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ABSTRACT 

Low-aspect-ratio reinforced concrete (RC) shear walls, characterized by height-to-

length ratios of less than two, have been widely used as a seismic force-resisting 

system (SFRS) in a wide array of structures, ranging from conventional buildings 

to critical infrastructure systems such as nuclear facilities. Despite their extensive 

applications, recent research has brought to light the inadequate understanding of 

their seismic performance, primarily attributed to the intricate nonlinear flexure-

shear interaction behaviour unique to these walls. In this respect, the current 

research dissertation aims to bridge this knowledge gap by conducting a 

comprehensive evaluation to quantify the seismic performance of low-aspect-ratio 

RC shear walls when used in different applications. 

Chapter 2 focuses on low-aspect-ratio RC shear walls that are employed in 

residential and industrial structures. Considering their significance, the seismic 

response modification factors of such walls, as defined in various standards, are 

thoroughly examined and evaluated utilizing the FEMA P695 methodology. The 

analysis revealed potential deficiencies in the current code-based recommendations 

for response modification factors. Consequently, a novel set of response 

modification factors, capable of mitigating the seismic risk of collapse under the 

maximum considered earthquake, is proposed. Such proposed values can be 

integrated into the forthcoming revisions of relevant building codes and design 

standards.  

While the FEMA P695 methodology offers a comprehensive approach to 

assessing building seismic performance factors, its practical implementation is 

associated with many challenges for practicing engineers. Specifically, the 

methodology heavily relies on resource-intensive and time-consuming incremental 

dynamic analyses, making it less feasible for routine engineering practices. To 

enhance its practicality, a data-driven framework is developed in Chapter 3, 

circumventing the need for such demanding analyses. This framework provides 
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genetic programming-based expressions capable of producing accurate predictions 

of the median collapse intensitiesða key metric in the acceptance criteria of the 

FEMA P695 methodology, for different structural systems. To demonstrate its use, 

the developed framework is operationalized to low-aspect-ratio RC shear walls and 

the predictive expression is evaluated considering several statistical and structural 

parameters, which showed its adequacy in predicting the median collapse 

intensities of such walls. Furthermore, the adaptability of this framework is 

showcased, highlighting its applicability across various SFRSs. 

Chapters 4 and 5 tackle the scarcity of experimental assessments pertaining 

to the seismic performance of low-aspect-ratio RC walls in nuclear facilities. The 

seismic hybrid simulation testing technique is employed herein to merge the 

simplicity of numerical simulations with the efficiency of experimental tests. 

Hybrid simulation can overcome obstacles related to physical specimen sizes, 

limited actuator capacities, and space constraints in most laboratories. In these two 

chapters, the experimental program delves into evaluating the seismic performance 

of three two-storey low-aspect-ratio nuclear RC walls under different earthquake 

levels, including operational, design, and beyond-design-level scenarios. Diverse 

design configurations, including the use of increased thickness boundary elements 

and different materials (i.e., normal- and high-strength reinforcement), are 

considered in such walls to provide a comprehensive understanding of several 

structural parameters and economic metrics. Key structural parameters, such as the 

force-displacement responses, multi-storey effects, lateral and rotational 

stiffnesses, ductility capacities, displacement components, rebar strains, crack 

patterns and damage sequences, are all investigated to provide direct comparisons 

between the walls in terms of their seismic performances. Additionally, economic 

metrics, including the total rebar weights, overall construction costs and the 

expected seismic repair costs, are considered in order to evaluate the seismic 

performance of the walls considering an economic perspective. The findings of this 

experimental investigation are expected to inform future nuclear design standards 
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by enhancing the resilience and safety of their structures incorporating low-aspect-

ratio RC shear walls. 
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Chapter 1  

INTRODUCTION  

 BACKGROUND  

Low-aspect-ratio reinforced concrete (RC) shear walls, defined herein as walls with 

height-to-length ratios of less than two, are widely used in several structural 

engineering applications. These RC shear walls are mainly used as the main seismic 

force-resisting system (SFRS) across a broad spectrum of applications, including 

residential buildings, parking structures, industrial facilities and nuclear 

containment or safety-related structures (Akl and Ezzeldin 2023a; Massone et al. 

2009; Terzioglu et al. 2018; Whyte and Stojadinovic 2014). Such walls provide 

significant stiffness and lateral strength to resist seismic events by limiting lateral 

drifts and deformations during service-level earthquakes (Fintel 1995). They can 

also achieve sufficient ductile (non-linear) deformation capacities through yielding 

in case of severe level earthquakes (Gulec and Whittaker 2009; Rama Rao et al. 

2016; Massone et al. 2017). 

Recent research studies (Gogus and Wallace 2015; NIST 2010) have 

demonstrated the inadequate quantification of the seismic performance of low-

aspect-ratio RC shear walls. This inadequacy stems primarily from the complex 

nonlinear flexure-shear interaction behaviour exhibited by such walls, coupled with 

a broad range of their potential geometrical configurations and design parameters, 

leading to significant discrepancies in their seismic response (Akl and Ezzeldin 
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2023a; Gogus and Wallace 2015). Despite this distinctive behaviour, most building 

codes and design standards do not assign unique seismic performance factors for 

low-aspect-ratio RC shear walls. For instance, ASCE 7 (ASCE 2016) designates a 

response modification factor, R, of 6.0 for special RC shear walls, irrespective of 

their aspect ratios, while the NZS-1170 (Standards New Zealand 2004) allocates a 

seismic response factor of 5.0 for the same walls. A recent report from the National 

Institute of Standards and Technology (NIST 2010) indicates that low-aspect-ratio 

RC shear walls designed with these R values may experience collapse during the 

maximum considered earthquake (MCE). 

In this regard, the methodology presented in FEMA P695 (FEMA 2009), 

"Qualification of Building Seismic Performance Factors", offers an approach for 

evaluating a systemôs performance by determining its seismic performance factors 

such as the response modification factor, R, the system overstrength factor, Ý0, and 

the deflection amplification factor, Cd. This methodology takes into account 

uncertainties in ground motions, modelling, design, and test data to perform a 

probabilistic seismic collapse risk assessment. The acceptance criteria are 

established by quantifying the collapse margin ratio, defined as the ratio between 

the median collapse spectral intensity and the spectral intensity of the MCE.  

The FEMA P695 methodology, however, depends mainly on incremental 

dynamic analyses (IDA) that require extensive computational resourcesðnot 

typically available for practicing engineers (Dadkhah et al. 2022; Soleimani et al. 

2022). For example, the methodology involves the application of 44 ground motion 
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records, where several scale factors are utilized for each record to obtain the median 

collapse intensity and ultimately the corresponding adjusted collapse margin ratio 

(FEMA 2009). This ratio is subsequently used as an acceptance criterion according 

to the methodology. Nonetheless, it is worth mentioning that even when simplified 

modelling approaches are used, such analyses typically require a high level of 

computational effort, and therefore, there is a need for a more practical approach to 

implement the FEMA P695 methodology. 

 Low-aspect-ratio RC shear walls have a significant presence in critical 

infrastructure systems such as containment and safety-related nuclear facilities 

(Barbachyn et al. 2017; Luna and Whittaker 2019). Typically, such walls have large 

thicknesses and as few openings as possible to protect nuclear facilitates against 

radiation leaks and fire/blast events. These geometrical characteristics increase 

substantially the stiffness of such walls which in turn causes such facilitates to have 

very short fundamental periods, thus remarkably increasing their seismic shear 

demands (Whyte 2012b).  

An earthquake-related nuclear disaster can cause massive devastation to a 

country. For instance, the 2011 TǾhoku Earthquake and Tsunami event in Japan 

has proved to be one of the costliest natural disasters of all time, even without 

accounting for indirect losses, primarily due to the failure of the Fukushima Daiichi 

nuclear station. As such, nuclear facilities are typically mandated to be designed to 

remain elastic for design-level earthquakes. However, the available historical 

records of Canadian earthquakes only date back to 250 years, which means a higher 
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level of variability is typically associated when dealing with earthquakes. For that 

reason, the behaviour of RC systems used in nuclear facilities should be studied 

intensely to avoid any major catastrophes that might arise in the future. To date, 

only a limited number of research studies have experimentally assessed the seismic 

performance of low-aspect-ratio RC walls in nuclear facilities under a wide range 

of ground motion levels.  Specifically, there has been a lack of experimental seismic 

performance assessment of such walls when different geometrical configurations 

(e.g., boundary elements) and material properties (e.g., high-strength 

reinforcement) are used. The scarcity of studies is primarily due to the considerable 

challenges faced by most laboratories when conducting tests on these walls, 

particularly in a multi-storey configuration. Challenges include specimen sizes, 

actuator capacities, space limitations, and the difficulty in simulating the substantial 

masses of nuclear facilities (Whyte and Stojadinovic 2014). One way to overcome 

such challenges is by using the hybrid simulation testing technique that combines 

numerical analyses and experimental investigations to conduct realistic system-

level seismic testing.   

 MOTIVATION  

The main motivation behind the current research dissertation is to quantify the 

seismic performance of low-aspect-ratio RC shear walls when utilized in different 

applications. First, low-aspect-ratio RC shear walls used in conventional buildings 

and industrial structures are considered. The current code-based response 
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modification factors, R, of such walls are evaluated using the FEMA P695 

methodology (FEMA 2009). Then, a new set of R factors is proposed for low-

aspect-ratio RC shear walls, aiming to mitigate their seismic collapse risks under 

the MCE. Such new seismic response modification factors are capable of satisfying 

the performance acceptance criteria of the FEMA P695 methodology and are 

subsequently recommended for future editions of pertinent building codes (e.g., 

ASCE-7) and design standards (e.g., ACI 318). 

 A data-driven framework is then developed to minimize the computational 

resources needed to apply the FEMA P695 methodology (FEMA 2009). This 

framework is expected to immensely enhance the applicability and exposure of the 

methodology by practicing engineers. Through this framework, the need for 

incremental dynamic analysis is eliminated, where data-driven predictive equations 

are used to determine the collapse margin ratio of a SFRS under the MCE. To 

demonstrate its practical use, the framework is applied to low-aspect-ratio RC shear 

walls, where genetic programming is utilized to determine the median collapse 

intensity of such walls (Akl and Ezzeldin 2023b).  

 Subsequently, the focus of the current work is shifted towards nuclear 

facilities that use low-aspect-RC shear walls as their main SFRSs. In this regard, an 

experimental program is developed to quantify the seismic performance of three 

two-storey low-aspect-ratio nuclear RC walls when different design parameters, 

including boundary elements and high-strength reinforcement, are used. These RC 

shear walls are tested herein using the hybrid simulation testing technique under 
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different ground motion levels, ranging from operational to design and beyond-

design earthquake levels.  

 RESEARCH OBJECTIVE S 

The main goal of this dissertation is to evaluate and enhance the seismic 

performance of low-aspect-ratio RC shear walls using numerical models, data-

driven approaches and experimental testing techniques. To achieve this goal, the 

following objectives were defined:  

1) Proposing a distinctive set of response modification factors for low-aspect-ratio 

RC shear walls that can mitigate the seismic collapse risk under the MCE according 

to the FEMA P695 methodology. 

2) Developing and operationalizing a data-driven framework that can provide 

accurate predictions for the median collapse intensities of SFRS, including low-

aspect-ratio RC walls.  

3) Quantifying the seismic performance of low-aspect-ratio RC shear walls in 

multi-storey nuclear facilities when boundary elements are utilized.  

4) Assessing the structural and economic benefits of using high-strength 

reinforcement when designing low-aspect-ratio RC shear walls in nuclear 

construction practice. 

  



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

7 

 

 THESIS ORGANIZATION  

This dissertation comprises six chapters: 

¶ Chapter 1 presents the motivation and objectives of the dissertation as well 

as background information pertaining to the research program. 

¶ Chapter 2 contains the seismic collapse risk assessment of 36 low-aspect-

ratio RC shear walls, following the FEMA P695 (FEMA 2009) 

methodology. These walls are designed using different seismic response 

modification factors (i.e., from 2 to 6). Subsequently, nonlinear static and 

dynamic analyses are performed to determine the collapse seismic risk of 

such walls under the MCE. 

¶ Chapter 3 contains a description of the proposed data-driven framework 

that aims at facilitating the use of the FEMA P695 methodology in practice. 

The main stages of the framework are discussed and a practical example of 

its application to 91 low-aspect-ratio RC shear walls is presented. A genetic 

programming-based equation is developed and validated to determine the 

expected median collapse intensity of such walls.  

¶ Chapter 4 presents the first phase of the experimental program that 

quantifies the seismic performance of two two-storey low-aspect-ratio 

nuclear RC shear walls with and without boundary elements. The study uses 

the hybrid simulation testing technique, where the first stories of the test 

walls are represented by physical specimens, while their second stories are 
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simulated using numerical models. The main differences between the test 

walls are presented in terms of their force-displacement responses, lateral 

and rotational stiffnesses, ductility capacities, rebar strains, crack patterns 

and damage sequences. 

¶ Chapter 5 describes the second phase of the experimental program which 

evaluates the seismic performance of two two-storey low-aspect-ratio 

nuclear RC shear walls with normal- versus high-strength reinforcement. 

The study provides insights into the design criteria of the test walls and their 

construction details, instrumentation layouts and test setup components. 

The test results are discussed for the different applied earthquake levels, 

where the main seismic response differences between the test walls are 

highlighted. In addition, an economic assessment is presented to quantify 

key metrics when using normal- and high-strength rebars in low-aspect-

ratio RC shear walls, including their total rebar weights, overall 

construction costs and expected seismic repair costs. 

¶ Chapter 6 presents the dissertation summary, major conclusions and 

recommendations for future research. 

It should be noted that although each chapter presents a standalone journal 

manuscript, Chapters 2, 3, 4 and 5 collectively describe a cohesive research 

program as outlined in this introduction chapter of the dissertation. Nonetheless, 

for the completeness of the individual standalone manuscripts, some overlap is 

unavoidable within such chapters. 
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Chapter 2  

SEISMIC COLLAPSE RISK ASSESSMENT OF LOW-ASPECT-

RATIO REINFORCED CONCRETE SHEAR WALLS USING THE 

FEMA  P695 METHODOLOGY  

 ABSTRACT 

Several recent research studies have demonstrated that the seismic performance of 

low-aspect-ratio reinforced concrete (RC) shear walls (i.e., defined herein as walls 

with height-to-length ratios less than two) has not been yet adequately quantified 

to allow for robust risk assessment. This is mainly attributed to the complex 

nonlinear flexure/shear interaction behavior of such walls along with their wide 

spectrum of possible design parameters, leading to major discrepancies in their 

seismic performance. Despite this unique behavior, most building codes and design 

standards do not assign distinctive seismic performance factors for such walls. For 

example, the ASCE 7 currently assigns a response modification factor, R, of 6.0 for 

special RC shear walls, regardless of their aspect ratios. Recently, the National 

Institute of Standards and Technology (NIST) reported that low-aspect-ratio RC 

shear walls, designed with this R value, might collapse under the maximum 

considered earthquake (MCE). To address this, the main objective of the current 

study is to propose seismic performance factors for low-aspect-ratio RC shear walls 

when different wall geometrical configurations and design parameters (e.g., aspect 
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ratios, axial load levels, and seismic design categories) are adopted. These factors 

are evaluated against the acceptance criteria of the FEMA P695 methodology for 

Quantification of Building Seismic Performance Factors. In this respect, an 

OpenSees numerical model is developed and experimentally validated to simulate 

the seismic response of 36 low-aspect-ratio RC shear wall archetypes. The model 

is utilized to perform nonlinear static and dynamic analyses, and collapse fragility 

curves are then generated to assess the collapse risk of such wall archetypes 

following the FEMA P695 methodology. According to the methodology, the 

proposed seismic performance factors are assessed by quantifying the ratio between 

the median collapse intensity and the intensity of the MCE. The results show that 

R factors of 2.0 and 3.0 for special low-aspect-ratio RC walls with low and high 

axial load levels, respectively, can limit the probability of collapse under the MCE 

and are subsequently able to meet the FEMA P695 acceptance criteria.   

 INTRODUCTION  

Low-aspect-ratio reinforced concrete (RC) shear walls have been commonly used 

as the main seismic force-resisting system (SFRS) in different low-rise structural 

applications, including conventional buildings, parking structures, and industrial 

facilities (Massone et al. 2009; Terzioglu et al. 2018). This is because low-aspect-

ratio RC walls are capable of providing adequate lateral stiffness, resistance and 

energy dissipation in the events of service-level earthquakes (Fintel 1995). In 

addition, such walls can provide sufficient lateral ductility capacity through 
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yielding in case of severe-level earthquakes (Paulay and Priestley 1992), thus 

preventing non-ductile structural elements from collapse and limiting the overall 

building damage (Gulec and Whittaker 2009; Rama Rao et al. 2016; Massone et al. 

2017). Additionally, low-aspect-ratio RC shear walls are generally characterized 

by having height-to-length ratios less than two (Salonikios 2007; Gulec and 

Whittaker 2011; Luna and Whittaker 2019), resulting in structures with fairly low 

structural fundamental periods, and thus, high seismic demands. Such RC walls 

also have a complex nonlinear behavior resulting from the axial/flexure-shear 

interactions (Kolozvari et al. 2015b).  

