amount of maximum drift ratio variation to different 

ground motion records and more reliable and predictable behaviour of the components. However, 

on the high-rise model, Figure 4.14 j, the interquartile range increased on the lower stories, the 

median values are decreased subsequently which provides a reasonable safeguard against seismic 

lateral load damages. On average, all archetypes have shown more curvature ductility due to the 

adoption of the flanges which resulted in an overall increase of the systemsô ductility while 

minimizing the inter-storey drift ratio and its associated damages. 
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Figure 4.14. Inter-storey Drift Box-Plot variation at Design Level: (a) S11 W/O Flange; (b) S11 

Flanged; (c) S12 W/O Flange; (d) S12 Flanged; (e) S13 W/O Flange; (f) S13 Flanged; (g) S14 

W/O Flange; (h) S14 Flanged; (i) S15 W/O Flange; (j) S15 Flanged 
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4.8 Seismic Resilience 

As a brief definition, seismic resilience describes the loss and recovery required to maintain 

the functionality of the system with minimum interruption (Cimellaro et al. 2006). The resilience 

also takes the impact of the recovery process including the behaviour of individuals and 

organizations in the post-disaster phase into account. In order to quantify the seismic resilience of 

structures, the alphabet of structure functionality needs to be defined. 

Loss and recovery time are estimated with respect to the fragility assessment in order to 

calculate the remaining functionality of the structure after an earthquake event. The resilience 

function can be found as the area beneath the functionality curve which is defined analytically as 

per Eq. 4.7. 

()
0

0

/
E LC

E

T T

LC

T

R Q t T dt

+

= ñ  
 (4.7) 

where the functionality, Q(t), ranges from 0 to 100% meaning total loss and no reduction in 

the performance, respectively. Literally, if an earthquake happens at time T0E it could cause 

sufficient damage to the structure and reduce its performance (i.e., Q(t) function Figure 4.15b). 

Afterward, within a period called recovery period, TRE, the system will be able to recover itself to 

the same functionality level prior to the extreme event, which is observed over a control time 

period, TLC. There are different methods to estimate the functionality of the structure while in this 

study the method proposed by Cimellaro et al. (2010) is utilized to approximate the functionality 

over the time given in Eq. 4.8. 

() ( ) ( ) ( ){ } ( )0 0 01 , ,RE E E RE REC E REQ t L I T H t T H t T T f t T T= - - - - + ³è øê ú   (4.8) 

In this equation, I represent the intensity of the earthquake, L (I, TRE) is the loss function, 

fREC is the recovery function and H(t) is the Heaviside step function which is equal to zero for 

negative values and returns one when positive.  

As mentioned earlier, the loss function is dependent on earthquake intensity and recovery 

time. The total loss, L, is comprised of structural, LS, and non-structural loss, LNS. In this study, 

only the structural losses are considered to determine the total loss of the archetype and the impact 

of the non-structural element was neglected. The damage evaluations are stated in terms of 
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economic cost (i.e., US Dollars) and/or the ratio of cost of repair and reinstalling the structure to 

the cost of full replacement of the structure (Coburn and Spencer 2002). The evaluation of the 

direct economic losses was conducted following Hazus MH2.1 (2016) methodology for a given 

damage level. Subsequently, the value of the structural losses, LS, was determined using Eq. 4.9. 

1 1

N N

s DS DS DSL CS BRC POSTR RCS= = ³ ³ä ä  
 (4.9) 

in which CSDS is the cost of the structural damage due to the given damage level (DS); 

POSTRDS equals to the probability of exceedance at a certain intensity in the damage state, RCSDS 

shows the structural repair cost ratio associated with the damage state; and BRC is equal to the 

total replacement cost which is estimated based on the average cost per square feet of the wall 

($/S.F) for the selective project, according to market (RS Means, 2017). The parameter N also 

indicates the number of damage states considered. 

Different shapes of recovery functions are available in the literature namely linear, 

exponential, and trigonometric. In this study, the exponential method has been considered 

assuming a fast response of society to disaster events. Meanwhile, it is assumed that the recovery 

rate decreases slightly (Tirca et al. 2015). The recovery function is also a function of recovery time 

and the time needed for the component replacement of the structures (Eq. 4.10). 

( ) ( )( )0 0, , exp 200 /REC E RE E REf t T T t T ln T= - -è øê ú 
 (4.10) 

The Quantification of the seismic resilience of a system is possible through the definition of 

robustness, rapidity, redundancy, and resourcefulness attributes (Cimellaro et al. 2003). 

Robustness, R, is the capacity of the system to resist the earthquakeôs action without being affected 

by any probable secondary hazard that may occur and is represented by R (%) = (1-L). Robustness 

has an impact on both economic and social aspects besides its technical dimension since damage 

inside a system will affect the communityôs economy and has a negative effect on the population. 

Redundancy is defined as the extent to that the systemsô component can be replaced or their 

function can be satisfied by other system and/or component elements after the seismic event, such 

that, the system can maintain its functionality as it did initially. The latter attribute is well-tied to 

the social measures which are not the interest of this research study. Resourcefulness is the ability 
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to identify the appeared problems after the seismic disaster and mitigating them using the available 

resources in order to recover to the full functionality of the system. Finally, the rapidity, ɡ, is 

defined as the functionality curve slope during the recovery time, TRE. In this study, only the 

components related to the structural components level are addressed and measures defined for the 

community level were excluded. The flowchart of the methodology proposed to evaluate the 

seismic resilience of the conventional RM shear wall is shown in Figure 4.15a. The total loss and 

time of recovery are calculated based on the damage level, and lastly, the seismic resilience of the 

studied models has been conducted following the adopted guideline. The schematic drawing of the 

functionality curve and recovery time function is shown in Figure 4.15b. 

4.8.1 Recovery time & losses estimation 

Losses are estimated due to the damages that occur to the structural components. In this 

research study, only the impact of direct economic losses to structural components is taken into 

account. To estimate the total losses (LS) the following parameters need to be defined: (1) damage 

probability of structural components relative to a certain damage level, POSTRDS; (2) 

corresponding repair cost ratio, RCSDS, and (3) the structure replacement cost, BRC. 

The damage probabilities, POSTRDS, were determined based on the fragility curves (Table 

4.10). The repair cost ratios were taken as per the values suggested by HAZUS MH2.1 (FEMA 

2015). It is noted that the repair cost ratios are variables with uncertainty levels and typically are 

dependent on other parameters such as region, recourse capability and labour and material. The 

structural repair cost factor, total replacement cost, and total loss estimations are tabulated in Table 

4.8 and Table 4.10 respectively. The recovery time found to be the most challenging parameter to 

define since it is a random parameter correlated to many uncertainties associated with the hazard 

level, and the quantity of the available resources. HAZUS MH2.1 recommends using roughly a 

year assumption as the recovery time; however, it is not applicable to all cases. In this study, the 

estimated recovery time is chosen to be 60 days for all archetypes assuming the fact that sufficient 

resources are available to meet this timeframe. This time could be less for low-rise archetype, was 

kept constant for the sake of comparison of both systems before and after adding flanges. The 

computed resilience attributes (rapidity and robustness) of the original and flanged walls are given 

in Table 4.9. Models with flanges proved to have a lower value of rapidity (i.e., they can recover 

faster). The functionality curves obtained for both Flanged and Non-flanged archetypes are 
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illustrated in Figure 4.16. As shown in Figure 4.16 the archetypes with flanges show larger value 

of seismic resilience and robustness compared with those without flanges. The stacked area 

cumulated between two curves indicates the percentage that the flanges contribute to seismic 

resilience and robustness of the selective RM walls. Consequently, the low-rise archetypes 

achieved lower robustness relative to mid- and high-rise buildings. This result is expected while 

assessing the seismic resilience of structures since taller buildings quantitatively possess more 

elements that are typically prone to structural and non-structural damages arising from earthquakes 

compared to low-rise buildings. 

Table 4.8. Structural repair cost ratios (in % of structure replacement cost) 

Occupancy 

Class 

Type of 

component 

Structural Damage State 

Slight Moderate Extensive 

Residential Structural 0.2 1.4 6.8 

Commercial Structural 0.2 1.1 5.5 

 

Table 4.9. Summary of the results from resilience analysis 

ID TRE (days) ɡ (%) R (%) 

S11 60 0.077 95.40 

S11F 60 0.042 97.50 

S12 60 0.047 97.20 

S12F 60 0.033 98.00 

S13 60 0.042 97.50 

S13F 60 0.015 99.10 

S14 60 0.058 96.50 

S14F 60 0.017 99.00 

S15 60 0.075 95.50 

S15F 60 0.050 97.00 
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Figure 4.15. Seismic Resilience Framework (a) Resilience Functionality assessment flow chart; 

(b) Functionality curve and recovery time function 
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Table 4.10. Estimated losses of archetype structural component 

Archetype 

ID 

Replacement Cost 

(BRC) 

Structural 

Losses (Ls) 

Loss 

Function 

(%) 

POSTR (From fragility Curve) 

% 

Slight Moderate Extensive 

S11 $4,423.20 $131.37 3.0 80 55 30 

S11-F $4,843.40 $45.62 0.9 33 14 10 

S12 $11,795.20 $332.62 2.8 100 90 20 

S12-F $13,004.21 $283.49 2.2 60 50 20 

S13 $23,590.40 $541.64 2.3 85 45 22 

S13-F $28,426.43 $184.77 0.7 78 11 5 

S14 $47,180.80 $1,623.96 3.4 76 65 35 

S14-F $58,976.00 $382.16 0.6 50 10 6 

S15 $70,771.20 $3,381.45 4.8 97 70 53 

S15-F $88,464.00 $2,949.39 3.3 94 45 37 

 

 

Figure 4.16. Comparison of Functionality curves of the archetypes with and without flanged 

cross-section (a) Archetype S11; (b) Archetype S12; (c) Archetype S13; (d) Archetype S14; (e) 

Archetype S15 

90

91

92

93

94

95

96

97

98

99

100

1 9

1
7

2
5

3
3

4
1

4
9

5
7

6
5

7
3

8
1

8
9

9
7

F
u
n
c
ti
o

n
a

lit
y
 Q

(t
) 

(%
)

Time (Day)

Stacked Area

S11

S11F
90

91

92

93

94

95

96

97

98

99

100

1 9

1
7

2
5

3
3

4
1

4
9

5
7

6
5

7
3

8
1

8
9

9
7

F
u
n
c
ti
o

n
a

lit
y
 Q

(t
) 

(%
)

Time (Day)

Stacked Area

S12

S12F
90

91

92

93

94

95

96

97

98

99

100

1 9

1
7

2
5

3
3

4
1

4
9

5
7

6
5

7
3

8
1

8
9

9
7

F
u
n
c
ti
o

n
a

lit
y
 Q

(t
) 

(%
)

Time (Day)

Stacked Area

S13

S13F

90

91

92

93

94

95

96

97

98

99

100

1 9

1
7

2
5

3
3

4
1

4
9

5
7

6
5

7
3

8
1

8
9

9
7

F
u
n
c
ti
o

n
a

lit
y
 Q

(t
) 

(%
)

Time (Day)

Stacked Area

S14

S14F
90

91

92

93

94

95

96

97

98

99

100

1 9

1
7

2
5

3
3

4
1

4
9

5
7

6
5

7
3

8
1

8
9

9
7

F
u
n
c
ti
o

n
a

lit
y
 Q

(t
) 

(%
)

Time (Day)

Stacked Area

S15

S15F

(b) (c)

(d) (e)