Despite such distinctive behavior, most building codes and design standards 

do not assign unique seismic performance factors for low-aspect-ratio RC shear 

walls. For instance, both the ASCE 7-16 (ASCE 2016) and the NZS-1170 

(Standards New Zealand 2004) designate seismic response modification factors of 

6.0 and 5.0, respectively, for ductile RC shear walls, regardless of their aspect 

ratios. The National Institute of Standards and Technology (NIST 2010) reported 

that these response factors currently assigned to low-aspect-ratio RC shear walls 

are inadequate in mitigating the seismic collapse risk under the maximum 

considered earthquake (MCE). Conversely, the NBCC (NBCC 2015) designates a 

ductility force modification factor of 2.0 for low-aspect-ratio RC walls; however, 

this value has not been yet evaluated when different wall geometrical 

configurations (e.g., aspect ratios) and design parameters (e.g., axial load and shear 

stress levels) are considered.   
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The FEMA P695 (FEMA 2009), Qualification of Building Seismic 

Performance Factors, provides a methodology to assess the system performance 

and the corresponding seismic performance factors, including the response 

modification factor, R, the system overstrength factor, Ý0, and the deflection 

amplification factor, Cd. The methodology considers the uncertainties in ground 

motions, modeling, design, and test data to conduct a probabilistic seismic collapse 

risk assessment. The acceptance criteria are based on quantifying the collapse 

margin ratio, defined as the ratio between the median collapse spectral intensity and 

the spectral intensity of the MCE. 

Several research studies adopted the FEMA P695 (FEMA 2009) 

methodology to evaluate the seismic performance factors of different RC systems. 

For example, Lee and Kim (2015) evaluated 24 RC staggered wall archetypes to 

propose new response modification factors that are capable of mitigating the risk 

of collapse under seismic loading. Gogus and Wallace (2015) also evaluated the 

performance of 20 ordinary and 20 special RC shear walls that were all designed 

using the current ASCE 7 response modification factors. In addition, the current 

U.S. seismic provisions for concrete buildings with rigid walls and flexible roof 

diaphragms were evaluated by Koliou et al. (2016) using 50 wall archetypes. 

Moreover, Lu and Wu (2017) compared the performance of self-centering hybrid 

precast walls to that of conventional RC walls using the FEMA P695 (FEMA 2009) 

methodology. Recently, the performance of ordinary and special RC shear walls, 

constructed in regions with high seismic hazard uncertainties, was assessed by Aly 
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et al. (2020). To the best of the authorsô knowledge, no published studies to date 

focused on the assessment of low-aspect-ratio RC shear walls using the FEMA 

P695 (FEMA 2009) methodology, with exception of the work of Gogus and 

Wallace (2015); however, in this work, 1) a limited number of low-aspect-ratio 

walls was included (i.e., only four walls with low axial load levels); and 2) no 

response modification factors were provided as such low-aspect-ratio walls did not 

satisfy the FEMA P695 acceptance criteria when they were originally designed 

using the current ASCE 7-16 (ASCE 2016) factors.  

The main objective of the current study is to propose seismic response 

modification factors for low-aspect-ratio RC shear walls that are capable of 

mitigating the seismic collapse risk under the MCE, following the FEMA P695 

methodology (FEMA 2009). In this regard, a numerical OpenSees model is 

developed to simulate the seismic response of such walls and subsequently 

validated against previous experimental test results. Following the model 

validation, a total of 36 wall archetypes, with different aspect ratios, axial load 

levels and seismic design categories (SDC), are designed, simulated and analyzed 

using a wide range of seismic response modification factors (i.e., R = 2.0 to 6.0). 

The FEMA P695 (FEMA 2009) methodology is then used to assess the 

performance of such wall archetypes through nonlinear static pushover analyses 

and incremental dynamic analyses. The influence of different geometrical 

configurations and design parameters on the wall seismic performance is 

subsequently presented through collapse fragility curves. Finally, new seismic 
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response modification factors are proposed for low-aspect-ratio RC shear walls to 

be directly implemented in future editions of relevant building codes (e.g., ASCE 

7) and design standards (e.g., ACI 318). 

 NUMERICAL MODEL  

The FEMA P695 (FEMA 2009) methodology depends mainly on performing 

nonlinear response analyses on the underlying SFRS. Therefore, a numerical model 

capable of capturing the behavior of low-aspect-ratio RC shear walls is key to 

ensuring the reliability of the analysis results. In general, two main modeling 

approaches have been used in previous studies (e.g., Orakcal et al. 2004; Shayanfar 

and Javidan 2017) to simulate the nonlinear response of RC shear walls: (1) macro-

modeling, where the wall is modeled with a single equivalent frame element at its 

center, and (2) micro-modeling, where the wall is modeled using a detailed mesh 

of sub-elements (e.g., shell elements). Although the micro-modeling approach has 

been shown to produce refined nonlinear responses for RC walls, it needs extensive 

computational resources due to the required detailed representation of each 

component (Mulas et al. 2007; Lu et al. 2015). Conversely, the macro-modeling 

approach does not need this detailed representation to produce accurate results 

(Orakcal et al. 2004; Orakcal and Wallace 2006; Mulas et al. 2007; Kolozvari et al. 

2018a). Therefore, to achieve the balance between the desired accuracy and 

computational demands using a simplified model, the current study utilizes the 
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macro-modeling approach through OpenSees to simulate the seismic response of 

low-aspect-ratio RC shear walls.  

Since the walls considered herein have low aspect ratios, their shear and 

shear-flexure interaction responses should be simulated (Kolozvari et al. 2015a). 

As such, a numerical model was developed and experimentally validated using the 

Shear-Flexure Interaction Multiple-Vertical-Line-Element Model (SFI-MVLEM) 

available in OpenSees (McKenna et al. 2000; Kolozvari 2013). This element can 

capture the combined shear-flexure interaction effects (Kolozvari et al. 2018b) with 

sufficient accuracy (Kolozvari et al. 2015a; 2015c, 2018b; Pozo et al. 2020). The 

element uses a single beam-column element to define the wall body, offering a 

computationally efficient and reliable approach when a nonlinear analysis is 

conducted (Kolozvari et al. 2018a). The element also contains multiple vertical 

concrete panels to directly incorporate the coupled shear-flexure interaction at the 

panel level. Unlike conventional beam-column elements that assume the rotational 

center at the centroid of the wall base and subsequently ignore the fluctuation of 

the neutral axis (Colotti 1993), this element assigns a unique axial load to each 

vertical panel, and therefore the rotational center can move from the centroid of the 

wall base, thus simulating the neutral axis shifts throughout the analysis (Orakcal 

et al. 2006). In addition, the SFI-MVLEM element incorporates a modified 

approach of the fixed strut angle method (Orakcal et al. 2012). Specifically, the 

modified approach imposes a fixed angle for the developed cracks while a 
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combined reinforcement dowel action and aggregate shear interlock are 

incorporated to calculate stresses along such cracks (Orakcal et al. 2019). 

2.3.1.  GEOMETRICAL MODEL  

The SFI-MVLEM consists of (m) panels that are linked to upper and lower rigid 

elements in order to ensure the transmission of forces through the different panels, 

as shown in Figure 2.1. As can be seen in the figure, a number of (n) SFI-MVLEM 

elements are also assembled vertically to represent the wall height. The SFI-

MVLEM concentrates the relative rotation between the bounding rigid elements at 

a point that is located at a height equal to (c x hpanel), where (c) is the height 

coefficient and (hpanel) is the panel height of each SFI-MVLEM element. The value 

of (c) has been researched and verified to have a recommended value of 0.40 

(Vulcano and Colotti 1988; Orakcal and Wallace 2006). In the current study, 

through the model validation procedure, it was found that a number of (m) panels 

within the range of 5-10 per each SFI-MVLEM element can produce accurate 

results while also optimizing the analysis time. In addition, the discretization in the 

vertical direction was observed to be accurate when the height of each SFI-

MVLEM element (hpanel) is assumed close to the plastic hinge length due to strain 

localization, where plastic deformations concentrate only at the first element 

located above the wall base (Calabrese et al. 2010). To demonstrate this, Figure 2.2 

shows the influence of parameters (m) and (n) on the developed model results when 

compared to the experimental results of wall SW1 tested by Luna et al. (2018). As 
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shown in the figure, as the values of parameters (m) and (n) vary from the 

aforementioned criteria, the model results deviate further from the experimental 

results. For example, Figure 2.2a shows that a small number of (m) panels of 2 

underestimates the experimental results; however, the model results are enhanced 

when this parameter increases from 5 to 20 with slight differences between these 

lower and upper bounds. As can be seen also in Figure 2.2b, when the number of 

(n) elements is selected based on the plastic hinge length, LP, using the formula 

proposed by Kazaz (2013) and presented in Eq. (2-1), the experimental results are 

well estimated. Specifically, this formula yields a plastic hinge length, LP, of 645 

mm for wall SW1 that results in (n) elements of approximately 5. Figure 2.2b shows 

that the model captures well the experimental load-displacement response when n 

=5; however, as (n) deviates from this value (i.e., n = 3, 7, and 20), the experimental 

results are significantly either underestimated or overestimated.  

    (2-1) 

where Lw is the wall length and M/V is the moment-to-shear ratio. 

A rotational spring was defined at the base of the walls to simulate the effect 

of slipping rebars (Massone et al. 2009), as shown in Figure 2.1. This spring has a 

rotational stiffness value equal to My/ɗy, where My is the sectional yielding moment 

and ɗy is the corresponding yield rotation. Full details about the properties of the 

SFI-MVLEM including its sensitivity to the different parameters are also available 

in Kolozvari (2013) 
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2.3.2.  MATERIAL MODEL  

The ConcreteCM model available in OpenSees (Kolozvari et al. 2015a), which is 

based on the model by Chang and Mander (1994), was used to simulate the concrete 

nonlinear behavior. This material model depends on various parameters including 

concrete compressive strength, strain at compressive strength, initial tangent 

modulus of elasticity, tensile strength, and strain at tensile strength. The confined 

material properties of the walls were determined using their corresponding 

boundary element configurations according to Razvi and Saatcioglu (1999). The 

steel rebars were also represented by the SteelMPF model (Kolozvari et al. 2015a), 

which is based on the nonlinear hysteretic model by Menegotto and Pinto (1973) 

and was extended by Filippou et al. (1983) to include the isotropic strain hardening 

effect. This model depends on the steel yield strength, initial tangential modulus of 

elasticity, and strain hardening ratio. All the material properties of the validated 

walls were obtained from their corresponding research studies and subsequently 

used in their respective models.  

 Such concrete and steel models were selected in the current study due to 

their compatibility with the fixed-strut-angle-model (FSAM) that is used in the SFI-

MVLEM elements. In general, the FSAM depends on the concrete friction 

coefficient and the reinforcement dowel action coefficient. In this study, the 

concrete friction coefficient (ɖ) was set to 0.2 to produce accurate results as 

indicated by Orakcal et al. (2012), which lies within the recommended range of 0< 

ɖ <1.5 (Kolozvari et al. 2015a). The reinforcement dowel action stiffness 
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coefficient was also observed to result in accurate predictions when set to 0.012, 

which lies within the recommended range of 0<Ŭdow<0.05 (Kolozvari et al. 2015a) 

2.3.3. MODEL VALIDATION  

The model was validated against six low-aspect-ratio RC shear wall experimental 

tests from the literature (Salonikios et al. 1999; Kuang and Ho 2008; Tran and 

Wallace 2015; Luna et al. 2018). These walls were selected because they had 

different design parameters (e.g., horizontal and vertical web reinforcement ratios) 

and geometrical configurations (e.g., aspect ratios), as presented in Table 2.1. 

Specifically, walls SW1 and SW2 had aspect ratios of 0.94 and 0.54, respectively, 

while wall U1.5 had a relatively higher aspect ratio of 1.5, all had uniformly 

distributed web reinforcements and without any boundary elements. Wall C1.0 had 

an aspect ratio of 1.0 with a portion of the reinforcement concentrated at the wall 

ends (i.e., without boundary transverse reinforcement) and the remainder of the 

reinforcement was evenly distributed over the remaining wall length. Lastly, walls 

LSW1 and RW-A15-P10-S51 with aspect ratios of 1.0 and 1.5, respectively, had 

boundary elements at the wallsô ends and therefore were considered in the current 

study to verify the effectiveness of the model when boundary elements are used as 

a confinement strategy for low-aspect-ratio RC shear walls. 

As shown in Figure 2.3 and Table 2.2, the overall OpenSees model results 

show good agreement with the behavior of the experimental specimens. For 

example, relative to the experimental results, walls SW1 and SW2 have maximum 
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errors of 21.5% and 14.4%, respectively, in the lateral load at any level of drift 

ratios. The energy dissipation of the same walls is well simulated by the model, 

with maximum errors of 3.2% and 15.9%, respectively. Also, the maximum error 

in the lateral load in either push or pull direction is 11.2%, 16.9%, 18.7% and 19.2% 

for walls U1.5, C1.0, LSW1 and RW-A15-P10-S51, respectively. In addition, the 

maximum difference between model and experimental energy dissipation for all 

the drift levels is 12.9%, 25.6%, 1.0% and 26.3% for walls U1.5, C1.0, LSW1 and 

RW-A15-P10-S51, respectively. As can be seen in Figure 2.3, unlike walls RW-

A15-P10-S51, SW1 and U1.5, the post-peak behavior of wall LSW1 was not well 

estimated by the model, where the maximum errors in the lateral load predictions 

at the post-ultimate range (i.e., strength degradation) are 18.3% and 22.1% in the 

push and pull directions, respectively. These errors might be attributed to the 

limited ability of the SFI-MVLEM to capture specific wall failure modes such as 

buckling/rupturing, sliding, and lateral instability. According to the results 

presented herein along with prior verification of the model (Kolozvari et al. 2015c), 

the model was observed to show good agreement with the experimental test results. 

In this respect, it was concluded that the model is capable of simulating the 

nonlinear response of low-aspect-ratio RC shear walls and subsequently was 

utilized in the current study to assess their risk of collapse under the MCE. 
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 Structural Archetypes 

2.4.1. Building Configurations and Wall Layouts 

Based on the applications available in the literature for low-aspect-ratio RC shear 

walls (Gulec and Whittaker 2009; Adorno-Bonilla 2016), the considered wall 

archetypes can be categorized into three building configurations: (1) buildings with 

a single story, whose archetypes are named as W1; (2) buildings with two stories, 

whose archetypes are named as W2; and (3) buildings with a double-height single-

story, whose archetypes named as W3. These three building configurations were 

selected to cover a wide range of structural applications for low-aspect-ratio 

reinforced concrete shear walls (e.g., residential, industrial, parking, and other 

buildings) since such applications are usually low-rise buildings with different 

loading conditions that require different height clearance specifications. These 

configurations were also selected to produce three different wall archetypes that 

were consequently categorized into different performance groups, as required by 

the FEMA P695 (FEMA 2009). All buildings were regular buildings with a 

rectangular floor plan, representing the layouts of industrial and parking structures, 

as shown in Figure 2.4. As can be seen in the figure, the single-story (W1) and 

double-height (W3) buildings had story heights of 4.00 m and 6.00 m, respectively, 

while the first and second story heights of the two-story building (W2) were 4.00 

m and 3.60 m, respectively. Throughout the different building configurations, two 

cantilever squat RC walls with rectangular cross-sections were assumed to resist 
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the seismic forces in each direction and a building frame system was implemented. 

The considered design parameters included the floor plan dimensions (L x W), wall 

dimensions (Lw x Hw x tw), wall aspect ratio (Hw/Lw), axial load level through the 

tributary area (i.e., indicated in red in Figure 2.4), and shear stress level. The values 

of such design parameters were selected in order to achieve the intended design 

objectives as will be discussed next.  

A wall thickness (tw) of 250 mm was initially assumed to match that 

typically used in concrete construction practice (Gogus 2010; NIST 2010). The wall 

lengths were also initially assumed to produce walls with aspect ratios of 0.50, 1.00 

and 1.50 for archetypes W1, W2, and W3, respectively. Figure 2.7 shows the basic 

dimensions and reinforcement details that were used across the different wall 

archetypes. In addition, the figure shows the definition of the boundary vertical 

reinforcement (plotted in black), vertical web reinforcement (plotted in green), 

horizontal web reinforcement (plotted in red), and boundary horizontal 

reinforcement. The latter is the summation of the horizontal web reinforcement and 

perimeter hoops (plotted in blue). The full reinforcement details of the wall web 

and boundary elements are presented in Table 2.5 and Table 2.6, for SDC Dmax and 

Dmin, respectively. At the design stage of the wall archetypes, the reinforcement 

ratios presented in these tables were ensured to be lower than the maximum 

reinforcement ratio according to ACI 318-19 (ACI 2019). To simulate the high 

shear stress levels that such walls would experience (Gogus and Wallace 2015), the 

initial floor dimensions were selected to produce shear stress of 8Ὢ on all walls, 
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representing the maximum average shear stress allowed as per ACI 318-19 (ACI 

2019). Low and high axial load levels were considered in the current study with 

values of 0.075Agfôc and 0.20Agfôc, respectively, following the FEMA P695 

(FEMA 2009), where Ag is the gross cross-section area of the wall and fôc is the 

concrete compressive strength. The low and high axial level levels were selected in 

the current study to evaluate the collapse performance of low-aspect-ratio 

reinforced concrete walls when they are adopted in a wide range of structural 

applications including residential buildings as well as industrial and parking 

structures, as presented in relevant previous studies (Hirosawa 1975; Lefas et al. 

1990; SLDRCE 2008; Alarcon et al. 2014; Gogus and Wallace 

2015).Subsequently, the assumed axial load levels were then used to calculate the 

corresponding equivalent tributary area carried by each wall. While some of the 

implemented design parameters for some buildings (e.g., floor dimensions and 

configurations, number of walls, and equivalent tributary areas) could have been 

changed to more practical values (e.g., increasing the number of walls shown earlier 

in Figure 2.4), these parameters were selected specifically in the current study to 

match those values implemented in NIST (2010) for comparison purposes. 