(a)



 

84 

 

4.9 Conclusions 

In this study, the collapse risk assessment of RM flanged walls was conducted under the 

maximum credible earthquake using the same seismic performance factor adopted to the 

rectangular RM shear walls systems. The modelling approach was initially developed by other 

researchers for reinforced concrete structures, however, modifications were applied in the current 

study to consider the impact of shear flexibility and leaning column analogy on the seismic 

behaviour of the RM flanged shear walls. In this regard, 5 archetypes of reinforced masonry shear 

walls, initially proposed by NIST GCR 10-917-8 (2010), were redesigned adopting flanged cross-

section. The proposed archetypes were evaluated using FEMA-P695 methodology utilizing the 

macro-modelling approach developed in OpenSees. The methodology consists of the development 

of the analytical model, selection and scaling of the ground motion records, conducting Nonlinear 

Pushover Analysis and Incremental Dynamic Analysis, generating the IDA and Fragility curves to 

describe the collapse probability of the structural system. The evaluation of Seismic resilience of 

the RM Shear wall structures before and after utilizing the flanged elements has been conducted 

in order to estimate total loss and recovery time due to seismic events. The concluded remarks are 

summarized as follows: 

Å The proposed modelling approach proved to be capable of simulating the behaviour of 

reinforced masonry shear walls (with and without flanges) under cyclic loading. The maximum 

difference for the prediction of lateral load capacity and lateral stiffness using the approach was 4 

and 8%, respectively. Moreover, the numerical model performed well in predicting the unloading 

stiffness of a simulated wall with a maximum divergence of 11%; 

Å The pushover analysis result shows that by adding flanges to the RM shear walls, the 

capability of the walls to dissipate more energy caused by lateral loading can be increased 

significantly. The walls with the flanges proved to be more ductile and possess a higher level of 

lateral load resistance against applied forces relative to the rectangular walls. The overstrength 

factor of each archetype shows that by incorporating flanges to the cross-section, the ultimate 

curvature was increased and lead to increasing the displacement ductility. The results revealed an 

up to 70 % increase in the displacement ductility. Utilizing the RM flanged walls has reduced 
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compression zone depth, ended in increasing the moment arm and ultimately higher wall cross-

section moment capacity; 

Å The study by NIST GCR (2010) proved that the RM shear walls with rectangular cross-

sectional area using design factor, R-factor, of 5 did not fulfill the acceptable provisions proposed 

by methodology (i.e., the low-rise archetypes had a collapse margin ratio less than acceptable 

limits of the methodology). Based on the previous studies the response modification factor of low-

rise rectangular walls can be reduced. Conversely, the results of this study suggest that adding 

flanges to walls enhances the low-rise walls to fulfill the methodologyôs criteria by obtaining 

greater levels of ductility, however, more numerical models with different configurations should 

be developed for a thorough application of FEMA P695 methodology. More importantly, the 

results indicate that the selected walls with two stories and taller are able to pass the methodologyôs 

requirements while the response modification factor of such walls can be increased when flanges 

were used; 

Å Incorporating flanges into the RM shear wall structure had a significant influence on the 

inter-storey drift ratio of the system. The results indicate that flanged walls performed well in 

reducing inter-storey drifts of mid and high-rise archetypes up to 28% enhanced system 

performance. Moreover, the fluctuation of drift ratios was lower than the corresponding values in 

the original structures; 

Å RM flanged shear walls had a slight impact on the seismic resilience and functionality of 

the models compared to the original archetypes. From the fragility analysis, it is concluded that 

RM flanged walls experience less damage and are more rapid to be functional after an earthquake 

event. In addition, losses calculated for the mid-rise archetypes are relatively larger than the low-

rise models. The average seismic resilience of the flanged walls was 98.12% which is around 2% 

higher than the non-flanged walls. It can be concluded that from the structural point of view the 

impact of using flanges in seismic resilience of the structural elements is minor compared to the 

cost of fabricating the flanges. However, this research study only discussed the structural aspect 

of seismic resilience and direct economic losses due to structural components and did not address 

non-structural losses associated with the drift and acceleration level of the structures. The authors 

suggest additional experimental and/or numerical studies on flanged end configurations of RM 

shear walls. 
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Å  Some limitations in studying seismic resilience of structures can be pointed out such as 

the region-specific estimation of repair cost ratios, lack of more complex loss and recovery 

estimation functions to include the fatalities and business interruption that needs further studies to 

lead to a more comprehensive and inclusive understanding of economic and social impacts of 

resilience-based engineering. 
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Chapter 5 

System-Level Seismic Resilience Assessment of Reinforced 

Masonry Shear Wall Buildings with Masonry Boundary 

Elements 

5.1 Abstract 

The concept of seismic resilience plays an important role in seismic assessment of structures 

as it assesses the capability of a system to withstand an unwanted event, such as earthquakes, by 

estimating the losses and determining the systemôs functionality and sustainability during and after 

such event. In this study, a framework was utilized to assess the seismic resilience of Reinforced 

Masonry Shear Wall (RMSW) buildings as well as studying the impact of incorporating Masonry 

Boundary Elements (MBEs) at the ends of RMSW. To achieve this goal, a ten-storey RMSW 

building was numerically modelled in OpenSees to assess the seismic performance and resilience 

of the system when adding confined MBEs. The selected building is located in Montreal, Canada, 

and initially designed to be built having rectangular walls. Subsequently, the walls were redesigned 

to integrate MBEs at their outermost fibre to help increase the ductility and strength of the 

RMSWs. A full 3D wide-column macro-modelling approach was used to simulate the dynamic 

response of the archetype building. Validation of the modelling approach was done against 

available experimental tests as an initial step to ensure the robustness of the model in predicting 

the inelastic response of the building. Subsequently, the models were analyzed against multiple 

ground motion records using Incremental Dynamic Analysis to identify the initiation of collapse 

alongside developing the fragility curves of the building. The system-level seismic performance 

of the building was assessed after incorporating MBEs. The resilience of the building was assessed 

using the developed fragility functions, and a comparison was made to highlight the effect of using 