An iterative procedure was carried out thereafter in order to determine the 

maximum response modification factor, R, that is capable of satisfying the 

acceptance criteria of the FEMA P695 methodology. Figure 2.5 shows the steps 

implemented throughout this iterative procedure. The initial design was carried out 

according to the ACI 318-19 (ACI 2019) recommendations for special structural 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

29 

 

shear walls. Specifically, the design was first performed using the seismic 

performance factors that are currently assigned to special structural shear walls (i.e., 

R = 6). Afterwards, additional R values were assumed and assessed according to 

the FEMA P695 (FEMA 2009) until the safety criteria of the methodology were 

satisfied. As shown in Figure 2.5, for each assumed R value, the dimensions of the 

walls and the required reinforcement were determined according to the 

corresponding seismic demands. This resulted in 36 different low-aspect-ratio wall 

archetypes, as presented in Table 2.3, that were grouped into 12 performance 

groups. Each performance group constituted of three archetypes that were all 

designed using the same R value, as per the full application of the FEMA P695 

(FEMA 2009). The nomenclature of such archetypes was based on the building 

configuration, R value, SDC and axial load level, as shown in Figure 2.6. Table 2.4 

presents the floor plan dimensions as well as the dimensions and the equivalent 

tributary area of each wall. 

2.4.2. Design Requirements 

The design forces of all walls were calculated using the equivalent lateral force 

procedure (ASCE 2016). All walls were also assumed to behave in a cantilever 

manner with concentrated masses to represent the seismic mass at each floor. In 

addition, all walls were assumed to have perfect fixed bases and soil-structure 

interaction effects were not considered as per the NIST (2010) study. It should be 

noted that although the added flexibility associated with foundation rotation would 
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alter the overall seismic behavior of the walls, such effects were not taken into 

consideration herein (Gogus and Wallace 2015; Ezzeldin et al. 2016; Nazari and 

Saatcioglu 2017; Kim and Chu 2018; Dabaghi et al. 2019). The code-based 

approximate fundamental period (Ta), which is equal to 0.02hw
0.75 (i.e., hw is the 

wall height), was used along with the upper imposed limit of the calculated period 

(Cu) to calculate the code-based fundamental period (T), as presented in Eq. (2-2) 

(ASCE 2016). The lower bound of the code-based fundamental period (T) of 0.25 

sec, imposed by the ASCE 7-16 (ASCE 2016) and the FEMA P965 (FEMA 2009), 

was considered. All walls were within the short-period domain to match the 

expected periods of low-rise buildings. Specifically, the code-based fundamental 

period of all walls (T) was less than the transition period (Ts), both calculated 

according to the ASCE 7-16 (ASCE 2016). Eq. (2-2) has resulted in code-based 

fundamental periods of 0.25, 0.31, and 0.27 seconds for buildings W1, W2, and 

W3, respectively. 

                                                        0.25secu aT C T= ²                                   (2-2) 

  Following the FEMA P695 (FEMA 2009) methodology, the spectral 

accelerations of the MCE for such seismic design categories (i.e., Dmax and Dmin) 

are obtained from the design earthquake spectral accelerations based on Site Class 

D (stiff soil) coefficients. The seismic response coefficient (Cs) was calculated 

based on the design 5% damped spectral response acceleration parameter at short 

periods (SDS), which was taken as 1.0 and 0.5 for SDC Dmax and Dmin, respectively 

(ASCE 2016). The base shear was then calculated and distributed over the wall 
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height using the design 5% damped spectral response acceleration parameter at a 

period of 1 sec (SD1), which was taken as 0.6 and 0.2 for SDC Dmax and Dmin, 

respectively (ASCE 2016). The distribution of the shear force and bending moment 

demands were determined according to the equation provided in section 12.8.3 of 

the ASCE 7-16 (ASCE 2016). 

The design and reinforcement detailing of the walls were performed 

according to the ACI 318-19 (ACI 2019) based on the different load combinations. 

All walls had the same material properties, with a concrete strength (fôc) of 41 MPa 

(6.0 ksi) and reinforcement yield stress of 420 MPa (60 ksi). Afterwards, the 

ultimate bending moment (Mu) and ultimate axial load (Pu) on the walls were 

ensured to lie within the acceptable design space enclosed by the ūMn ï ūPn 

interaction surface, where the former is the reduced nominal sectional moment 

capacity and the latter is the reduced nominal sectional axial load capacity. Since 

the considered walls were either one- or two-story high, the reinforcement was 

maintained constant throughout the full wall height without any reductions. In 

addition, the need for boundary elements in the walls was determined and provided 

following the recommendations provided in section 18.10.6 of the ACI 318-19 

(ACI 2019). The reinforcement details of the wall web and boundary elements are 

presented in Table 2.5 and Table 2.6, for SDC Dmax and Dmin, respectively.  
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 Nonlinear Analyses 

The model was used to perform nonlinear static and dynamic analyses on all the 

wall archetypes as per the FEMA P695 (FEMA 2009) methodology. Each model 

had a leaning column that was connected to the wall at each story using an axially 

rigid element. The leaning columns were used in the models to represent the gravity 

system (i.e., gravity columns of the building). The columns had high axial stiffness 

and no lateral stiffness, where the latter was accomplished through the use of 

rotational springs with very low stiffness at each story. The main function of such 

columns was to carry the remaining floor weight that was not directly assigned to 

the walls. Therefore, when a ground motion was introduced, the model was able to 

capture the additional P-Delta effects resulting from the gravity system 

deformations (Geschwindner 2002; FEMA 2009; NIST 2010). Furthermore, the 

aforementioned material properties of the walls (i.e., fôc and fy) were used for all 

the archetype models. Other material properties, including the tensile strength of 

concrete (ft=4 MPa), the modulus of elasticity of concrete (E=29000 MPa), the 

concrete strain at maximum compressive strength (Ůc0=0.0027), and the 

reinforcement cyclic properties represented by the curvature value (R0=20) and the 

reinforcement degradation parameters (cR1=0.925 and cR2=0.15), were also 

utilized in the models. Moreover, the concrete friction coefficient (ɖ=0.2) and the 

reinforcement dowel action stiffness coefficient (Ŭdow=0.012) were used in 

agreement with the values recommended by Kolozvari et al. (2015a). Additional 

modeling parameters required to define the nonlinear behavior of concrete were 
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defined for all the models, including the shape parameters for compression (rc=15) 

and tension (rt=1.2) as well as the critical strain on the tension envelope 

(xcrp=1000). The critical strain on the compression envelope (xcrn) was also taken 

as 1.006, 1.015, and 1.026 for archetypes W1, W2, and W3, respectively, based on 

the model validation results discussed earlier. In addition, the confined material 

properties were calculated for each wall based on its corresponding boundary 

element configurations and according to Razvi and Saatcioglu (1999). 

2.5.1. STATIC PUSHOVER ANALYSIS  

The nonlinear static pushover analysis is a displacement-based approach that is 

generally utilized to assess the deformation and strength capacities of structures 

(FEMA 2009). In the current study, a pushover analysis was performed on each 

archetype, where the vertical distribution of the lateral force at each story level was 

in proportion to the mass at this story and the corresponding fundamental mode 

shape ordinate (ASCE 2016). For each archetype, the analysis was used to compute 

the maximum base shear (Vmax) and the ultimate roof displacement at 20% 

strength degradation (ŭu). The overstrength factor (Ý) and the period-based 

ductility (µT) were then calculated according to Eqs. (2-3) and (2-4), respectively, 

where V is the design base shear and ŭy,eff is the effective yield displacement as per 

section 6.3 of the FEMA P695 (FEMA 2009). 

maxV

V
W=       (2-3) 
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Figure 2.8 (a, b, and c) show example pushover curves for walls W1-

Dmax-L, W2-Dmax-L, and W3-Dmax-L, respectively, along with their 

corresponding ŭu and Ý values.  The obtained ultimate drift ratios may seem to be 

higher than the expected low drift capacities of low-aspect-ratio walls; however, 

several relevant research studies have experimentally demonstrated that such walls 

can attain relatively higher than usual ultimate drift ratios by reaching as high as 

3.50% (Mohammadi-Doostdar 1994; Huang, C. C., and Sheu 1988; Salonikios et 

al. 2000; Tran and Wallace 2015; Luna et al. 2018). As can be seen in the figures, 

as expected, when the R factor decreases, the Vmax increases. The figures also show 

that the overstrength factor, ɋ, values exceed one for all wall archetypes. A full 

summary of the pushover results is provided in Table 2.7 and Table 2.8 for SDC 

Dmax and Dmin wall archetypes, respectively. 

2.5.2. COLLAPSE CRITERIA  

Due to the limitations of OpenSees, not all modes of failure were incorporated 

directly in the developed model. The following non-simulated failure modes were 

considered in the current study through post-processing of the structural responses: 

1. Steel buckling/rupturing: Failure due to steel buckling/rupturing was assumed to 

occur when single rebar (or a row of vertical rebars) reached a failure strain value 

of 0.05 (Gogus and Wallace 2015). However, the failure of single rebar is not 
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sufficient to cause structural collapse (Thomsen and Wallace 2004). Therefore, the 

collapse was determined to occur when the reinforcement within a one-quarter 

length of the wall failed by buckling/rupturing (NIST 2010). This failure mode was 

considered by comparing the strain of each panel located within this length of the 

wall to the failure strain. Subsequently, if these panel strains satisfy the failure 

criterion (i.e., exceed the failure strain) at a drift level lower than that corresponding 

to 20% strength degradation, a new ultimate drift for the wall is defined based on 

the onset of steel buckling/rupturing.  

2. Sliding shear: Failure due to shear sliding takes place when a weakened 

horizontal plane is formed near the wall base because of the propagation of concrete 

crushing over the wall length after a large number of cycles (Gulec and Whittaker 

2009). The equation proposed by Mattock et al. (1975 and 1976) was used to 

calculate the sliding shear strength of the wall archetypes, as presented in Eq. (2-5). 

This equation was implemented since it includes the effects of the shear aggregate 

interlock along the crack plane and the reinforcement dowel action. The equation 

was also reported to produce accurate predictions of the shear-transfer strength than 

the codified equation (Krolicki et al. 2011). In addition, the equation is permitted 

by the ACI 318-19 (ACI 2019) Commentary R22.9.1.4 to be used as an alternative 

method to provide an accurate estimation of the shear-transfer strength. The 

nominal shear strength is as follows: 

        (2-5) 
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where Avf is the reinforcement area perpendicular to the shear plane; fy is the yield 

strength of the rebars; AC is the gross cross-section area of the wall; and K1 is 400 

psi for normal-weight concrete. Eq. (2-5) was used to calculate the sliding shear 

capacity for each wall. The sliding shear failure was then assumed to occur when 

the value of the peak load attained by the wall, obtained through the static pushover 

analysis, exceeds the sliding shear capacity calculated from Eq. (2-5). In this case, 

the drift level corresponding to the sliding shear capacity was considered as the 

ultimate drift of the wall.  

3. Axial failure: The model presented by Wallace et al. (2008) was used to define 

the mode of axial failure. As shown in Eq. (2-6), the model provides a general 

expression for the lateral drift ratio at which the axial failure occurs. 

    (2-6) 

where C1 and C2 were taken as 2.14 and 25, respectively, as recommended by 

Wallace et al. (2008); ɗ is the angle between the critical crack and the horizontal 

plane that extends diagonally over the wall height; P is the axial load demand on 

the wall; and C3 is a coefficient calculated by Eq. (2-7). 

     (2-7) 

where Astfyt is the total force developed in the horizontal web rebars crossing the 

critical crack; hw is the wall height; sv is the vertical spacing of the horizontal web 

rebars; and Vr is the residual shear resistance at the onset of axial failure, which 
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was taken as zero in the current study (Abdullah and Wallace 2021). Eq. (2-6) was 

used to obtain the maximum drift ratio that defines an axial failure state of the wall. 

This drift ratio was then compared to that corresponding to 20% strength 

degradation, and the lowest drift level was considered to be the ultimate drift of the 

wall. 

2.5.3. INCREMENTAL DYNAMIC ANALYSIS 

Incremental dynamic analysis (IDA) is an approach that is based on subjecting the 

structure to increasing ground motion intensities until the structure collapses 

(Vamvatsikos and Cornell 2002). The FEMA P695 (FEMA 2009) provides a set of 

far-field ground motions to perform IDA. The set includes a total of 44 horizontal 

ground motion records, all were captured from sites at a distance equal to or greater 

than 10 km from the fault rupture. Such ground motions were recorded on soft rock 

or stiff soil sites (i.e., Site Class C and Site Class D, respectively) and were obtained 

from reverse or strike-slip mechanism faults (FEMA 2009). All records were 

normalized by their respective peak ground velocities to remove variability 

between records as described in appendix A of the FEMA P695 (FEMA 2009). 

Throughout the IDA, a Rayleigh damping value of 5.0% was implemented which 

is typical for low-rise structures (PEER/ATC 2010). The damping coefficients were 

determined by using periods of 0.2T1 and T1 (Gogus 2010; NIST 2010; PEER/ATC 

2010), where T1 is the fundamental period of the wall based on Eigenvalue analysis. 
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 The IDA results are then used to calculate the median collapse intensity 

(ȃCT), which corresponds to the lowest spectral acceleration intensity that would 

cause one-half of the ground motions to result in a structural collapse. Figure 2.9 

shows example IDA curves for four single-story and four two-story wall 

archetypes. Each point on the curve represents a single result obtained from a 

nonlinear dynamic analysis of one wall archetype using one horizontal ground 

motion record scaled to one intensity level. The ultimate drift ratio, obtained from 

the nonlinear pushover analysis considering non-simulated failure modes, and the 

corresponding median collapse intensity are presented in Figure 2.9 for each wall 

archetype. Walls designed using an R factor of 2.0 have higher ȃCT values than 

those designed using an R factor of 6.0. For example, the ȃCT values of walls W1-

R2-Dmax-L, W1-R2-Dmax-H, W2-R2-Dmax-L and W2-R2-Dmax-H are 21%, 

91%, 78%, and 68% higher than those of walls W1-R6-Dmax-L, W1-R6-Dmax-H, 

W2-R6-Dmax-L and W2-R6-Dmax-H, respectively. Table 2.7 and Table 2.8 

present the IDA results for all wall archetypes.  

 The results were subsequently used to calculate the value of the collapse 

margin ratio (CMR) according to Eq. (2-8). 

      (2-8) 

where SMT is the spectral acceleration of the MCE at the code-based fundamental 

period, T. 
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 Collapse fragility curves were then developed using the IDA results. These 

fragility curves were constructed using a cumulative distribution function that links 

the probability of collapse of a structure to the level of ground motion intensity, 

which can be mathematically represented as follows (Baker 2015): 

    (2-9) 

where P(C|IM=x) is the probability of collapse given an intensity measure (IM), ū 

is the standard normal cumulative distribution function, ɗ is the collapse median 

intensity, and ɓ is the standard deviation of the IM (Baker 2015).  

 Figure 2.10 shows example collapse fragility curves for several wall 

archetypes designed using different axial load levels (i.e., low and high), R factors 

(i.e., 3.0 and 2.0) and SDC (i.e., Dmax and Dmin). For all 24 archetypes shown in the 

figure, walls subjected to high axial loads have higher ȃCT values than those 

subjected to low axial loads when both wall systems are designed using the same 

R factor. For instance, as can be seen in Figure 2.10, the ȃCT values are 33%, 16%, 

14% and 36% higher for walls W1-R3-Dmax-H, W2-R2-Dmax-H, W3-R3-Dmin-

H and W1-R2-Dmin-H, respectively, than those for walls W1-R3-Dmax-L, W2-

R2-Dmax-L, W3-R3-Dmin-L and W1-R2-Dmin-L. This is because low-aspect-

ratio RC shear walls are mainly governed by their flexure/shear behavior, and 

therefore, axial loads would typically reduce sliding displacements, limit crack 

widths and enhance the peak shear strength of such walls. 
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 COLLAPSE PERFORMANCE EVALUATION  

Following the FEMA P695 (FEMA 2009) methodology, the calculated (CMR) 

values are adjusted to account for the variability between the spectral shapes of the 

rare MCEs and those of the design spectrum considered by the ASCE 7-16 (Baker 

and Cornell 2006). This is performed through the use of a spectral shape 

modification factor (SSF) based on the period-based ductility (µT) calculated earlier 

through the nonlinear pushover analysis. Subsequently, the adjusted collapse 

margin ratio (ACMR) is determined through the multiplication of the CMR by the 

SSF.  

 The acceptance criteria are based on comparing the FEMA P695 allowable 

ACMR values. These allowable values consider the total system uncertainty (ɓTOT) 

    (2-10) 

ɓRTR is the record-to-record uncertainty due to frequency content variation and the 

dynamic characteristics of the different records. A value of 0.40 was assigned to 

this parameter as the period-based ductility exceeded 3.0 for all archetypes (FEMA 

2009). ɓDR interprets the completeness of the implemented design requirements and 

their robustness against unexpected failure modes. Since the design of special RC 

walls is well-established with only a few shortcomings, it was decided to assign a 

value of 0.20 for this parameter (Gogus and Wallace 2015; NIST 2010), reflecting 

a B (good) quality rating. ɓTD is the completeness and robustness of the test data 

that identifies the system. The test data was assigned a good (B) rating, with a ɓTD 
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value of 0.20 (NIST 2010). Finally, ɓMDL accounts for the degree of confidence in 

the model used to capture the full range of structural collapse characteristics, 

behavior, and associated design parameters. Accordingly, ɓMDL was assigned a 

value of 0.20 with a qualitative good (B) rating as per section 5.7 in the FEMA 

P695 (FEMA 2009). This rating was selected to reflect the differences between the 

experimental and numerical responses, as discussed earlier in section 2.3.3. Based 

on the aforementioned parameters, ɓTOT had a value of 0.525 according to Eq. 

(2-10) in agreement with Table 7-2b of the FEMA P695 (FEMA 2009). 

 The FEMA P695 (FEMA 2009) methodology assesses the seismic collapse 

risk based on the overall system uncertainty by defining two acceptable limits, 

ACMR10% and ACMR20%. which ensure probabilities of collapse less than 10% 

on average for each performance group and 20% for each wall archetype within the 

performance group, respectively. The ACMR10% and ACMR20% values were 

found to be 1.96 and 1.56, respectively, where both limits have to be satisfied in 

order for the system to have an acceptable seismic performance (FEMA 2009).  