MBEs on the response of the studied RMSW building. The results showed a significant 

enhancement in the seismic resilience of the building by using confined MBEs at the shear wallsô 

extreme. 
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5.2 Introduction  

Concrete masonry blocks were commercially available by the end of the nineteenth century 

to make the feasibility of the concrete-block masonry structural walls possible. During the past 

few decades, there has been many research addressing the seismic response of Reinforced Masonry 

Shear Wall (RMSW) constructed with concrete-blocks masonry. However, most of these studies 

addressed rectangular shear wall systems, and very rarely, they investigated walls incorporating 

flanges or masonry boundary elements (MBEs) (Ahmadi et al. 2015, Shedid and El-Dakhakhni 

2010). These RMSWs can be utilized as fully or partially grouted, end-confined, or non-confined 

walls depending on the seismic hazard zone, providing the designers with the versatility needed to 

integrate a competent Seismic Force Resisting System (SFRS) for mid and high-rise buildings. It 

is worth noting that, analytical and numerical modelling are more recently considered and used by 

many researchers since they are less expensive and more effective in modelling different aspects 

of structures, hence overcoming many drawbacks caused by experimental tests such as high 

expenses, scaling method, etc. (Nasiri and Liu 2017, Siyam et al. 2016, Cancelliere et al. 2010, 

Magenes 1997). Numerical modelling proved to be capable of capturing experimental outcomes 

with a high level of accuracy while providing more control over the failure modes, loading 

protocols, and collapse assessment of the respective structure (Stavridis et al. 2010, Ezzeldin et al. 

2016). However, the literature shows a lack of relatively simplified macro-models that can predict 

the inelastic behaviour of the RM Shear walls. As will be discussed later, these macro-models are 

essential, not only to facilitate evaluating the overall response of the system, but also to help better 

understanding the systemôs performance in accordance with the new seismic performance 

standards and assessment approaches, e.g., ASCE 41-17 (ASCE 2014), FEMA P-695 (FEMA 

2009), and FEMA P-58 (FEMA 2012).  

The proposed capacity design methodology introduced by Park and Paulay (1975), which 

emphasizes that any sudden strength loss and non-ductile failure modes (i.e., shear and brittle 

failure) need to be avoided, has presented appropriate detailing of structural components to ensure 

a stable and predictable behaviour of the whole system during a seismic event. Reinforced 

Masonry (RM) shear walls that are designed based on the capacity design methodology would 

have satisfactory ductility levels in a seismic event and be able to sustain large reversible cycles 

of inelastic deformations without significant degradation in strength. This level of ductility can be 
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achieved by integrating a confined zone at the ends of rectangular RM shear walls, which results 

in achieving a higher level of displacement and curvature ductility and enhances the overall 

performance of the component during the seismic events compared to that of RM rectangular walls 

(Banting and El-Dakhakhni, 2012, 2014; Ezzeldin et al., 2017; Ezzeldin et al., 2016; Shedid et al., 

2010b). Priestley and Elder (1982) tested three scaled slender RMSW with an aspect ratio of 2.5. 

The test by Priestley and Elder (1982) studied the impact of axial stress and confinement plate at 

the mortar bed joints. High levels of strength and stiffness degradation were reported as a result of 

increasing the axial stress. The wallsô ductility was significantly enhanced by using the steel 

confinement plates. Shedid et al. (2009, 2010) tested seven half-scale RMSW under fully reversed 

quasi-static cyclic loading. These walls were designed to experience ductile flexural failure and 

possessed different end configurations (i.e., Rectangular, Flanged, and end-confined MBE). All 

walls had an aspect ratio greater than 1.5 and were detailed and designed to ensure sufficient 

diagonal and sliding shear capacity. The effect of changing the amount and distribution of vertical 

reinforcement and the level of axial load on the RMSW lateral strength and ductility was evaluated, 

and it was concluded that the wallsô lateral capacities are highly influenced by the vertical 

reinforcement ratio and the level of the axial stress. It was also concluded that the addition of end 

confinement zones increased the ductility capacity by 106% relative to the rectangular wall with 

similar lateral resistance. Moreover, their tested end-confined shear wall had a larger drift capacity 

of almost twice corresponding to the 20% strength degradation in comparison to the rectangular 

counterpart shear wall. A saving of 40% in the longitudinal reinforcement was also reported by 

the authors after using MBEs at the wallôs extreme sides. Banting and El-Dakhakhni (2014) tested 

five half-scale RMSWs having confined scheme under reversed quasi-static cyclic loading. The 

specimens covered a vast range of shear walls in terms of aspect ratio, height level, and 

reinforcement ratios. 

The results inferred that using MBEs improved the post-peak performance of the wall and 

postponed the shear failure of such walls almost in all cases. Also, it helped with delaying buckling 

of the longitudinal reinforcement and grout core crushing. Hence, preventing the walls from losing 

their lateral resistance abruptly because of face shell spalling of the compressive side. Overall, the 

performance of the walls was well-improved by showing higher curvature levels in the presence 

of MBEs. Siyam et al. (2016) studied the collapse probability of a Ductile Reinforced Concrete 

Block Wall office building having rectangular and flanged walls using the FEMA P-58 
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methodology through fragility curves. An analytical 2D model was developed and calibrated 

against the experimental data. Subsequently, an incremental dynamic analysis (IDA) was 

performed to determine the collapse initiation of the RMSW building under a suite of ground 

motions.  