 Table 2.7 and Table 2.8 compare the ACMR with the acceptable ACMR for 

SDC Dmax and Dmin wall archetypes, respectively. The tables show that although 

some wall archetypes designed using an R factor of 6.0 (i.e., W3-R6-Dmax-L, W3-

R6-Dmax-H, W1-R6-Dmin-L, W2-R6-Dmin-L, W1-R6-Dmin-H, W2-R6-Dmin-

H) were individually able to achieve high ACMR that exceeded ACMR20%, the 

mean ACMR values of their performance groups (i.e., performance group 1, 4, 7 

and 10) were less than ACMR10%. Therefore, low-aspect-ratio RC shear walls 
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designed using an R factor of 6.0 did not fully meet the FEMA P695 acceptance 

criteria (FEMA 2009). In this respect, a lower R factor of 3.0 was assumed and the 

design procedure was carried out accordingly, as shown earlier in Figure 2.5. As 

can be seen in Table 2.7 and Table 2.8, wall archetypes designed using an R factor 

of 3.0 performed well across the different performance groups, where each wall 

archetype had an ACMR value that was higher than its corresponding ACMR20%. 

However, performance group 2 (i.e., low axial load walls designed for SDC Dmax) 

failed the FEMA P695 acceptance criteria as the mean ACMR value of this 

performance group (i.e., 1.85) was less than ACMR10% (i.e., 1.96), as presented 

in Table 2.7. To address this, an R factor of 2.0 was assumed which was enough to 

meet the FEMA P695 safety criteria for the seismic collapse risk under the MCE. 

The results demonstrate that relevant building codes (ASCE 7) and design standards 

(ACI 318) should consider assigning unique R factors to low-aspect-ratio RC shear 

walls based on their axial load levels since different R factors of 3.0 and 2.0 were 

enough to fully meet the FEMA P695 acceptance criteria when used to design walls 

with high and low axial loads, respectively. 

 Table 2.7 and Table 2.8 also show that high values of overstrength factors 

were achieved through the different performance groups. For walls designed using 

an R factor of 2.0, the average overstrength factors (ɋ) ranged from 1.95 to 2.73 

for low axial load walls, while such factors varied between 2.41 and 4.75 for high 

axial load walls. Likewise, the ɋ values for walls designed with an R factor of 3.0 

ranged from 1.92 to 2.64 and from 2.24 to 3.82 for low and high axial load walls, 
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respectively. The FEMA P695 indicates that the system overstrength factor, ɋo, 

shall be taken at least equal to the largest average value across the different 

performance groups. The methodology also imposes two upper limits that ɋo needs 

not exceed which are 1.5 times the assumed R factor, and a practical limit of 3.0. 

Therefore, based on the results presented in Table 2.7 and Table 2.8 along with 

these limits, the ɋo should be taken as 3.0 for special low-aspect-ratio RC walls. 

 CONCLUSIONS 

The current study proposes response modification factors for low-aspect-ratio 

reinforced concrete (RC) shear walls as such walls were not able to mitigate the 

risk of collapse under the maximum considered earthquake (MCE) when designed 

using the current factors in building codes (e.g., ASCE 7) and design standards 

(ACI 318). In this respect, a nonlinear numerical OpenSees model was developed 

and validated against six low-aspect-ratio RC shear walls tested in previous 

experimental programs. The model was then utilized to simulate the seismic 

response of 36 low-aspect-ratio RC shear walls that were categorized into 12 

performance groups based on their R factors, axial load levels, and seismic design 

categories (SDC). Following the FEMA P695 methodology, static pushover and 

incremental dynamic analyses, using a set of 44 earthquake ground motions, were 

subsequently performed on such walls to evaluate their period-based ductility (µT), 

overstrength factor (ɋ), median collapse intensity (ȃCT), and collapse margin ratio 

(CMR). The analysis results were then used to assess the collapse performance of 
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such walls by comparing their adjusted collapse margin ratios (ACMR) to the 

FEMA P695 acceptable limits. 

 The results showed that low-aspect-ratio RC shear walls that were designed 

using an R factor of 6.0 (i.e., currently assigned to special RC shear walls in ASCE 

7 regardless of their aspect ratios) did not satisfy the FEMA P695 acceptance 

criteria as their ACMR values were lower than the corresponding acceptable limits 

for all performance groups. However, using R factors of 2.0 and 3.0 for low-aspect-

ratio RC walls with low and high axial load levels, respectively, was enough to 

limit the probability of collapse under the MCE and was subsequently able to fully 

meet the acceptance criteria of the FEMA P695 methodology. The results also 

showed that walls under high seismic demands (SDC Dmax) had lower ACMR, 

therefore higher collapse probability, compared to walls under low seismic 

demands (SDC Dmin). In addition, walls with high axial load levels (0.20Agfôc) 

showed overall increased values of overstrength factor (ɋ) relative to walls with 

lower axial load levels (0.075Agfôc). These results demonstrate that building codes 

and design standards should distinguish between special RC shear walls based on 

their design parameters (e.g., axial load levels). Based on the analyses presented 

herein, unique and different R factors are needed for low-aspect-ratio RC walls with 

low and high axial load levels as they exhibited different seismic collapse 

performances compared to special RC shear walls with aspect ratios of two or more.  

 The current study focused on special rectangular low-aspect-ratio RC shear 

walls with specific design parameters according to ACI 318-19 (ACI 2019) and 
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ASCE 7-16 (ASCE 2016). Further research studies are still needed to evaluate the 

proposed response modification factors when used for different building layouts, 

story heights, and span lengths as well as other low-aspect-ratio wall types (e.g., 

coupled), configurations (e.g., flanged), and reinforcement details (e.g., high-

strength rebars). Such studies will facilitate quantifying the influence of these 

design parameters (e.g., including the average shear stress level at nominal flexural 

capacity) on the overall behavior of the walls and their corresponding collapse 

margin ratios under the MCE. 

Future studies should also consider the potential effects of soil-structure-

interaction on the collapse performance of short-period structures that are sensitive 

to these effects, especially when such structures are located on top of weak soils. 

Additionally, further studies are still needed to assess the proposed response 

modification factors when adopted to walls without axial loads. 

Finally, the current study focuses on the component-level behavior of the 

considered walls; however, future studies can be carried out to consider the system-

level behavior by including the interaction between the different structural 

components. These studies can address the potential discrepancies between the way 

buildings are designed and analyzed (as an assembly of individual components) and 

the way they behave as an integrated system, comprised of these components. 
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 TABLES 

Table 2.1.  Properties of wall specimens 

 

Specimen 

 

 

Source 
Aspect 

ratio 

Vertical web 

reinforcement 

(%) 

Horizontal 

web 

reinforcement 

(%) 

Boundary 

vertical 

reinforcement 

(%) 

Boundary 

horizontal 

reinforcement 

(%) 

SW1 

 

(Luna et al. 2018) 0.94 0.67 0.67 - - 

SW2 

 

(Luna et al. 2018) 0.54 1.00 1.00 - - 

U1.5 

 

(Kuang and Ho 2008) 1.50 0.92 1.05 - - 

C1.0 

 

(Kuang and Ho 2008) 1.00 1.05 1.05 - - 

LSW1 

 

(Salonikios et al. 1999) 1.00 0.57 0.57 1.70 1.70 

RW-A15-

P10-S51 

(Tran and Wallace 

2015) 
1.50 0.73 0.73 3.23 1.16 

Table 2.2.  The maximum deviation between the model and the experimental 

results 

Specimen Push  

(%) 

Pull  

 (%) 

Energy dissipation  

(%) 

SW1 

 

14.2 21.5 3.2 

 

SW2 12.5 14.4 15.9 

U1.5 6.3 11.2 12.9 

C1.0 16.9 9.7 25.6 

LSW1 18.7 18.5 1.0 

RW-A15-P10-S51 12.7 19.2 26.3 
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Table 2.3.  Performance groups for low-aspect-ratio RC shear walls 

Performance  

Group 

Archetype ID 

number 

Grouping summary 

Design load level Design  

R-Factor 

Number of 

archetypes Gravity SDC 

PG-1 

W1-R6-Dmax-L 

Low Dmax 

6 3 W2-R6-Dmax-L 

W3-R6-Dmax-L 

PG-2 

W1-R3-Dmax-L 

3 3 W2-R3-Dmax-L 

W3-R3-Dmax-L 

PG-3 

W1-R2-Dmax-L 

2 3 W2-R2-Dmax-L 

W3-R2-Dmax-L 

PG-4 

W1-R6-Dmax-H 

High Dmax 

6 3 W2-R6-Dmax-H 

W3-R6-Dmax-H 

PG-5 

W1-R3-Dmax-H 

3 3 W2-R3-Dmax-H 

W3-R3-Dmax-H 

PG-6 

W1-R2-Dmax-H 

2 3 W2-R2-Dmax-H 

W3-R2-Dmax-H 

PG-7 

W1-R6-Dmin-L 

Low Dmin 

6 3 W2-R6-Dmin-L 

W3-R6-Dmin-L 

PG-8 

W1-R3-Dmin-L 

3 3 W2-R3-Dmin-L 

W3-R3-Dmin-L 

PG-9 

W1-R2-Dmin-L 

2 3 W2-R2-Dmin-L 

W3-R2-Dmin-L 

PG-10 

W1-R6-Dmin-H 

High Dmin 

6 3 W2-R6-Dmin-H 

W3-R6-Dmin-H 

PG-11 

W1-R3-Dmin-H 

3 3 W2-R3-Dmin-H 

W3-R3-Dmin-H 

PG-12 

W1-R2-Dmin-H 

2 3 
W2-R2-Dmin-H 

W3-R2-Dmin-H 
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Table 2.4.  Wall configurations and dimensions  

Archetype ID 
Number 

of floors 
Plan dimensions  

mxm (ftxft)] 

Lw  

m (ft) 

tw  

m (in) 

Aspect 

ratio 

Equivalent 

tributary area 

m2(ft2) 

W1-R6-Dmax-L  

W1-R6-Dmin-L 

 

1 122x107 (400x350) 7.95 (26) 0.25 (10) 0.50 636 (6845) 

W2-R6-Dmax-L  

W2-R6-Dmin-L 
2 85x73 (280x240) 7.60 (25) 0.25 (10) 1.00 612 (6585) 

W3-R6-Dmax-L  

W3-R6-Dmin-L 
1 85x85 (280x280) 4.00 (13) 0.25 (10) 1.50 320 (3446) 

W1-R3-Dmax-L  

W1-R3-Dmin-L 

 

1 122x107 (400x350) 9.90 (33) 0.40 (16) 0.40 1273(13698) 

W2-R3-Dmax-L  

W2-R3-Dmin-L 
2 85x73 (280x240) 9.85 (32) 0.35 (14) 0.80 1108 (11924) 

W3-R3-Dmax-L 

W3-R3-Dmin-L 
1 85x85 (280x280) 6.70 (22) 0.30 (23) 0.90 648 (6980) 

W1-R2-Dmax-L  

W1-R2-Dmin-L 

 

1 122x107 (400x350) 

 

13.50 (44) 0.40 (16) 0.30 1730 (18615) 

W2-R2-Dmax-L  

W2-R2-Dmin-L 
2 85x73 (280x240) 12.95 (42) 0.40 (16) 0.60 1664 (17912) 

W3-R2-Dmax-L  

W3-R2-Dmin-L 
1 85x85 (280x280) 8.65 (28) 0.35 (14) 0.71 971 (10449) 

W1-R6-Dmax-H  

W1-R6-Dmin-H 

 

1 122x107 (400x350) 7.95 (26) 0.25 (10) 0.50 1670 (18263) 

W2-R6-Dmax-H  

W2-R6-Dmin-H 
2 85x73 (280x240) 7.60 (25) 0.25 (10) 1.00 1631 (17561) 

W3-R6-Dmax-H  

W3-R6-Dmin-H 
1 85x85 (280x280) 4.00 (13) 0.25 (10) 1.50 854 (9190) 

W1-R3-Dmax-H  

W1-R3-Dmin-H 

 

1 122x107 (400x350) 9.90 (33) 0.40 (16) 0.40 3393 (36527) 

W2-R3-Dmax-H  

W2-R3-Dmin-H 
2 85x73 (280x240) 9.85 (32) 0.35 (14) 0.80 2954 (31797) 

W3-R3-Dmax-H  

W3-R3-Dmin-H 
1 85x85 (280x280) 6.70 (22) 0.30 (23) 0.90 1729 (18615) 

W1-R2-Dmax-H  

W1-R2-Dmin-H 

 

1 122x107 (400x350) 

 

13.50 (44) 0.40 (16) 0.30 4611 (49639) 

W2-R2-Dmax-H  

W2-R2-Dmin-H 
2 85x73 (280x240) 12.95 (42) 0.40 (16) 0.60 4437 (47766) 

W3-R2-Dmax-H  

W3-R2-Dmin-H 
1 85x85 (280x280) 8.65 (28) 0.35 (14) 0.71 2589 (27863) 
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Table 2.5.  Reinforcement details for SDC Dmax wall archetypes 

Archetype ID Vertical 

web  

(%) 

Horizontal 

web  

(%) 

Boundary thickness 

[mm (in)] 

Boundary 

vertical  

(%) 

Boundary 

horizontal 

(%) 

W1-R6-Dmax-L 1.10 0.89 1270 (50.0) 1.71 2.07 

W2-R6-Dmax-L 0.35 1.00 1700 (67.0) 3.13 1.60 

W3-R6-Dmax-L 1.87 1.03 1270 (50.0) 5.54 2.13 

W1-R3-Dmax-L 0.78 1.07 1524 (60.0) 2.08 1.30 

W2-R3-Dmax-L 0.95 1.07 1450 (57.0) 1.94 1.62 

W3-R3-Dmax-L 1.72 1.03 1525 (60.0) 3.88 1.59 

W1-R2-Dmax-L 0.99 1.04 2030 (80.0) 1.60 1.27 

W2-R2-Dmax-L 0.94 0.99 2285 (90.0) 1.35 1.25 

W3-R2-Dmax-L 1.05 1.07 1780 (70.0) 2.85 1.31 

W1-R6-Dmax-H 2.73 0.89 3680 (145) 3.55 2.06 

W2-R6-Dmax-H 1.10 0.89 2285 (90.0) 1.92 2.06 

W3-R6-Dmax-H 1.63 1.03 1650 (65.0) 5.68 2.13 

W1-R3-Dmax-H 0.90 0.92 4300 (170.0) 1.19 1.18 

W2-R3-Dmax-H 0.72 1.03 2920 (115.0) 1.57 1.29 

W3-R3-Dmax-H 0.86 1.00 2920 (115.0) 2.58 1.57 

W1-R2-Dmax-H 0.99 1.04 5840 (230.0) 1.40 1.30 

W2-R2-Dmax-H 0.93 1.07 3800 (150.0) 1.77 1.61 

W3-R2-Dmax-H 1.41 1.05 3800 (150.0) 1.50 1.34 
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Table 2.6.  Reinforcement details for SDC Dmin wall archetypes 

Archetype ID Vertical 

web  

(%) 

Horizontal 

web  

(%) 

Boundary thickness 

[mm (in)] 

Boundary 

vertical  

(%) 

Boundary 

horizontal 

(%) 

W1-R6-Dmin-L 0.84 0.28 1420 (56.0) 1.10 2.07 

W2-R6-Dmin-L 0.59 0.28 760 (30.0) 1.17 2.07 

W3-R6-Dmin-L 1.09 0.31 1015 (40.0) 2.50 2.13 

W1-R3-Dmin-L 0.39 0.25 1015 (40.0) 0.69 1.04 

W2-R3-Dmin-L 0.45 0.31 1015 (40.0) 1.07 1.24 

W3-R3-Dmin-L 0.75 0.30 890 (35.0) 2.26 1.56 

W1-R2-Dmin-L 0.48 0.31 1270 (50.0) 0.94 1.03 

W2-R2-Dmin-L 0.38 0.31 1270 (50.0) 0.90 1.03 

W3-R2-Dmin-L 0.60 0.31 1270 (50.0) 1.20 1.25 

W1-R6-Dmin-H 2.00 2.00 3960 (156.0) 2.00 2.00 

W2-R6-Dmin-H 0.66 0.28 3300 (130.0) 2.07 2.07 

W3-R6-Dmin-H 0.98 0.31 1650 (65.0) 2.19 2.13 

W1-R3-Dmin-H 0.92 0.25 4570 (180.0) 1.00 1.04 

W2-R3-Dmin-H 0.46 0.31 4320 (170.0) 1.33 1.24 

W3-R3-Dmin-H 1.05 0.30 2920 (115.0) 1.48 1.56 

W1-R2-Dmin-H 0.54 0.31 6100 (240.0) 1.03 1.03 

W2-R2-Dmin-H 0.55 0.31 5720 (225.0) 1.03 1.03 

W3-R2-Dmin-H 0.79 0.31 3800 (150.0) 1.31 1.25 
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Table 2.7.  Summary of collapse performance evaluation for SDC Dmax wall 

archetypes 

Archetype ID ŭu  

(%) 
ɋ µT 

SCT 

(g) 
CMR SSF 

T1 

(Sec) 
ACMR 

Acceptance criteria 
 

 

 

ACMR Pass/Fail 

Performance Group (PG-1) 

W1-R6-Dmax-L 2.27 1.96 34.69 1.74 1.16 1.33 0.24 1.54 1.56 Fail 

W2-R6-Dmax-L 2.33 1.77 13.34 1.40 0.93 1.33 0.52 1.24 1.56 Fail 

W3-R6-Dmax-L 3.74 1.98 27.75 2.71 1.80 1.33 0.45 2.40 1.56 Pass 

Mean   1.90  1.73 1.96 Fail 

Performance Group (PG-2) 

W1-R3-Dmax-L 1.53 1.97 11.72 1.96 1.31 1.33 0.20 

 

1.74 1.56 Pass 

W2-R3-Dmax-L 2.21 1.68 10.81 2.10 1.40 1.33 0.39 1.86 1.56 Pass 

W3-R3-Dmax-L 1.56 2.12 15.67 2.20 1.47 1.33 0.27 1.95 1.56 Pass 

Mean   1.92  1.85 1.96 Fail 

Performance Group (PG-3) 

W1-R2-Dmax-L 1.67 1.88 8.5 2.74 1.83 1.33 0.18 2.43 1.56 Pass 

W2-R2-Dmax-L 2.14 1.82 7.12 2.50 1.66 1.31 0.39 2.18 1.56 Pass 

W3-R2-Dmax-L 1.63 2.15 11.38 3.39 2.26 1.33 0.24 3.01 1.56 Pass 

Mean   1.95  2.54 1.96 Pass 

Performance Group (PG-4) 

W1-R6-Dmax-H 0.96 4.13 14.7 1.61 1.08 1.33 0.23 1.43 1.56 Fail 

W2-R6-Dmax-H 2.90 1.92 18.03 1.72 1.15 1.33 0.50 1.53 1.56 Fail 

W3-R6-Dmax-H 2.23 1.98 15.33 1.88 1.26 1.33 0.46 1.67 1.56 Pass 

Mean   2.68  1.54 1.96 Fail 

Performance Group (PG-5) 

W1-R3-Dmax-H 1.89 2.72 14.47 2.61 1.74 1.33 0.19 2.31 1.56 Pass 

W2-R3-Dmax-H 2.01 1.87 9.42 2.16 1.44 1.33 0.40 1.92 1.56 Pass 

W3-R3-Dmax-H 1.46 2.15 13.8 2.24 1.50 1.33 0.28 1.99 1.56 Pass 
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Mean   2.24  2.07 1.96 Pass 

Performance Group (PG-6) 

W1-R2-Dmax-H 1.61 2.72 8.21 3.08 2.05 1.33 0.18 2.73 1.56 Pass 

W2-R2-Dmax-H 2.60 2.30 10.55 2.90 1.93 1.33 0.36 2.57 1.56 Pass 

W3-R2-Dmax-H 1.30 2.21 9.07 3.18 2.12 1.33 0.23 2.82 1.56 Pass 

Mean   2.41  2.71 1.96 Pass 

Table 2.8.  Summary of collapse performance evaluation for SDC Dmin walls 

archetypes 

Archetype ID 
ŭu  

(%) 
ɋ µT 

SCT 

(g) 
CMR SSF 

T1 

(Sec) 
ACMR 

Acceptance criteria 
 

 

 

ACMR Pass/Fail 

Performance Group (PG-7) 

W1-R6-Dmin-L 2.01 3.49 61.43 1.22 1.62 1.14 0.24 1.85 1.56 Pass 

W2-R6-Dmin-L 1.81 2.53 23.27 1.22 1.62 1.14 0.49 1.85 1.56 Pass 

W3-R6-Dmin-L 1.21 1.63 13.19 0.67 0.89 1.14 0.52 1.02 1.56 Fail 

Mean   2.55  1.57 1.96 Fail 

Performance Group (PG-8) 

W1-R3-Dmin-L 1.33 3.00 20.41 2.09 2.79 1.14 0.20 3.18 1.56 Pass 

W2-R3-Dmin-L 1.69 2.44 16.59 1.68 2.24 1.14 0.40 2.55 1.56 Pass 

W3-R3-Dmin-L 1.08 2.48 19.4 1.52 2.03 1.14 0.29 2.31 1.56 Pass 

Mean   2.64  2.68 1.96 Pass 

Performance Group (PG-9) 

W1-R2-Dmin-L 1.95 3.02 19.89 2.57 3.43 1.14 0.18 3.91 1.56 Pass 

W2-R2-Dmin-L 1.71 2.68 13.77 2.11 2.82 1.14 0.36 3.21 1.56 Pass 

W3-R2-Dmin-L 1.54 2.50 18.79 2.41 3.21 1.14 0.25 3.66 1.56 Pass 

Mean   2.73  3.81 1.96 Pass 

Performance Group (PG-10) 

 

W1-R6-Dmin-H 2.62 6.09 80.28 2.37 3.16 1.14 0.24 3.60 1.56 Pass 
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W2-R6-Dmin-H 3.51 4.93 48.27 2.31 3.08 1.14 0.47 3.51 1.56 Pass 

W3-R6-Dmin-H 0.92 2.31 10.51 0.72 0.96 1.14 0.51 1.09 1.56 Fail 

Mean   4.44  2.73 1.96 Pass 

Performance Group (PG-11) 

W1-R3-Dmin-H 2.15 3.59 32.84 2.13 2.84 1.14 0.22 3.24 1.56 Pass 

W2-R3-Dmin-H 2.80 4.42 29.54 2.65 3.54 1.14 0.38 4.03 1.56 Pass 

W3-R3-Dmin-H 1.12 3.45 20.22 1.74 2.32 1.14 0.29 2.64 1.56 Pass 

Mean   3.82  3.22 1.96 Pass 

Performance Group (PG-12) 

W1-R2-Dmin-H 2.28 5.16 23.29 3.51 4.68 1.14 0.18 5.34 1.56 Pass 

W2-R2-Dmin-H 2.28 4.61 19.27 2.89 3.85 1.14 0.35 4.39 1.56 Pass 

W3-R2-Dmin-H 1.91 4.47 26.67 4.01 5.35 1.14 0.23 6.10 1.56 Pass 

Mean   4.75  5.28 1.96 Pass 

 

  



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

64 

 

 FIGURES 

 

 

 

 

 

 

 
Figure 2.1: Schematic of the OpenSees model using the SFI-MVLEM element 

(Kolozvari 2013) 
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Figure 2.2: Sensitivity of the OpenSees model to parameters: (a) n; and (b) m 
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Figure 2.3: Experimental and OpenSees model responses for walls: (a) SW1; (b) 

SW2; (c) U1.5; (d) C1.0; (e) LSW1; and (f) RW-A15-P10-S51 
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Figure 2.4: A typical floor configuration for the building archetypes:  

(a) single-story building; (b) two-story building; and (c) double-height single-

story building 
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Figure 2.5: Flowchart of the iterative procedure 
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Figure 2.7: Basic dimensions and reinforcement details of the wall archetypes 
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Figure 2.6: Archetype nomenclature 
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Figure 2.8: Pushover curves for walls: (a) W1-Dmax-L; (b) W2-Dmax-L; and (c) 

W3-Dmax-L 
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Figure 2.9: Incremental dynamic analyses for walls: (a) W1-R6-Dmax-L; (b) 

W1-R2-Dmax-L; (c) W1-R6-Dmax-H; (d) W1-R2-Dmax-H; (e) W2-R6-Dmax-L; 

(f) W2-R2-Dmax-L; (g) W2-R6-Dmax-H; and (h) W2-R2-Dmax-H. 
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Figure 2.10: Collapse fragility curves for walls:  

(a) W1-Dmax-L; (b) W2-Dmax-L; (c) Walls-R3-Dmax; (d) Walls R2-Dmax; (e) 

Walls-R3-Dmin; and (f) Walls-R2-Dmin 
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Chapter 3  

DATA -DRIVEN FRAMEWORK FOR EVALUATION OF BUILDING 

SEISMIC PERFORMANCE : APPLICATION TO REINFORCED 

CONCRETE SHEAR WALLS  

 ABSTRACT 

Seismic performance assessment is key during the design and post-design stages as 

it provides insights to relevant stakeholders about the safety levels of their buildings 

under earthquake events. As such, the FEMA P695 methodology was introduced to 

evaluate the seismic performance factors of buildings by assessing their collapse 

risk under the maximum considered earthquake. However, the methodology 

requires prolonged dynamic analyses and uses complex probabilistic techniques to 

account for a wide range of uncertainties related to building geometrical 

configurations, ground motions, available experimental datasets, and modeling 

techniques. This situation has in turn imposed serious restrictions on the use of such 

a methodology, especially by relevant building codes and practicing engineers. In 

this respect, the current study develops a data-driven framework to practicalize the 

FEMA P695 methodology by minimizing the levels of effort needed by engineers 

to assess their buildings. Specifically, the seismic performance of buildings is 

evaluated using data-driven expressions based on the geometrical configurations 

(e.g., aspect ratio) and design parameters (e.g., axial load) of the comprising 
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structural components. As such, the developed framework does not require high 

levels of computational efforts (e.g., nonlinear models and analyses) that are 

typically needed when the seismic performance factors are iterated during the 

assessment stage of the methodology. To demonstrate its practical use, the 

framework was operationalized herein to 91 reinforced concrete shear walls tested 

in previous experimental programs. Such walls were numerically modeled and 

analyzed to develop data-driven expressions that predict the seismic collapse risk 

of the walls, which can be subsequently used to assess their performance under 

different earthquake levels. The results show that the developed framework can be 

utilized in a wide range of assessment applications ranging from quantifying the 

seismic performance of existing buildings to evaluating the seismic performance 

factors assigned by relevant building codes to design new buildings with different 

architectural layouts.  

 INTRODUCTION  

Building seismic performance factors are key design parameters that were first 

introduced by the Applied Technology Council (ATC) in 1978 in their ATC-3-06 

report, Tentative Provisions for the Development of Seismic Regulations for 

Buildings (ATC 1978). Since then, such factors have been implemented by various 

building codes (e.g., ASCE 2016; NRCC 2020; Standards New Zealand 2004) to 

simplify the design process of the different seismic force-resisting systems (SFRS). 

Specifically, such factors are used to estimate the nonlinear strength and 
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deformation demands on the SFRS based on simplified linear analyses and design 

procedures (NIST 2010). Initially, seismic performance factors were merely based 

on either subjective judgment from experts or comparisons with widely used 

structural systems whose behavior is fairly understood at the time (ATC 1978; 

FEMA 2009). However, this introduced a significant number of inconsistencies 

between the designs of different SFRS and also resulted in uncertainties regarding 

the safety levels produced by each design procedure (FEMA 2009; PHRC 2011). 

Therefore, a more reliable methodology for the adequacy of the seismic 

performance was needed to ensure that such factors are capable of producing SFRS 

that could mitigate seismic collapse risks. In response, the Federal Emergency 

Management Agency (FEMA) introduced the P695 methodology (FEMA 2009), 

which has been later used in several research studies to assess the seismic 

performance factors of different SFRS (e.g., Ezzeldin et al. 2016; Koliou et al. 

2016; Steele and Wiebe 2017; Akl and Ezzeldin 2023). The main aim of the 

methodology is to reasonably quantify the competence of the current seismic 

performance factors and also provide clear criteria that facilitate the acceptance of 

newly introduced factors. This is performed to ensure a consistent level of life 

safety and resilience by mitigating the seismic collapse risk across all SFRS. 

The FEMA P695 methodology starts with defining the design properties of 

a set of predefined system archetypes. These properties are assumed to represent a 

wide range of design parameters that are commonly found in the considered SFRS. 

Subsequently, the archetypes are assembled into performance groups according to 
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their seismic properties (e.g., fundamental period, height, number of stories, etc.). 

Afterwards, a numerical model is developed, and incremental dynamic analyses 

(IDA) are conducted for each archetype using 44 different horizontal ground 

motion records with different scale factors. The IDA results are then used to 

determine the median collapse intensity (ȃCT) which represents the lowest spectral 

acceleration intensity that would cause half of the applied ground motion records 

(i.e., 22 ground motions) to result in a structural collapse. The ȃCT is used to assess 

the collapse safety of the SFRS including their seismic performance factors. 

Ultimately, the FEMA methodology ensures the safety of SFRS against seismic 

collapse risks, considering the effects of uncertainties in modeling, test data and 

ground motions. However, the methodology is primarily based on IDA results that 

require extensive computational resourcesðnot typically available for engineers 

(Dadkhah et al. 2022; Soleimani et al. 2022). Therefore, a practical implementation 

of the methodology is still needed. This implementation can be realized by using 

available data-driven approaches to formulate expressions for the different SFRS 

that predict key seismic performance parameters (e.g., ȃCT) according to FEMA 

P695 (FEMA 2009). Such expressions are expected to facilitate the implementation 

of the methodology in future building codes and design standards, and thus its use 

by practicing engineers. 

In general, data-driven approaches have always been linked to several 

engineering fields, including structural engineering, in order to determine quantities 

of interest using simplified expressions. For example, conventional statistical 
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techniques (e.g., linear and nonlinear regressions) have been extensively used by 

previous researchers to predict several seismic parameters such as the shear strength 

of both reinforced masonry (Shing et al. 1990) and reinforced concrete (Barda et 

al. 1977; Wood 1990) shear walls, the inelastic response of steel braced frames 

(Hickey and Broderick 2022), the displacement capacity of reinforced concrete 

block shear walls (Siam et al. 2019), and the hysteretic response of steel moment 

frames (Lignos and Krawinkler 2011). Other structural researchers used more 

advanced techniques such as machine learning (e.g., Tsai 2009; Gilan et al. 2012; 

Tsai et al. 2013; Aguilar et al. 2016; Chen et al. 2018; Mangalathu and Jeon 2018; 

Zhang et al. 2019; Guan et al. 2021) and genetic programming (e.g., Ashour et al. 

2003; Gandomi et al. 2010; Yosri et al. 2019; Gondia et al. 2020; Luong et al. 2022) 

algorithms. While developing an accurate easy-to-use data-driven expression can 

be a tedious task, this however, based on the aforementioned studies and others not 

listed herein, has become a relatively applicable task due to the recent advancement 

in computational power resources that are available to researchers. 

 STUDY GOAL AND OBJECTIVES  

To facilitate the practical use of the FEMA P695 methodology that assesses the 

seismic performance of buildings, the goal of the current study is to present a data-

driven framework that can be implemented to all SFRS in order to develop an easy-

to-use mathematical expression for the expected median collapse intensity, ȃCT. 

The selection of this particular seismic parameter is because it is independent of 
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any site requirements, and it only depends on the geometrical configurations and 

design parameters of the considered SFRS. In other words, the ȃCT can be obtained 

regardless of the site, soil or ground motion activities to be experienced by the 

building. The ȃCT can be subsequently used to evaluate the collapse safety of the 

building under a wide range of earthquake levels. In this respect, a representation 

of the developed framework is presented, where each stage of the framework is 

detailed along with a brief discussion of several possible data-driven approaches 

than can be used in conjunction with the framework. As one practical demonstration 

of its use in the field, the developed framework is then applied to 91 reinforced 

concrete shear walls tested in previous experimental programs. 

 FRAMEWORK OVERVIEW  

3.4.1. SYSTEM INFORMATION AND DATASET DEFINITION  

Figure 3.1 shows a simple depiction of the framework stages proposed in the 

current study. As shown in the figure, a clear description of the system under 

consideration is initially laid out. This description includes the type of applications 

that this system is usually associated with as well as the main structural design 

parameters that govern the behavior of the system components. Afterwards, an 

extensive dataset of the system components is assembled based on either 

experimental work (i.e., obtained from literature given that sufficient information 

about the tests is available) or numerical simulations. In the case of the latter, 

reasonable geometrical configurations and design parameters should be considered 
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within the dataset to agree with previously defined structural applications and code-

recommended design procedures. A descriptive statistical analysis using data 

visualization techniques can be also applied to the dataset to provide beneficial 

insights about any correlation between the different configurations and parameters 

that characterize the seismic performance of the system components. 

3.4.2. NONLINEAR ANALYSES 

Following the system definition and dataset development, a numerical model is 

utilized for the required analyses. The model should be able to capture the seismic 

behavior of the system components, including their global behavior (e.g., load-

displacement relations). The model should be also validated to verify its 

effectiveness to simulate the nonlinear response of the system including P-delta 

effects. The model is then used to carry out nonlinear static analysis for each 

component in order to obtain the maximum base shear (Vmax) as well as the ultimate 

roof displacement at 20% strength degradation (ŭu). The former parameter is used 

to calculate the overstrength factor (ɋ) of the system, while the latter parameter is 

used to determine the collapse criteria of the system. When an experimental dataset 

is available, such parameters can be obtained directly from the experimental results, 

without the need to perform nonlinear static analysis, as indicated by the dotted line 

in Figure 3.1. Afterwards, nonlinear IDA (Vamvatsikos et al. 2004) are conducted 

by subjecting the system components to several ground motions with different scale 

factors in order to determine the ȃCT value of each component. 
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3.4.3. SELECTION OF VARIABLES AND DATA -DRIVEN APPROACHES  

Several variable selection methods can be used to identify the key geometrical and 

design parameters that have the most influence on the calculated ȃCT values of the 

system components, thus enhancing the overall accuracy of the developed data-

driven expressions by avoiding under- or over-fitting (Gilan et al. 2012). This can 

be performed using basic variable selection methods such as the forward stepwise 

selection (Whitney 1971), backward stepwise selection (Marill and Green 1963), 

and floating search selection (Pudil et al. 1994). Afterwards, a proper data-driven 

approach is selected to develop the required expression for ȃCT based on the 

identified key parameters. Examples of potential data-driven approaches include (i) 

nonlinear regression, (Gergonne 1974; Stigler 1974), which has many forms to 

produce acceptable expressions for nonlinear data; however, it lacks the flexibility 

to include certain relationships between variables (James et al. 2021); and (ii) 

genetic programming (Koza 1992), which is an evolutionary artificial intelligence 

algorithm based on the Darwinian principles of genetics and evolution. Figure 3.2 

shows a representation of the genetic programming algorithm, where an initial 

population of expressions of size P is assumed, each has either one gene/tree in case 

of naïve genetic programming (Searson 2015) or multiple genes/trees in case of 

multi-gene genetic programming (Hinchliffe et al. 1996; Gandomi and Alavi 2012). 