Most of the available numerical studies focused on simulating the nonlinear response of the 

individual shear wall component rather than the complete building system. Nonetheless, other 

parameters can be assessed through system-level studies such as the out-of-plane response of the 

walls as well as the impact of torsional forces due to the irregularities of the structure. An 

experimental study by Ashour and El-Dakhakhni (2015) highlighted the importance of slab 

flexural coupling at the system-level response of RM buildings. The study included the variation 

of the lateral load capacity, stiffness of the structure and stiffness degradation trend, and additional 

forces caused by torsional moments. Moreover, most of the rectangular RMSW without masonry 

boundary elements are reinforced with a single layer, which increases the chances of causing pre-

damage when subjected to out-of-plane lateral forces, deteriorating the in-plane seismic response 

of the whole structure. Thus, it is crucial to assess and quantify the performance of entire RM 

buildings using full 3D macro models that can capture in-plane and the out-of-plane response of 

the whole structure in order to perform a system-level seismic resilience assessment. 

In this study, a framework was utilized to assess the seismic response of the RMSW building 

focusing on the impact of incorporating MBEs. A full 3D 10-storey RMSW building was 

numerically modelled in OpenSees to assess the nonlinear performance and the influence of the 

MBEs on the overall response of the building at the system-level. The building is located in 

Montreal and was initially designed in accordance with the provision of the National Building 

Code of Canada (NBCC 2015) and CSA S304-14 using ductile RM rectangular shear wall as its 

SFRS. Afterward, the design was modified using identical seismic design parameters (i.e., Rd and 

Ro) while this time, the shear walls were designed to have the same initial stiffness with confined 

MBEs. An analytical macro-modelling approach, elaborated in Hosseinzadeh and Galal (2019), 

was chosen and updated to simulate the seismic response of RMSW building. In the current study, 

two perpendicular shear springs were considered to simulate in-plane and out-of-plane shear 

deformation of the RM walls at the system-level. To ensure the robustness of the results, the 

developed model was validated versus the outcome of experimental test results of a one-third scale 
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asymmetrical two-storey RMSW building built and tested by Heerema et al. (2015). The above-

mentioned modelling method was used to perform Incremental Dynamic Analysis (IDA) on the 

two 3D RMSW building models, i.e., with and without MBEs. A suite of 44 far-field and 44 near-

field ground motions were selected to cover a vast range of frequency content of different ground 

motion records in performing the IDA analysis. Different failure criteria were considered in 

predicting the collapse level of the building to generate seismic fragility curves for the structural 

elements of the studied RMSW building models. The inter-storey drift ratio of the building was 

monitored prior to and after adding MBEs as well as the comparison of dispersion of storey shear 

response forces in the entire building. The seismic resilience of the building was assessed after the 

adoption of MBEs to quantify their impact on the losses due to earthquakes. The outcome of such 

studies will promote the development of design provisions and the adoption of RMSW with 

masonry boundary elements in the next generation of seismic design codes in North America. 

5.3 Analysis Methodology and Models' Geometry 

In this research study, a fibre-based modelling approach was used to develop a numerical 

model in OpenSees software. The present study employed displacement-based beam-column 

elements to predict the inelastic axial and flexural deformation of the shear wallsô component, 

whereas bilinear shear springs, were incorporated to take the effect of shear deformation into 

account.  

The shear wall model discretization, including the nodes and elements configuration and 

material distribution, is shown in Figure 5.1. Four displacement-based beam-column elements 

were used per storey after performing sensitivity assessment targeting satisfactory accuracy in 

capturing the experimental results. Each element has five Gauss integration points along its length, 

and no soil-structure interaction was considered in the model assuming a fixed based model at the 

wall-foundation intersection. However, the steel reinforcement slippage in the wall-foundation 

intersection was modelled using a zero-length element section and stress-slip model that was 

proposed by Zhao and Sritharan (2007), known as strain penetration model. A uniaxial force 

deformation relationship was assigned to the longitudinal reinforcement using Bond SP01 material 

model of the OpenSees. The number of Masonry and Reinforcement fibres along the width of the 

wall was different for each model; however, they were chosen to provide fine discretization in the 
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cross-section while being adaptive to provide sufficient accuracy in the results. A minimum of 400 

fibres was utilized to ensure the result prediction accuracy and analysis time efficiency of the 

model. The effect of confinement of the grout core was modelled by increasing the compressive 

strength and ultimate strain of masonry fibres of the confined zone using the proposed approach 

by Mander et al. (1988), which is accompanied by an increase in ultimate buckling/rupture strain 

of the reinforcement. The shear flexibility of the elements was considered using a bilinear shear 

spring, as shown in Figure 5.1. Zero-length spring elements were introduced at the nodes between 

Elements 1 & 2, and between Elements 3 & 4 to model the shear flexibility of the wall segments. 

The in-plane and out-of-plane shear stiffnesses of the walls were modelled by incorporating two 

horizontal translational degrees of freedom (DOF) shear links in the zero-length spring elements. 

The remaining DOFs were coupled to the adjacent node using OpenSees equalDOF constraints. 

A bilinear trend was considered to model the shear stiffness of the zero-length links based on the 

model proposed by Massone et al. (2006) and lately modified by Gogus and Wallace (2015). The 

stress-strain relation utilized in the definition of the shear-link elements is also shown in Figure 

5.1. 
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Figure 5.1. Model discretization of RM shear wall system 

5.3.1 Material Characteristics and Behaviour 

The material definition was considered based on the reported test data and the nominal 

strength of masonry and steel reinforcement. In this regard, Chang and Mander's (1994) concrete 

model was used to define the constitutive material laws for the masonry fibres (Concrete07 in 

OpenSees). The confined zone of the masonry was modelled using the Mander et al. (1988) stress-

strain behaviour of the masonry. The maximum tensile stress of the masonry was calculated to be

 in MPa (Yassin 1994). 

The steel reinforcement was modelled by the Giuffré-Menegetto-Pinto hysteretic model 

(Filippou et al. 1983), also known as Steel02 in OpenSees. The material is capable of capturing 
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nonlinear behaviour of the steel bars with isotropic strain hardening besides being easy to calibrate. 