Then, a set of evolutionary procedures are carried out until a proper expression is 

obtained. Although a vast spectrum of other data-driven approaches is available to 

use, only a small subset is included in the current study for demonstration purposes. 
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Therefore, any other approach that is capable of producing accurate expressions 

can be used for the framework presented herein. However, it is recommended to 

use glass/white box approaches, where the inner processes and findings can be 

inspected by users to enhance the physical understanding and judging of the 

developed expressions. 

3.4.4. EXPRESSION DEVELOPMENT  

The dataset of the key parameters and the corresponding ȃCT values is divided into 

a training set and a testing set, where the training set is used to develop the required 

data-driven expression and the testing set is used to determine the level of accuracy 

produced by this expression. The process of dividing the data into training and 

testing sets should be performed in a manner that would ensure the presence of 

representative data points in each set, thus enhancing the accuracy of the developed 

expression as well as its generalization (Luong et al. 2022). This can be attained by 

categorizing the data into several subgroups, where each subgroup has similar 

characteristics. Then, the data in each subgroup are divided into training and testing 

sets. Afterwards, the selected data-driven approach is used to develop an expression 

that can predict ȃCT with acceptable accuracy levels. It is also required to develop 

an expression that is simple enough to implement since this would ultimately 

facilitate its use by practicing engineers. 
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3.4.5. EXPRESSION PERFORMANCE ASSESSMENT 

Following the expression development, a set of statistical and interpretability 

analyses is carried out to assess the performance of the developed expression. The 

statistical analysis includes several metrics such as the correlation coefficient (R2), 

the root mean squared error (RMSE), and the normalized root mean squared error 

(NRMSE). R2 denotes the proportion of variance of the required response (Y) with 

respect to a predictor variable (X) (James et al. 2021), as presented in Eq. (3-1). 

The R2 metric has a value between 0 and 1, where a value of 1 indicates a perfect 

fit between the predicted and real values, whereas a value of 0 indicates that the 

model cannot predict the required value (Chou et al. 2015). The RMSE and 

NRMSE both indicate the aggregated residual errors divided by the number of 

observations or the product of the mean and the number of observations, as 

presented in Eqns. (3-2) and (3-3), respectively. In general, lower values of RMSE 

and NRMSE indicate lower errors, and hence, a more accurate expression. 

╡
В ◐░◐ ╨░╨
▪
░

В ◐░◐ ╨░╨
▪
░

                           (3-1) 

╡╜╢╔
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▪
░

▪
                           (3-2) 

                  ╝╡╜╢╔
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                                      (3-3) 
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where the yi is the actual response (i.e., ȃCT); ὂ is the mean value of the actual 

response; Yi is the predicted response; ὁ is the mean of the predicted response; and 

the n is the total number of observations.  

Interpretability analyses are then performed to verify the comfort of the 

expression with the known behavior mechanics of the system (parametric analysis) 

and to also quantify the impacts of each key variable on the variability of the 

expression (sensitivity analysis). 

3.4.6. SEISMIC PERFORMANCE EVALUATION  

The final stage in the proposed framework is to use the ȃCT expression to evaluate 

the seismic performance of the system. Specifically, the ȃCT is used to calculate the 

collapse margin ratio (CMR) by dividing the ȃCT by the spectral acceleration of the 

maximum considered earthquake (MCE) at the code-based fundamental period 

(SMT) based on the corresponding seismic design category. The adjusted CMR 

(ACMR) is then calculated to take into consideration the variation in the spectral 

shapes of rare MCEs through the use of a spectral shape factor (SSF). Finally, the 

evaluation process of the FEMA P695 methodology is based on comparing the 

ACMR to a set of predefined allowable limits. The performance is deemed to be 

acceptable if the ACMR values are below such limits. Further details can be found 

in FEMA P695 (FEMA 2009) 

In this respect, the developed framework stages can be divided into two 

main tasks, as shown in Figure 3.1: (i) a task that is carried out by relevant 
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researchers, which includes presenting validated nonlinear models, performing 

IDA, and developing predictive data-driven expressions and then ensuring their 

accuracy levels; and (ii) a task that is completed by practicing engineers, where the 

developed expression is used to assess a building-specific seismic performance 

factor (i.e., R factor). The latter task can be performed by assuming different R 

factors for a specific building, carrying out the design procedure, and obtaining the 

ȃCT value using the developed expression to evaluate the adequacy of the assumed 

R factors. This can remarkably reduce the time and effort required by engineers to 

assess the adequacy of the seismic performance factors since the framework 

eliminates the need to carry out multiple detailed IDA once an expression for ȃCT 

is made available by researchers. 

 DEMONSTRATION APPLICATION TO REINFORCED 

CONCRETE SHEAR WALLS  

Recent research studies have demonstrated that different performance factors 

should be assigned to reinforced concrete (RC) shear walls based on their 

corresponding geometrical configurations (e.g., aspect ratio) and design parameters 

(e.g., axial load). However, utilizing the FEMA P695 methodology multiple times 

to evaluate different performance factors for such walls is computationally 

intensive, which makes it almost impossible to be implemented by practicing 

engineers. In this respect, the developed framework is operationalized herein to 

rectangular low-aspect-ratio RC shear walls, thus providing one practical 
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application of the framework. In this section, the properties of the walls are 

discussed, and the dataset used to represent the system is described. Afterwards, a 

verified numerical model is constructed and used to perform nonlinear IDA on the 

dataset using 44 different ground motions. Following the IDA, the most influential 

variables are determined using a variable selection method and several data-driven 

approaches are selected and utilized to develop predictive expressions for ȃCT. All 

expressions are also evaluated to verify their ability in predicting the performance 

of the walls in terms of their safety against seismic collapse risk. 

3.5.1. SYSTEM INFORMATION  

Rectangular low-aspect-ratio RC shear walls are selected herein as a demonstration 

system. These walls are used as a seismic force-resisting system in various low-rise 

structures such as residential, parking and industrial buildings (Akl and Ezzeldin 

2023). Such walls are generally distinguished by their low height-to-length ratios 

(i.e., less than 2), resulting in a unique seismic behavior that is mainly governed by 

flexure-shear interaction (Kolozvari et al. 2015a).  

3.5.2. EXPERIMENTAL DATASET  

The dataset collected and used by Gulec and Whittaker (2009) was implemented 

herein to demonstrate the developed framework. The dataset was collected from 

previous experimental research studies and was originally used to assess the 

performance of the different shear strength predictive expressions (Gulec and 

Whittaker 2009). The dataset consisted of 434 low-aspect-ratio RC walls (150 with 
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rectangular cross-sections, 191 with barbells, and 93 with flanges). However, it was 

decided in the current study to consider walls with rectangular cross-sections. Some 

walls were also excluded from the dataset due to insufficient information. As such, 

91 low-aspect-ratio wall specimens were selected to represent the dataset. These 

walls were tested using two different methods, where some walls were tested 

monotonically, and others were tested under cyclic loading to represent seismic 

demands. 

As shown in Figure 3.3, the dataset contains walls with different design 

parameters. Specifically, the walls had thicknesses (tw) between 60 mm and 160 

mm, heights (hw) between 500 mm and 2000 mm, and lengths (lw) between 600 mm 

and 3000 mm. These dimensions resulted in aspect ratios (h/l) varying from 0.50 to 

2.00 with shear-span ratios (M/VL) from 0.35 to 2.13 and length-to-thickness ratios 

(L/t) from 5.30 to 30.00. In addition, some walls had end boundary elements with 

lengths (hbe) ranging from 60 mm to 300 mm; however, this was achieved using 

boundary hoops without increasing the wall thickness. The web vertical 

reinforcement ratio of the walls (ɟv) ranged from 0.00% to 2.14%, while the 

horizontal reinforcement ratio of the walls (ɟh) was between 0.00% and 1.61%. For 

walls with boundary elements, the vertical boundary reinforcement ratio (ɟbe) 

ranged from 0.87% to 12.75%. These ratios produced walls with total vertical 

reinforcement ratios (ɟvt) ranging from 0.30% to 3.02%. The concrete compressive 

strength of the walls (fôc) ranged from 14 MPa to 50 MPa, while the yield strength 

of the boundary rebars (fybe) was between 300 MPa and 585 MPa and the yield 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

87 

 

strength of the vertical (fyv) and horizontal (fyh) rebars ranged between 300 MPa 

and 610 MPa. In addition, some walls had axial loads, where the axial load ratio 

(ALR) is calculated by dividing the applied axial load by the corresponding design 

axial load-carrying capacity of the section (i.e., the concrete strength, fôc, multiplied 

by the gross area of the section, Ag). The walls had ALR ranging between 0.00% 

(i.e., walls with no axial load) and 18.20%.   

3.5.3. NONLINEAR MODELING AND ANALYSIS  

A robust numerical model is essential to capture the unique flexure-shear 

interaction of the walls. In this respect, the shear-flexure interaction multiple-

vertical-line-element model (SFI-MVLEM) was used in the current study 

(Kolozvari et al. 2015b). This model is available in OpenSees (McKenna 2021) and 

has been extensively verified in several research studies (Kolozvari et al. 2015b; 

Kolozvari et al. 2015c; Kolozvari 2018; Pozo et al. 2020; Akl and Ezzeldin 2023). 

Such studies demonstrated that the SFI-MVLEM can capture the seismic behavior 

of low-aspect-ratio RC walls. The model is an example of the macro-modeling 

approach, where several concrete panels are assembled laterally and connected at 

the top and the bottom via an infinitely rigid element, as shown in Figure 3.4. The 

91 walls in the dataset were modeled by placing multiple SFI-MVLEMs on top of 

each other until the desired height of the wall was reached. The model parameters 

used in the current study were in agreement with those used by Akl and Ezzeldin 

(2023). For example, the number of concrete panels was selected to be 8 panels, 
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while the height of each panel was selected to match the expected plastic hinge 

length according to Kazaz (2013). In addition, the material properties used in the 

models were based on those values reported in the experimental programs. 

 Afterwards, a tributary seismic mass was assigned to each wall to result in 

fundamental mode vibration periods between 0.20 s and 0.5 s, as recommended by 

previous research studies for low-rise RC buildings (e.g., Gulec and Whittaker 

2009; NIST 2010; Akl and Ezzeldin 2023). IDA were then conducted on the 91 

walls in the dataset to determine the ȃCT value of each wall. In this respect, the 44 

ground motions, as provided in FEMA P695 (FEMA 2009), were used to conduct 

the IDA through different scale factors. Such ground motion records were all 

sourced from locations situated at a distance of 10 km or more from the fault 

rupture. The ground motions were recorded at sites characterized by having either 

soft rock or stiff soil (referred to as Site Classes C and D, respectively), originating 

from faults with reverse/strike-slip mechanisms (FEMA 2009). Each record 

underwent normalization based on its peak ground velocity to mitigate 

discrepancies between such records, following the methodology outlined in 

Appendix A of FEMA P695 (FEMA 2009). The different scale factors (12 scale 

factors for each ground motion) were progressively incremented until a collapse 

caused by 22 ground motions was attained. This process yielded a total number of 

48,048 different simulations.  
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3.5.4. VARIABLE AND DATA -DRIVEN APPROACH SELECTION  

The backward stepwise selection method through the Bayesian information 

criterion (BIC) was used in the current study to identify the most influential 

geometrical and design parameters on the ȃCT values of the walls (Bhat and Kumar 

2010). The BIC is a criterion for model selection based on the likelihood function 

that overcomes bias through penalization (Kingdom and Prins 2016), where low 

BIC values indicate that predictive models are accurate and representative. Figure 

3.5 shows the BIC values when a different number of variables are included in the 

analyses. As can be seen in the figure, a minimum BIC value of -62.58 is achieved 

when 8 wall design parameters are considered, namely the thickness (tw), height 

(hw), length (lw), aspect ratio (h/l), shear-span ratio (M/VL), total vertical 

reinforcement ratio (ɟvt), yield strength of the boundary rebars (fybe), and axial load 

ratio (ALR). 

 The nonlinear regression (NLR) and genetic programming (GP) data-driven 

approaches were selected to develop predictive ȃCT expressions due to their abilities 

to yield expressions with good interpretability of how the output relates to the input 

features. Therefore, such glass/white box data-driven approaches can provide 

insights into the underlying relationships of the system including key factors for the 

algorithm decisions (Aler Tubella et al. 2019; Zhang et al. 2021). The 8 backward-

selected variables were used for the NLR approach only because the GP approach 

has an inherent iterative method to select the appropriate variables (Koza 1992). 
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3.5.5. EXPRESSION DEVELOPMENT  

Each approach was used to develop an expression that can predict the ȃCT values 

of the experimental walls. The training and testing sets were similar throughout the 

two approaches, where the training set contained 69 walls (about 75% of the 

dataset) and the testing set constituted the remaining 22 walls (about 25% of the 

dataset). These ratios were selected to provide a good representation of the 

variability of the different design parameters in the implemented dataset and to 

ensure the different ȃCT values are represented in each set (Gondia et al. 2020; 

Luong et al. 2023), as shown in Figure 3.6. 

First, the polynomial NLR approach was implemented to obtain a predictive 

expression using the 8 backward-selected variables. An upper limit of three on the 

maximum raised power of variables was assumed to achieve acceptable accuracy 

levels while also avoiding further complex expressions. The NLR approach 

resulted in the ȃCT expression that is presented in Eq. (3-4)  

╢╒╣▌ Ȣ Ȣ ◄◌ Ȣ ● ◄◌ Ȣ ● ▐◌
Ȣ ● ▐◌  Ȣ ● ■◌ Ȣ ● ■◌ Ȣ ▐Ⱦ■
Ȣ ╜╥Ⱦ╛ Ȣ ⱬ○◄  Ȣ ⱬ○◄ Ȣ ● █◐╫▄ Ȣ ═╛╡

Ȣ ● ═╛╡            (3-4) 

 Second, the GP approach was conducted using the MATLAB toolbox 

GPTIPS (Searson et al. 2010; Searson 2015), where full details about the used GP 

parameters are provided in Table 3.1.  The developed GP expression is presented 

in Eq.(3-5) 
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╢╒╣▌ Ȣ ◄◌ ▐╫▄ ⱬ○◄ ╜╥Ⱦ╛ █◐▐ ═╛╡

Ȣ ●
▐◌▐╫▄ⱬ○◄

█╬
Ȣ                    (3-5) 

3.5.6. EXPRESSION PERFORMANCE ASSESSMENT  

The statistical assessment of the expressions is a crucial step to assess their accuracy 

levels. In this respect, the two expressions are evaluated using two statistical 

metrics, namely the R2 and the NRMSE, as presented in Table 3.2. As can be seen 

from Figure 3.7 and Table 3.2, for the training set, the GP expression achieves a 

higher R2 value (R2=0.81) than that of the NLR expression (R2=0.78). A similar 

observation can be seen for the testing set, where the R2 values for the GP and NLR 

expressions are 0.82 and 0.81, respectively. Table 3.2 shows also that the NRMSE 

values for the training set are 0.37, and 0.32 for the NLR, and GP expressions, 

respectively, while the NRMSE values for the testing set are 0.37, and 0.40 for the 

same expressions, respectively. The R2 and NRMSE results show that the GP 

expression can better predict the ȃCT values of the walls when compared to the NLR 

expression. It is noticeable that although the accuracy of the NLR and GP 

expressions is comparable, the latter expression is far simpler to use than the former 

expression. This can be considered a substantial feature for the GP expression as it 

can be adapted by building codes and practicing engineers.  

Following the statistical assessment, an interpretability analysis through a 

parametric analysis was performed to assess the effect of the wall design parameters 

on the predicted ȃCT values of the GP expression. This analysis is conducted by 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

92 

 

varying a single parameter at a time while keeping all other parameters equal to 

their corresponding mean values. This analysis can in turn yield insights about the 

robustness of the GP expression when its predictions are compared to the known 

behavior of mechanics, as shown in Figure 2.8 (Kuo et al. 2009; Gondia et al. 2020; 

Luong et al. 2022). Specifically, when the tw increases, the ȃCT value slightly 

increases, as shown in Figure 2.8a. This can be attributed to the fact that walls with 

large thicknesses allow for better-confined reinforcements at the wall ends, thus 

enhancing the ductility capacity of such walls. In addition, as shown in Figure 2.8 

(b and c), the ȃCT is directly proportional to hw and M/VL, which indicates that 

when such parameters increase, the walls require high ȃCT values to collapse 

because they exhibit a more ductile behavior, as presented in previous studies (Cho 

et al. 2004; Kolozvari et al. 2015b). A similar observation is demonstrated in Figure 

2.8 (d, e, and g), as the hbe, ɟvt and fyh increase, the walls tend to have higher ductility 

capacities and subsequently require higher ȃCT values to collapse. In addition, the 

effect of the fôc on the ȃCT is shown in Figure 2.8f, and the figure shows that as the 

fôc increases, the walls become less ductile and show low ȃCT values. Finally, the 

ALR effects on the ȃCT values can be seen in Figure 2.8h, where high ALR values 

lead to diagonal compression failures and subsequently low ȃCT values (Gulec and 

Whittaker 2009). 

A sensitivity analysis was also conducted for the GP expression. This 

analysis aims at providing information on the impact of each wall parameter on the 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

93 

 

ȃCT value of the wall. The sensitivity analysis was carried out using Eqns. (3-6) and 

(3-7) (Gandomi et al. 2013)  

╝░ ╢╒╣╖╟ ╜╪●●░ ╢╒╣╖╟ ╜░▪●░    (3-6) 

╢░
╝░

В ╝▒
▪
▒

●      (3-7) 

where Ὓ  ὼ  and Ὓ  ὼ  represent the highest and lowest ȃCT 

predictions utilizing the entire range of the ith predictor variable, respectively, while 

keeping all other parameters at their corresponding mean values. The Si is the 

sensitivity of the ith predictor variable (i.e., design parameter), which indicates the 

impact of this variable on the outcome of the ȃCT expression. Agreeing with the 

known mechanics of low-aspect-ratio RC walls, the ȃCT is most sensitive to the 

shear-span ratio (M/VL) and the total vertical reinforcement ratio (ɟvt) with 

sensitivity coefficients of 26.47% and 19.75%, respectively, as shown in Figure 

2.9. This is followed by the concrete compressive strength (fôc) with a sensitivity of 

coefficient of 17.61%. All other parameters showed sensitivity coefficients ranging 

from 1.15% to 11.41%.   