Perfectly bonded condition was assumed, and default calibration parameters were considered as 

recommended by OpenSees developers. The summary of the material properties used in the 

verification case and modelling the multistory building is presented in Table 5.1.  

Table 5.1. Specification of the RM shear wall building used in model verification 

Wall ID*  
Height 

(mm) 

Length 

(mm) 

Aspect 

Ratio 

Vertical 

Rebar 

ɟv (%) 

Horizontal 

Rebar 

 ɟh (%) 

   

W1* 

W2* 
2160 598 3.61 0.59 0.26-0.14 18.2 489 498 

W3* 

W4* 

W6* 

W7* 

2160 465 4.64 0.61 0.26-0.14 18.2 489 498 

W5* 2160 1533 1.41 0.55 0.26-0.14 18.2 489 498 

W8* 2160 1533 1.41 0.61 0.26-0.14 18.2 489 498 

10-Storey 

Building-

W1 

3200 3500 0.91 
0.55a-

0.46b 
0.42 

20c-

13.5d 
400 400 

10-Storey 

Building-

W2 

3200 6500 0.50 
0.75a-

0.66b 
0.42 

20c-

13.5d 
400 400 

*Heerema et al. (2015), aRM Shear walls Without MBEs, bRM Shear walls With MBEs, cConfined 

Masonry zones, dUnconfined Masonry zones 

 

5.3.2 Verification of the Model 

The verification of the numerical models is vital to evaluate the capability of the modelling 

approach in predicting the experimental test results. In this regard, a one-third scale two-storey 

asymmetric RMSW Building tested by Heerema and El-Dakhakhni (2015) was modelled, and the 

result of the experimental and numerical analysis was compared. The building was made of 8 RM 

Shear walls, including rectangular and flanged walls. The configuration and material properties of 

the constituent shear walls are summarized in Table 5.1. Figure 5.2 shows the comparison of 

' ( )mf MPa ( )yvf MPa ( )yhf MPa
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numerical and experimental hysteresis response of Building II tested by Heerema and El-

Dakhakhni (2015). The summary of the maximum difference of the experimental results versus 

the 3D numerical model is given in Table 5.2. The results indicate the capability of the modelling 

approach in predicting the most important characteristics of the RM shear wall building cyclic 

behaviour at different drift levels, including the peak lateral force, initial stiffness, stiffness 

degradation due to reinforcement buckling/rupture and masonry cracking/crushing, cyclic and in-

cycle deterioration, as well as the effect of strain hardening, post-peak behaviour, and hysteretic 

pinching effects in the model. Based on the result presented in Table 5.2, it can be concluded that 

the developed model could predict the peak lateral force and the initial stiffness by a maximum 

difference of 7% and 9% during the whole cycles, respectively. Overall, the comparison between 

numerical and experimental results shows that the modelling approach is robust enough to predict 

the elastic and inelastic response of the RM Shear Walls. The same assumptions used in the 

verification were used afterward in assessing the collapse risk of the 10-storey RMSW building 

having various end configuration (i.e., walls without and with masonry boundary elements). 

Table 5.2. Verification results summary 

Specimen Results 

Initial 

Stiffness 

(kN/mm) 

Error (%) 

Ultimate 

capacity 

(kN) 

Error (%) 

Building II 

Numerical 30.65 -9 221.75 -7 

Experimental 

(Hereema 

2015) 

33.41 - 238.01 - 
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Figure 5.2. Comparison of experimental (Heerema et al. 2015) and Numerical Hysteresis loops at 

different drift levels 

5.4 Design and Modelling of The Rectangular and Masonry Boundary 

Element RM Shear Wall Buildings 

A 10-storey RMSW building located in Montreal, Canada, with Class-C soil subgrade, was 

designed based on the NBCC 2015, and the CSA S304-14. The building layout and design was 

originally done by Albutainy (2016, 2018) and has been used in this chapter and subsequent 

chapter as the case study. The floor plan is comprised of two 5.5 m end span and three 6 m interior 

bays in each horizontal direction, making a total plan dimension of 29 m. The typical storey height 

is 3.2 m for each storey, resulting in a 32 m overall height of the building. The 3D perspective, 

plan view, and the location of the shear walls, along the lateral loading direction of the building is 
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shown in Figure 5.3. The plan is comprised of 8 walls in the E-W and 8 walls in the N-S directions. 

The length of the walls is 6.5 meters and 3.5 meters, including the masonry boundary elements for 

the long and short walls, respectively. The summary of the RMSW building design and MBEsô 

details are shown in Figure 5.4. The ultimate compressive strength,  , of the confined area of 

the walls with masonry boundary elements was set to be 20 MPa, whereas the planar unconfined 

zones possess the ultimate compressive strength of 13.5 MPa. The yielding strength of steel 

reinforcement was also considered to be 400 MPa, which is an average value for the deformed 

bars as per as recommendation of CSA-G30.18-09. The building was initially designed having 

ductile rectangular shear walls without an end-confined zone as the main Seismic Force Resisting 

System (SFRS). Subsequently, the design was modified to incorporate MBEs at the extreme ends 

of the wall for the same lateral demand using the seismic design parameters proposed for 

rectangular walls by NBCC 2015 (i.e., the Rd and Ro remained identical as the rectangular walls to 

investigate the impact of the integration of MBEs). The design of the RMSW with MBEs and 

rectangular RMSWs conforms with clauses 16.9.3.2 and 16.9.3.3 of the CSA S304-14, 

respectively. The gravity system is made up of a 200 mm concrete slab supported by 500 mm 

square concrete columns. The summary of the main characteristics and the RM shear wallsô details 

are presented in Table 5.1. A mass-stiffness Rayleigh damping method with a value of 5% was 

considered to model the inherent damping of the structure. The first two principal modes of 

vibration of the structure were considered for calculating the Rayleigh damping alongside 

excluding the leaning columns and rigid links from possessing any damping. A common approach 

of modelling a large-scale building is to consider the components that contribute to the lateral 

resistance of the system and entail the gravity system using a leaning column analogy to include 

the impact of additional second-order effects (i.e., P-ȹ effect). In the following structural model, 

the lateral resistance of the building is solely provided by the RM shear walls and no lateral 

stiffness contribution is expected from the component other than structural elements. However, 

the whole building is fully modelled to include the destabilizing effect arising from the geometric 

nonlinearity and nonlinear P-ȹ effect. A corotational geometric transformation built-in syntax in 

OpenSees found to be proper to transform the basic system to the global coordinate of the structure. 

A Rigid Diaphragm constraint was considered in each storey to restrain the rotational and 

translational DOFs of every single wall to the center of the mass of the building.  

'

mf
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Figure 5.3. The 3D and the plan view of the studied structure 

 

Figure 5.4. Dimensions and reinforcement details of: (a) RM shear walls with masonry boundary 

elements; (b) Gravity reinforced concrete column 

5.5 Seismic Analysis and Performance Assessment 

Incremental Dynamic Analysis (IDA) was conducted to identify the initiation of the collapse 

to assess the seismic performance of the buildings (Vamvatsikos, 2002). The numerical model was 

analyzed against two sets of far-field and near-field ground motion database to better assess the 

impact of the frequency content of available accelerograms (Atkinson 2009). The method of 

selection and scaling of the ground motion are elaborated in the subsequent section. The outcome 

of this part is used to assess the structural and non-structural losses of the RMSW building due to 
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a seismic event. The structural damages are more related to the displacement or inter-storey drift 

demand of structure, while the non-structural damages are comprised of the damages that occurred 

in the drift-sensitive and acceleration-sensitive components. 

5.5.1 Ground Motion Selection and Scaling 

The selection of the ground motion records is the initial and fundamental step towards 

performing Nonlinear Time History Analysis (NLTHA) due to the disruption of results that record-

to-record variability and the frequency content of each record could cause. A simple, yet accurate, 

approach to overcome the uncertainties arising from record selection is to choose as many records 

as that are available for the specific seismic hazard zone. Nonetheless, there are not many strong 

motion data sets available in eastern Canada. On the other hand, ASCE/SEI 7 (ASCE 2016) 

requires a ground motion suite of at least 11 ground motions per each target design spectrum that 

have a close tectonic regime, consistent magnitude, and similar spectral profile to the design 

spectrum of the location of interest. Hence, two sets of 44 far-field and near-field spectrum-

compatible ground motions (i.e., 88 ground motions in total) were selected from the simulated 

accelerograms originally developed by Atkinson (2009). It is worth noting that artificial records 

often do not take the effect of recordsô directivity into account (Michaud and Léger 2014), which 

may have some effect on the wave propagation, and hence, wave energy cannot be precisely 

considered. In other words, not only the distance to the fault is critical but also the direction of the 

propagation influences the amplitude of the artificial records. Therefore, it is recommended to use 

more records to reduce these unwanted record uncertainties. The differentiation of the records was 

defined based on ground motions magnitudes, M, between 6.75 and 7.25 with Rfault of 10 to 90 km 

for the far filed records and M, between 5.5 and 6.5 with the distance to fault, Rfault of 0 to 15 km 

for near field records, respectively. The details and characteristics of the selected ground motion 

records along with their Peak Ground Acceleration (PGA) and maximum velocity to acceleration 

ratio (v/a) are summarized in Table 5.3 and Table 5.4 and Figure 5.5 depicted their time history. 
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Figure 5.5. Time history of the far- and near-field records 
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Table 5.3. Characteristics of the unscaled simulated ground motions dataset 
Far-field ground motions 

Event M 
Rfault 

(km) 

PGA 

(g) 
v/a Event M 

Rfault 

(km) 

PGA 

(g) 
v/a 

east6c2.1 6 20.8 0.277 0.0458 east7c2.1 7 41.6 0.229 0.0647 

east6c2.2 6 20.8 0.268 0.0266 east7c2.2 7 41.6 0.203 0.0567 

east6c2.3 6 20.8 0.295 0.0397 east7c2.3 7 41.6 0.229 0.0602 

east6c2.4 6 21.5 0.311 0.0298 east7c2.4 7 50.3 0.151 0.0504 

east6c2.5 6 21.5 0.279 0.0295 east7c2.5 7 50.3 0.148 0.0759 

east6c2.6 6 21.5 0.192 0.0555 east7c2.6 7 50.3 0.122 0.0789 

east6c2.7 6 16.9 0.267 0.0387 east7c2.7 7 45.2 0.204 0.0522 

east6c2.8 6 16.9 0.315 0.0404 east7c2.8 7 45.2 0.184 0.0539 

east6c2.9 6 16.9 0.287 0.0480 east7c2.9 7 45.2 0.180 0.0730 

east6c2.10 6 21.1 0.232 0.0430 east7c2.10 7 50.3 0.125 0.0949 

east6c2.11 6 21.1 0.296 0.0361 east7c2.11 7 50.3 0.127 0.0610 

east6c2.12 6 21.1 0.218 0.0336 east7c2.12 7 50.3 0.122 0.0643 

east6c2.13 6 21.6 0.267 0.0412 east7c2.13 7 50.3 0.153 0.0515 

east6c2.14 6 21.6 0.272 0.0292 east7c2.14 7 50.3 0.163 0.0859 

east6c2.15 6 21.6 0.239 0.0570 east7c2.15 7 50.3 0.126 0.0940 

east6c2.16 6 21.1 0.196 0.0400 east7c2.16 7 62.6 0.089 0.0810 

east6c2.17 6 21.1 0.321 0.0272 east7c2.17 7 62.6 0.104 0.0675 

east6c2.18 6 21.1 0.209 0.0292 east7c2.18 7 62.6 0.094 0.0635 

east6c2.19 6 26.3 0.170 0.0387 east7c2.19 7 51.9 0.137 0.0566 

east6c2.20 6 26.3 0.192 0.0308 east7c2.20 7 51.9 0.117 0.0705 

east6c2.21 6 26.3 0.147 0.0333 east7c2.21 7 51.9 0.101 0.0776 

east6c2.22 6 26.1 0.184 0.0320 east7c2.22 7 69.9 0.090 0.1087 
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Table 5.4. Characteristics of the unscaled simulated ground motions dataset 
Near-field ground motions 