3.5.7. SEISMIC PERFORMANCE EVALUATION  

The framework produced an easy-to-use GP expression that is capable of accurately 

predicting the ȃCT values of low-aspect-ratio RC shear walls. This expression can 

be then used by engineers in practice to either assess different seismic modification 

R factors for new RC buildings or evaluate the seismic performance of existing RC 

buildings. Specifically, for a new building, engineers can identify several seismic 
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parameters (e.g., R factor, importance factor, and site coefficients) to determine the 

loading demands on the building and subsequently design its comprising RC walls 

including their dimensions and reinforcement ratios. For an existing building, 

engineers need to use the as-built dimensions and reinforcement ratios of the RC 

walls to be assessed. Afterwards, for new and existing buildings, the corresponding 

SMT value can be calculated by using either relevant building codes or the maximum 

values provided by FEMA P695 (FEMA 2009). For instance, the ASCE 7-16 

(ASCE 2016) provides a mapped representation of the spectral response of the 

MCE at a fundamental period of 1 s and at short periods (S1 and Ss), which can be 

used to calculate the spectral acceleration of the MCE at the fundamental period of 

the considered buildings (SMT). Thereafter, engineers can utilize the GP expression 

to calculate the ȃCT value without the need to perform IDA. The CMR and ACMR 

values can be then simply calculated and compared against the allowable limits of 

FEMA P695 (FEMA 2009) to assess the collapse risk of the buildings under the 

MCE. For new buildings, if the assumed R factors and the corresponding design 

details of the walls satisfy the acceptance criteria of the FEMA P695 methodology 

with a significant margin, higher R factors can be assumed. However, if the 

acceptance criteria are not achieved, lower R factors can be assumed. This 

procedure should be repeated until an acceptable performance and economic design 

are attained by the considered buildings. 
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 CONCLUSIONS 

The current study develops a data-driven framework to practicalize the FEMA P695 

methodology that evaluates the seismic performance of buildings under the 

maximum considered earthquake (MCE). In this respect, the developed framework 

stages are presented in detail and the data-driven approaches required to carry out 

the framework procedures are discussed. These stages include the selection of an 

appropriate dataset to represent the underlying seismic force-resisting system. This 

is followed by using validated numerical models to perform incremental dynamic 

analyses (IDA) on such a dataset. Afterwards, the IDA results are utilized to select 

key system variables to be used by potential data-driven approaches. Such 

approaches are used to develop predictive expressions for the median collapse 

intensity of the underlying system, thus assessing its seismic performance under the 

MCE according to FEMA P695.  

To demonstrate its practical use, the developed framework was 

operationalized to a dataset of 91 low-aspect-ratio RC walls tested in previous 

experimental programs. The walls were numerically modeled using OpenSees and 

nonlinear IDA using different ground motion records were conducted. The IDA 

results were used to calculate the ȃCT values of the walls. Nonlinear regression and 

genetic programming (GP) algorithms were then utilized to develop two data-

driven predictive ȃCT expressions. The accuracy of such expressions was evaluated 

using different statistical metrics, and the GP expression achieved the balance 
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between simplicity and accuracy. Subsequently, interpretability analyses were 

conducted for the GP expression to quantify the influence of the different design 

parameters on the ȃCT values of RC walls. Coinciding with the known mechanics, 

the results showed that the shear-span ratio and the total vertical reinforcement ratio 

are key design parameters for RC walls when their seismic performance is 

evaluated under the MCE.  

Although applied in the current study only on RC walls, the developed 

framework can be further extended in future studies to develop data-driven ȃCT 

expressions for the different seismic force-resisting systems (e.g., reinforced 

masonry shear walls). Further research is also encouraged to validate the developed 

expressions against additional walls from literature, including those walls presented 

in Akl and Ezzeldin (2023). Practicing engineers can use such expressions to assess 

the collapse risk of buildings under the MCE using a wide range of seismic 

performance factorsðwithout the need to perform IDA that is computationally 

intensive. Therefore, the framework developed herein is expected to have 

significant impacts on the practicality of the FEMA P695 methodology by 

including the resulting data-driven ȃCT expressions in future building codes and 

design standards.  
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 TABLES 

Table 3.1.  Parameters for the GP expression 

Parameter Value/Setting 

Population size 1500 

Number of generations 1000 

Termination criterion 

 

Number of generations 

Fitness function 

 

NRMSE + 1/R2 

Maximum number of genes 

 

2 

Maximum tree depth 4 

Mathematical functions used Plus, minus, times, divide, square, square root 

Elite fraction 0.10 

Tournament size 5 

Cross-over rate 0.15 

Mutation rate 0.80 

Direct reproduction 0.05 

Table 3.2.  Expression evaluation 

Approach 

 

R2 NRMSE 

Training  Testing Training  Testing 

Nonlinear regression 0.78 0.81 0.37 0.37 

Genetic programming  0.81 0.82 0.32 0.40 
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 FIGURES 

Figure 3.1: Framework stages 

 

 

Figure 3.2: Example of a standard GP algorithm 

Researchers Engineers 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

108 

 

 

Figure 3.3: Representation of the experimental dataset 

 

Figure 3.4: Schematic diagram of the numerical model 
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Figure 3.5: Variable selection using the backward stepwise method: (a) number 

of variables and BIC values; (b) BIC values and selected variables 
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Figure 3.6: The distribution of the training and testing sets 
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Figure 3.7: Predicted versus actual results: (a) NLR on the training set; (b) GP on 

the training set; (c) NLR on the testing set; and (d) GP on the testing set 

 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

112 

 

 

Figure 3.8: The influence of different wall design parameters on the median 

collapse intensity using the GP expression (a) t
w
; (b) h

w
; (c) MV/L (d) h

be
; (e) 

v́t
; 

(f) fôc; (g) f
yh
; and (h) ALR 
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Figure 3.9: Sensitivity of the GP expression to the wall parameters 
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Chapter 4  

SEISMIC HYBRID TESTING OF TWO-STOREY LOW-ASPECT-

RATIO RC SHEAR WALLS WITH DIFFERENT CONFIGURATIONS 

IN NUCLEAR FACILITIES  

 ABSTRACT 

Low-aspect-ratio reinforced concrete (RC) shear walls are widely used as a seismic 

force-resisting system in containment and safety-related nuclear facilities. 

However, there has been a very limited number of research studies to date that 

experimentally quantified the performance of such nuclear RC shear walls when 

subjected to different ground motion levels. This lack of studies is mainly attributed 

to the significant challenges that most laboratories encounter when such walls are 

tested, especially in a multi-storey setting, such as specimen sizes, actuator 

capacities, space limitations and the ability to simulate the large mass associated 

with nuclear facilities. To address this, the current study experimentally 

investigates the seismic performance of two two-storey low-aspect-ratio nuclear 

RC shear walls with different configurations (i.e., namely, walls W1-R and W2-B) 

using the hybrid simulation testing technique. Wall W1-R was designed to have a 

rectangular cross-section, while wall W2-B had boundary elements with increased 

thicknesses at the wall ends. Both walls were designed to have similar shear and 

flexural capacities to allow for direct comparisons. The walls were then tested under 
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different ground motion levels, ranging from operational to design and beyond-

design earthquake levels using a developed hybrid simulation framework. The 

experimental results of the test walls are presented in terms of their force-

displacement responses, lateral and rotational stiffnesses, ductility capacities, rebar 

strains, crack patterns and damage sequences. The results show that both walls had 

similar force and moment capacities, crack patterns, and stiffness degradation 

trends. However, W2-B showed lower displacements and inter-storey drifts than 

those of W1-R during their design basis earthquake levels. The former wall had 

also higher ultimate lateral and rotational displacements than the latter wall at their 

beyond-design basis earthquake levels, which indicated enhanced ductility 

capacities when boundary elements were used in W2-B. In addition, the results 

show discrepancies between the theoretical and experimental lateral and rotational 

stiffness values, thus highlighting the need for distinct rigidity reduction factors for 

low-aspect-ratio RC shear walls in future editions of relevant nuclear design 

standards. The current study enlarges the experimental database pertaining to the 

seismic performance of low-aspect-ratio RC shear walls with boundary elements to 

facilitate their wide adoption in nuclear facilities. 

 INTRODUCTION  

Low-aspect-ratio reinforced concrete (RC) shear walls (i.e., with height-to-length 

ratios of less than 2) are widely used in low-rise containment and safety-related 

nuclear facilities (Barbachyn et al. 2017; Luna and Whittaker 2019; Akl and 
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Ezzeldin 2023). Such walls are generally characterized by their large thicknesses 

coupled with as few openings as possible to protect nuclear facilities against 

radiation leaks, blasts, and fires (Whyte 2012b). These geometrical characteristics 

result in walls with high structural stiffnesses, causing their nuclear facilities to 

have very short fundamental periods that typically range from 0.11s to 0.30s (GE 

Hitachi Nuclear Energy Americas LLC 2014; Whyte and Stojadinovic 2014). 

Accordingly, the shear demands on such walls increase remarkably when they are 

subjected to ground motion records (Gulec and Whittaker 2011). Such high seismic 

shear demands and the associated complex shear-flexure behaviour of such walls 

call for additional attention to their performance by investigating different design 

parameters that can mitigate the seismic collapse risk of these critical nuclear 

facilities.  

Boundary elements (BEs) are defined as parts of a wall that are strengthened 

using heavily-placed longitudinal reinforcement, with sufficient additional 

transverse reinforcement (e.g., hoops) to prevent buckling of the longitudinal 

reinforcement (Wallace and Orakcal 2002; Massone et al. 2017). The use of BEs 

can be also accompanied by an increase in the wall thickness at its extreme ends, 

called barbell-shaped walls (ACI 2019; Canadian Standards Association 2019a). 

Such BEs enhance the flexural resistance of their walls as they resist most of the 

tension-compression forces developed from lateral loads and overturning moments. 

Hence, RC shear walls with BEs typically have relatively lightly-reinforced webs 

(Massone et al. 2017).  
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The use of BEs in low-aspect-ratio walls is not widely adopted in existing 

nuclear facilities (GE Nuclear energy 1997; Mitsubishi heavy industries ltd 2013). 

This is mainly attributed to the fact that BEs are not required for nuclear RC shear 

walls as per Section 21.9.6.1 of ACI 349-13 (ACI 349-13). In addition, researchers 

recommend that since low-aspect-ratio RC shear walls are mainly governed by 

shear behaviour, investigating the use of BEs in such RC walls is not needed ( 

Cheng et al. 2016; Barbachyn et al. 2020). However, recent research studies 

demonstrated that low-aspect-ratio RC walls without BEs can develop flexural 

failure (e.g., Devine et al. 2020). Other studies indicated that BEs can enhance the 

ductility of these walls (e.g., Darani and Moghadam 2008). However, to the best of 

the authorsô knowledge, to date, no research experimentally quantified the 

performance of low-aspect-ratio RC walls with increased thickness BEs (i.e., 

barbell-shaped walls) in nuclear facilities when subjected to ground motion records. 

Seismic testing of low-aspect-ratio RC shear walls used in nuclear facilities 

is a challenging task due to several laboratory constraints, including specimen sizes, 

loading actuator capacities, space limitations and the ability to realistically 

represent the large mass associated with nuclear facilities (Whyte and Stojadinovic 

2014). As such, the hybrid simulation testing technique offers an effective way to 

overcome such laboratory constraints (Shao and Griffith 2013; Najafi et al. 2023). 

A hybrid simulation model consists of two main substructures 1) Physical 

substructure: the experimental components that represent the most critical parts of 

the structure, and whose behaviour has proven challenging to accurately simulate 
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in a fully numerical domain; and 2) Numerical/Analytical substructure: the 

structural components which behaviour is more predictable and can be precisely 

modelled (Hashemi et al. 2017). Allowing both substructures to interact 

continuously, the hybrid simulation testing technique can capture the system 

behaviour while addressing the aforementioned laboratory constraints (Chen et al. 

2018). Despite the increased interest in the use of this testing technique to 

investigate the performance of several seismic force-resisting systems, such as steel 

(Yang et al. 2009; Del Carpio Ramos et al. 2016; Mortazavi et al. 2022), base-

isolated (Schellenberg et al. 2015; Sarebanha et al. 2019; Harris and Christenson 

2020; Furinghetti et al. 2020, 2022), and RC (Jeong and Elnashai 2005; Saouma et 

al. 2014; Hashemi et al. 2017; Woods et al. 2020) structures, there has been very 

limited implementation of such a technique for RC shear walls in nuclear facilities. 

Only, Whyte et al. (2014) utilized hybrid simulation to test two single-storey low-

aspect-ratio RC shear walls. In these tests, the physical substructure consisted of a 

RC shear wall, while the numerical substructure contained a seismic mass; 

however, no axial load was applied to the two test specimens. In addition, the study 

did not consider when low-aspect-ratio RC walls are used in multi-storey nuclear 

facilities. 

The current study experimentally quantifies the seismic performance of two 

two-storey low-aspect-ratio nuclear RC shear walls, with and without BEs, using 

the hybrid simulation testing technique under different earthquake levels. In this 

respect, the experimental program is first discussed, where the design criteria, 
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construction details, material properties, hybrid simulation models, test setup 

components, instrumentation layouts, and loading protocols of the test walls are 

detailed. The test results are then presented in terms of their force-displacement 

responses, lateral and rotational stiffnesses, ductility capacities, rebar strains, crack 

patterns and damage sequences. In addition, to guide future editions, comparisons 

between experimental lateral and rotational stiffnesses to theoretical predictions 

using relevant nuclear design standards are included in the current study. Finally, a 

set of conclusions including findings and recommendations for future research 

studies are presented. 

 EXPERIMENTAL PROGRAM  

Two low-aspect-ratio RC shear walls were tested in the current study, where W1-

R indicates the wall with a rectangular cross-section, while W2-B refers to the wall 

with BEs (i.e., a barbell cross-section). Each wall was tested as a part of a two-

storey nuclear structure under several earthquakes to quantify the seismic response 

of the wall over a spectrum of hazard levels.  

4.3.1. WALL DESIGN  

During the design phase of the test walls, three main criteria were considered: 1) 

Resemblance, the walls should have geometrical characteristics and design 

parameters as those of low-aspect-ratio RC walls used in nuclear facilities; 2) 

Similarity, the walls should have similar capacities to facilitate direct comparisons 

between the two test specimens; and 3) Mitigation of undesired modes, the walls 
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should be checked to ensure that any undesired failure modes including the 

surrounding test elements do not occur prematurely (e.g., premature wall sliding, 

and loading beam or foundation failures).  

To satisfy the first design criteria, the concrete dimensions and 

reinforcement ratios of both walls were assumed to lie within the typical state-of-

practice range obtained from both design control documents (GE Nuclear Energy 

1997; Mitsubishi heavy industries ltd 2013; GE Hitachi Nuclear Energy Americas 

LLC 2014; Korea Electric Power Corporation and Korea Hydro & Nuclear Power 

co ltd 2018; USNRC 2019) and relevant research studies (e.g., Devine 2020), as 

presented in Table 4.1. Specifically, wall W1-R was assumed to have a total height, 

of 11.00m, a thickness of 1.10m and a length of 6.6m, resulting in an aspect ratio 

of 1.67. The overall dimensions of wall W2-B were similar to W1-R but with BEs, 

whose dimensions were assumed to result in a ratio of 0.43 between the BE area to 

the total wall area, which lies within the typical ratios of 0.22 to 0.60 found in 

literature (Gulec and Whittaker 2009). All the wall dimensions were then scaled 

down by applying a scale factor of 1:5.5 to the full-scale walls. As shown in Figure 

4.1, both walls had similar overall dimensions, as follows: 1) total length, lw, of 

1200mm; 2) physical height, hw, of 1000mm; and 3) web thickness, tw, of 200mm. 

The BEs of W2-B had the following dimensions: 1) thickness, tbe, of 300mm; and 

2) depth, hbe, of 200mm. Each wall had a physical first-storey height equal to 

1000mm and a numerical second-storey height of 1000m, resulting in a total height 

(i.e., physical + numerical) of 2000mm.  
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The concrete compressive strength of both walls was taken as 35 MPa, 

while the reinforcement was assumed to be grade 400W steel with a yield strength 

of 400 MPa. For W1-R, a reinforcement ratio of 0.83%, typical for nuclear 

structures (Whyte and Stojadinovic 2014; USNRC 2019), was assumed for the 

vertical and horizontal directions, placed in two curtains. The rebars were spaced 

at 120mm, resulting in a total of 20-10M (diameter 11.3 mm) and 16-10M rebars 

in the vertical and horizontal directions, respectively. In W2-B, each BE had a 

vertical reinforcement ratio of 1.33% with a total of 8-10M rebars and 10M closed 

hoops that were spaced at 120mm. As for the web, W2-B had vertical and 

horizontal reinforcement ratios of 0.38% and 0.83%, respectively. This resulted in 

a total vertical reinforcement ratio of 0.79% in W2-B. The design parameters of the 

two walls and the range of parameters associated with typical nuclear structures are 

presented in Table 4.1, while an overall layout of the wall dimensions and 

reinforcement details is shown in Figure 4.1. 