Event M 
Rfault 

(km) 

PGA 

(g) 
v/a Event M 

Rfault 

(km) 

PGA 

(g) 
v/a 

east6c1.1 6 12.8 0.756 0.0467 east7c1.1 7 13.8 0.727 0.0525 

east6c1.2 6 12.8 0.768 0.0406 east7c1.2 7 13.8 0.598 0.0856 

east6c1.3 6 12.8 0.717 0.0253 east7c1.3 7 13.8 0.770 0.0437 

east6c1.4 6 12.5 0.646 0.0455 east7c1.4 7 15.3 0.806 0.0570 

east6c1.5 6 12.5 0.597 0.0398 east7c1.5 7 15.3 1.162 0.0562 

east6c1.6 6 12.5 0.661 0.0337 east7c1.6 7 15.3 0.871 0.0384 

east6c1.7 6 12.8 0.523 0.0573 east7c1.7 7 14.2 0.922 0.0738 

east6c1.8 6 12.8 0.565 0.0355 east7c1.8 7 14.2 0.764 0.0534 

east6c1.9 6 12.8 0.411 0.0359 east7c1.9 7 14.2 1.085 0.0642 

east6c1.10 6 12.8 0.431 0.0363 east7c1.10 7 14.9 0.971 0.0551 

east6c1.11 6 12.8 0.405 0.0447 east7c1.11 7 14.9 0.971 0.0385 

east6c1.12 6 12.8 0.533 0.0314 east7c1.12 7 14.9 0.844 0.0828 

east6c1.13 6 10.7 0.558 0.0346 east7c1.13 7 14.8 1.018 0.0533 

east6c1.14 6 10.7 0.614 0.0303 east7c1.14 7 14.8 0.934 0.0548 

east6c1.15 6 10.7 0.920 0.0281 east7c1.15 7 14.8 0.967 0.0583 

east6c1.16 6 13.6 0.644 0.0470 east7c1.16 7 20.6 0.584 0.0635 

east6c1.17 6 13.6 0.481 0.0333 east7c1.17 7 20.6 0.586 0.0391 

east6c1.18 6 13.6 0.657 0.0460 east7c1.18 7 20.6 0.485 0.0685 

east6c1.19 6 14.4 0.532 0.0382 east7c1.19 7 20.1 0.653 0.0634 

east6c1.20 6 14.4 0.461 0.0642 east7c1.20 7 20.1 0.476 0.0480 

east6c1.21 6 14.4 0.524 0.0361 east7c1.21 7 20.1 0.590 0.0616 

east6c1.22 6 14.4 0.603 0.0314 east7c1.22 7 14.3 0.903 0.0551 
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NBCC 2015 does not clearly state the provisions related to the scaling of the ground motions. 

However, it is indicated that the records need to be scaled such that the response spectrum of the 

records matches the Uniform Hazard Spectrum (UHS) at the fundamental period of the structure. 

The excitation level considered for the scaling was the design level UHS of Montreal with the 

probability of exceedance of 2% per 50 years corresponding to the Maximum Credible Earthquake 

(MCE) level. Furthermore, ASCE/SEI 7 (ASCE 2016) recommends that ground motions can be 

scaled either by their amplitude or can be spectrally matched to the MCE level UHS with a period 

range limitation. ASCE/SEI 7 (ASCE 2016) states that the median response spectrum of the 

records should match the respective response spectra having an upper bound range of period equal 

or greater than two times the largest fundamental period in each horizontal direction of the 

building, T1, not less than 1.5 times of the T1; and lower bound range of period that includes at 

least 90% of mass participation in each principal horizontal direction of motion. As per as spectral 

matching method, each pair of ground motions need to be scaled in a way that the average of the 

maximum-direction spectra for the ground motion suite equals or exceeds 110% of the target 

spectrum over the above-mentioned period range. Respecting the ASCE/SEI 7-16 (ASCE 2016) 

standard method, all ground motion records were scaled to be equal or exceed the target design 

spectrum over the period interval of 0.2T1 to 2.0T1, where T1 is the first-mode period of vibration 

calculated based on the modal analysis performed in OpenSees model. Figure 5.6 shows the 

response spectrum of the original far-and-near-field records before and after scaling together with 

the median of the original and scaled records and target design spectrum of Montreal proposed by 

NBCC 2015. 
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Figure 5.6. Response spectra of 44 far-field and near-field records for Montreal 

5.5.2 Analytical Failure Benchmarks 

Since some of the failure modes cannot be directly modelled in numerical approaches, they 

can be captured through the post-processing of the developed results. Generally, these failure 

modes are divided into material-based and performance-based failure criteria and are summarized 

as follows: 

¶ Steel Reinforcement Buckling/Fracture: The MinMax material was incorporated in 

order to refrain the strain capacity of the steel reinforcement; however, failure of a single 

row of reinforcement found to be inadequate in the indication of collapse. Therefore, 

the fracture and/or buckling of steel rebars were monitored approximately from 25% 

offset of each side of the walls to indicate the collapse initiation. These criteria are 

common in literature and are recommended by various studies (e.g., NIST 2010, Gogus 




















































































