Both walls were designed to have similar shear and flexural capacities to 

achieve the second design criteria, as presented in Table 4.2. The shear capacity of 

each wall was predicted using expressions from relevant design standards and 

research studies (Barda et al. 1977; ACI 349-13; ACI 318-19), while the flexural 

capacity was obtained through sectional analyses as per ACI 349 and ACI 318 

recommendations (ACI 349-13, ACI 318-19). Undesired failure modes (e.g., wall 

sliding and foundation/loading beam failure) were also ensured to not occur until 

the flexure and shear capacities of the walls have been fully developed, thus 
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satisfying the third design criteria. The expected shear sliding capacity was 

calculated at the interface surface between the wall and the base using several 

expressions (Birkeland and Birkeland 1966; Mansur et al. 2008; ACI 318-19; 

Walraven et al. 1987). As presented in Table 4.2, there is a significant scatter in the 

capacity predictions of both walls, as reported in previous studies (e.g., Wood 1990; 

Gulec et al. 2009; Gulec and Whittaker 2011).  

Each wall had a RC slab at its top which connected the wall to the steel 

loading beam, as shown in Figure 4.2. The RC slabs were mainly designed as D-

regions according to the strut-and-tie method described in chapter 23 of ACI 318 

(ACI 318-19) and were used to transfer the loads from the steel loading beam to 

the walls. The two walls had the same foundation dimensions that were designed 

to withstand the highest expected demands without experiencing premature failure 

according to chapters 13 and 22 of ACI 318 (ACI 318-19). The foundation of each 

wall was connected to a fixed base using sixteen post-tensioned rods, as shown in 

Figure 4.2.  

4.3.2. CONSTRUCTION STAGES AND MATERIAL PROPERTIES 

The walls were cast in two separate stages, which is consistent with typical 

construction practices. In the first stage, the foundation was cast, with the vertical 

rebars of each wall put in place to continuously extend to the RC slab. In the second 

stage, the wall and its RC slab were poured. The concrete compressive strength, fôc, 

was measured for three cylinders (150mm x 300mm) according to ASTM C39 
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(ASTM 2021). An extensometer with a 203 mm (8 in.) gauge length was used to 

measure the concrete strains, which was then used to calculate the concrete modulus 

of elasticity, Ec. Three 10M rebar samples were also tested in tension to obtain the 

required material properties. An extensometer with a gauge length of 100 mm (4 

in.) was placed onto each tested rebar to measure the strains up to the steelôs peak 

strength, fu. The rebars did not show a well-defined yielding plateau, and therefore, 

the 0.2% offset method was used to determine the corresponding yield strength, fy, 

as per ASTM A370 (ASTM 2022). The measured concrete and reinforcement 

properties are summarized in Table 4.3. 

4.3.3. HYBRID SIMULATION MODEL  

The hybrid simulation testing technique was used to test walls W1-R and W2-B. 

The first storey of each wall, where the plastic hinge was expected to form, 

represented the physical substructure, while the second storey of the wall 

represented the numerical substructure, as shown in Figure 4.3a. The physical wall 

was tested in a displacement-controlled setting, using lateral, axial and rotational 

displacements that were all controlled at the interface node, as shown in Figure 4.2. 

The numerical substructure was developed using OpenSees (McKenna 2021) and 

contained the second storey and the two seismic masses. The numerical 

substructure is simplified herein for multiple reasons: i) the layouts of nuclear 

facilities are extremely challenging to attain as such information is typically 

considered highly confidential; ii)  a simplified model would limit the number of 
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variables related to such analyses; and iii)  the used model is in agreement with 

relevant research studies that focused on similar structures (Whyte 2012a; Woods 

2018). As shown in Figure 4.3b, OpenSees is responsible for determining the 

structural displacements by solving the equation of motion at each time step of the 

earthquake. The communication between the numerical and physical substructures 

is carried out through OpenFresco (University of California Berkley 2013), a 

middleware that communicates between the numerical model and the servo-

controller (i.e., MTS 793). Specifically, the middleware obtains the seismic 

displacements from the numerical model and transforms them into displacement 

demand signals, which are sent to the physical specimen through the servo-

controlled hydraulic actuators. The no-transformation setup in OpenFresco 

(University of California Berkley 2013) was selected throughout the different tests. 

All the transformations were carried out through a set of equations defined in the 

MTS software in order to convert all the model command displacements from the 

modelôs coordinate system (i.e., control node X, Y and Rotational displacements) 

to the corresponding command displacements in the actual test setupôs coordinate 

system (i.e., displacements acted by each actuator) (Woods 2018). Each of the 

connected hydraulic actuators has a load cell, which measures the restoring forces 

of the specimen (i.e., the forces in X- and Y-directions as well as the moment at the 

interface node as shown in Figure 4.2) and sends them to the data acquisition 

(DAQ) system. The DAQ system sends the forces to the numerical model through 
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the middleware, and the model uses such forces to calculate the stiffness value to 

be used for the next time step of the earthquake.  

A seismic mass of 0.112kN.s2/m was assumed on top of each storey. This 

mass was particularly selected to produce a structural natural vibration period of 

0.14s, which is typical for nuclear structures, as presented in Table 4.1 (Huang and 

Whittaker 2008; Whyte 2012a). In addition, to avoid unnecessary complexities to 

the numerical model, the top storey of the wall was simulated by an elastic beam-

column element as it was expected to remain elastic (Woods et al. 2020). This 

element was assigned a modifier of 65% for the modulus of elasticity to account 

for concrete cracking as per CSA A23.3 (Canadian Standards Association 2019a). 

An overestimated initial stiffness matrix was also defined by utilizing Ec = 

5500 Ὢ, as recommended by Woods (2018), to calculate the first displacement 

demand. Moreover, the implicit Newmark method (i.e., with five fixed iterations) 

was used to carry out the transient analysis in the hybrid simulation model, with 

gamma and beta factors of 0.50 and 0.25, respectively, resulting in the average 

acceleration method (Schellenberg et al. 2009). The analysis time step implemented 

in the numerical model was taken as 1/8 of the ground motion recordôs time step, 

while a damping ratio of 5% was assumed, which is typical for low-rise RC 

structures (PEER/ATC 2010).  
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4.3.4. TEST SETUP 

Figure 4.2 and Figure 4.4 (a and b) show the experimental test setup that was 

developed to apply the lateral, axial and rotational displacements to the interface 

node of the physical wall. As can be seen from the figures, an out-of-plane 

restraining system was provided using two actuators at the north and south sides of 

the loading beam. The out-of-plane displacements of the loading beam were 

measured using two laser displacement transducers, which were commanded to 

maintain the initial position of the wall, thus preventing any out-of-plane 

displacements throughout the tests. Also, the walls were expected to show high 

stiffness values and subsequently very small displacements, especially at the early 

stages of testing (Whyte and Stojadinovic 2016). Therefore, to apply smooth and 

accurate displacement demands to the test wall, a 500mm Accu-rite SENC 150 

high-precision displacement encoder with a one-micrometer step resolution was 

used to control the lateral displacements during the test. The encoder was used to 

measure the displacement from the interface node to a stiff aluminum frame that 

was connected to the wallôs base. This was performed to eliminate any unnecessary 

displacements (e.g., steel frame and/or fixed base movements) that might affect the 

testing. The vertical displacements of the test wall were controlled using LVDTs 

that were mounted onto the vertical actuators directly.  
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4.3.5. INSTRUMENTATION  

A total of 18 linear potentiometers and 8 wire potentiometers were used to measure 

displacements during the tests. In addition, two 250mm high-precision encoders 

were used to measure the vertical displacements at two locations of the loading 

beam, as shown in Figure 4.4c. Moreover, 27 and 26 strain gauges were installed 

on the rebars of walls W1-R and W2-B, respectively, as shown in Figure 4.5. Three-

dimensional digital image correlation (3D-DIC) was also used to measure the 

deformation of the wall surface and subsequently provide strain values at different 

locations on the wall, as shown in Figure 4.6. Specifically, two IO Industries 12MP 

high-resolution cameras (12M180xCX) were installed to take pictures every 10 

seconds, with a full view resolution of 4096 x 3072 pixels. Before the test, the wall 

was painted white, and a pattern of black dots was then laid onto the wall using pre-

cut removable vinyl stencils. These stencils ensured an adequate and uniform 

speckle density among the wall, where the density of black dots to white regions 

was about 1:1. The black dot sizes were about 3mm in diameter, corresponding to 

about 6 pixels in the pictures taken by the camera (Looi et al. 2017; IDICS 2018; 

East et al. 2023). The GOM Correlate software (GOM mbH 2016) was then used 

to map the strain profile and crack widths of the wall by tracking the black dot 

movements throughout the sequence of the taken pictures.  
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4.3.6. LOADING AND EARTHQUAKE SEQUENCES 

Safety-related nuclear structures experience low axial load values, typically 

between 0.05fôcAg to 0.10fôcAg (Baek et al. 2017), where Ag denotes the gross 

cross-sectional area of the concrete element. In this respect, a vertical axial load of 

420 kN, which corresponds to 0.05fôcAg for wall W1-R, was gradually applied to 

both walls before the start of each test.  

The site of the considered nuclear structure was assumed to be located on 

the western North American coast, known for its high seismicity. Then, the 1994 

Northridge earthquake in California, recorded at the Beverly Hills station, was 

selected in the current study. Several earthquake levels were utilized herein to test 

walls W1-R and W2-B, as shown in Figure 4.7 (a and b), respectively. Since nuclear 

structures are typically required to remain essentially elastic (ACI 349-13; 

Canadian Standards Association 2019b) under a design basis earthquake (DBE), 

researchers defined the DBE level to be an earthquake that generates bending 

moments that lie within the range of 0.67 to 1.00 the yielding moment, My (Whyte 

and Stojadinovic 2014; Woods 2018). In this respect, the 1994 Northridge 

earthquake was scaled in the current study to obtain a DBE scale factor for each 

wall namely, DBE1 for wall W1-R and DBE2 for wall W2-B. DBE1 and DBE2 

were also applied to both walls to allow for direct comparisons.  

Seven additional scale factors were implemented by scaling the DBE level 

of each wall. First, each wall was tested under two operational basis earthquakes 
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(OBE), which is defined as an earthquake that induces vibratory motions without 

hindering normal operations of the nuclear facilities or imposing risk to the health 

and safety of the public at these facilities. Hence, scale factors of 0.30 and 0.50 

(Whyte and Stojadinovic 2014; Woods et al. 2020) were used to produce the OBE-

0.3 and OBE-0.5 earthquakes, where each scale factor was multiplied by each 

wallôs DBE level. The main aim of using the OBE-0.3 and OBE-0.5 is to obtain 

basic wall quantities such as the initial and cracked stiffnesses, respectively (Whyte 

and Stojadinovic 2014). In addition, beyond design basis earthquakes (BDBE), 

defined as rare earthquakes that are more severe and less frequent than the DBE 

(ACI 349-13), were used. Five different BDBEs were investigated, namely, BDBE-

1.5, BDBE-2, BDBE-3, BDBE-4, and BDBE-5 with scale factors 1.50, 2.00, 3.00, 

4.00 and 5.00, respectively, that are multiplied by the DBE scale factor of each 

wall. These earthquakes were used to capture the post-peak behaviour of the walls 

when subjected to extreme seismic events. The scale factors of such earthquakes 

were gradually increased until the walls showed a 20% strength degradation in both 

their lateral and rotational strengths. This loading protocol has resulted in applying 

a total of nine earthquakes to each wall, as shown in Figure 4.7.  

 TEST RESULTS 

Table 4.4 presents an overview of the wall responses throughout the tests. It is 

worth noting that the differences between the maximum displacements, forces, and 
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moments in the push and pull directions are mainly attributed to the asymmetry 

associated with the used ground motion records. 

4.4.1. FORCE-DISPLACEMENT RESPONSES 

As can be seen in Table 4.4, low lateral and rotational displacements were recorded 

for both walls during their OBE levels. However, W2-B exhibited slightly higher 

displacement values than W1-R. This behaviour might be attributed to the higher 

scale factors of W2-B (0.08 and 0.13) relative to those of W1-R (0.07 and 0.11) at 

the two OBE levels.  

For the DBE levels (i.e., DBE1 and DBE2), Figure 4.8 and Figure 4.9 as 

well as Table 4.4 show that W1-R had higher lateral and rotational displacements 

than W2-B. For example, at the DBE1 level, W1-R reached 42% and 21% higher 

lateral displacements than W2-B in the push and pull directions, respectively. At 

DBE2 levels, W1-R showed higher rotation values of 33% and 47% than W2-B in 

the push and pull directions, respectively. These lower values of W2-B indicate that 

using BEs limited the wall deformations before yield, which was attributed to the 

higher lateral and rotational stiffnesses of W2-B relative to W1-R, as will be 

discussed later.  

Figure 4.10 and Figure 4.11 show that both walls had similar maximum 

lateral and rotational strengths, thus realizing the second design criterion discussed 

earlier. The figures show that the maximum lateral capacity values are on the 

positive side of the y-axis, while the maximum moment capacity values are on the 
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negative side of the y-axis. This is due to the way the coordinate system was defined 

at the interface node (i.e., the lateral load is positive when pushing, while the 

moment is negative when pushing). As can be seen in the figures, W2-B attained a 

maximum lateral strength of 581 kN and 446 kN, in the push and pull directions, 

respectively, while W1-R achieved 535 kN and 415 kN in the same directions. 

Also, W2-B reached a maximum moment of 1228 kN.m and 839 kN.m, in the push 

and pull directions, respectively, while W1-R attained 1010 kN.m and 734 kN.m in 

the same directions, indicating only 17.5% on average higher rotational strengths 

for W2-B than W1-R. However, these maximum experimental moments of each 

wall surpassed the theoretical values obtained using section analyses following the 

recommendations of ACI 349-13 and ACI 318-19, as presented earlier in Table 4.2. 

These results confirm that the section analysis, based on the plane-section 

hypothesis, did not produce accurate values for low-aspect-ratio RC shear walls 

(Paulay et al. 1982; Gulec and Whittaker 2009).  

Figure 4.9 and Figure 4.10 show also that strength degradation of about 48% 

was attained by both walls during their BDBE-5 levels, where the tests were 

terminated to ensure the safety of the test setup.  

In the current study, the ultimate lateral displacement is defined as the 

lateral displacement of the wall at 20% lateral strength degradation, while the 

ultimate rotational displacement is defined as the top wallôs rotation at 20% 

rotational strength degradation (Kuang and Ho 2008). Figure 4.11 shows that W2-

B had 18% higher ultimate lateral displacement (23.8 mm) than W1-R (20.2 mm). 
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Also, W2-B attained 27% higher ultimate rotational displacement (40.4x10-3 rad) 

than W1-R (31.8x10-3 rad). These results demonstrate the enhanced deformation 

capacities of W2-B relative to W1-R due to the use of BEs. 

4.4.2. MULTI -STOREY RESPONSES 

Figure 4.12 shows the force and moment distributions across the two stories 

of each wall. For direct comparisons, the results from the DBE1 and DBE2 levels 

are presented in the figure. The figure shows that W1-R and W2-B have similar 

forces and moments at the DBE1 and DBE2 levels. However, Figure 4.13 

demonstrates that the maximum displacements and inter-storey drifts attained by 

W2-B, in the push and pull directions, are lower than those exhibited by W1-R at 

the DBE1 and DBE2 levels. For example, during the DBE1 level, W2-B attained 

about 30% less inter-storey drift ratios on average along the two stories than W1-

R. The overall reductions in the displacements and inter-storey drifts across the 

multiple stories in W2-B indicate an enhanced seismic performance when BEs are 

used in low-aspect-ratio RC shear walls, where lower probabilities of damage can 

be achieved by their structural and non-structural nuclear components (FEMA 

2009) when they are subjected to DBE levels. 

4.4.3. LATERAL AND ROTATIONAL STIFFNESSES  

The initial, cracked and secant stiffnesses of the walls were considered in the 

current study. The initial stiffness is an important seismic parameter, especially for 

nuclear RC shear walls as they are required to remain elastic throughout their 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

133 

 

operational states (Barbachyn et al. 2020). The initial lateral and rotational 

stiffnesses were determined at the OBE-0.3 level for both walls, where the average 

values for each wall in the push and pull directions were calculated. The initial 

lateral stiffnesses of W1-R and W2-B were 1410 kN/mm and 1730 kN/mm, 

respectively, while the initial rotational stiffnesses of both walls were 760x103 

kN.m/rad and 975x103 kN.m/rad, respectively. These results demonstrate the 

influence of the BEs in increasing the moment of inertia of W2-B and subsequently 

its initial lateral and rotational initial stiffness values relative to W1-R. 

The cracked stiffness was also considered at the onset of cracking which 

was determined using the DIC analysis. Walls W1-R and W2-B had similar cracked 

lateral stiffness values of about 800 kN/mm. However, the cracked rotational 

stiffness of W2-B was higher than that of W1-R, where the former and latter walls 

had cracked rotational stiffness values of 787x103 kN.m/rad and 646x103 kN.m/rad, 

respectively. 

A comparison was conducted between the theoretical and experimental 

initial and cracked stiffnesses, as presented in Table 4.5. The theoretical lateral and 

rotational stiffnesses were calculated based on Eq. (4-1) to Eq. (4-3). 

╚█ ♪
 ╔╬╘▌
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Where Kf and Ks, denote the flexural and shear contributions to the lateral stiffness, 

respectively, while KLat, and KRot denote the lateral and rotational theoretical 

stiffnesses. Ŭ and ɓ are the flexural and shear cracking rigidity reduction factors, 

respectively, as recommended by relevant standards and guidelines (ASCE 2005, 

2017; ACI 318-08; ACI 349-13; TBI 2017). Ig denotes the gross moment of inertia, 

while Gc is the concrete shear modulus which was taken as 0.4 Ec (ACI 318-19; 

ASCE 2005). Table 4.5 shows that the theoretical initial (uncracked) lateral 

stiffness values exceed their experimental counterparts, where acceptable 

predictions were only achieved when a flexural contribution reduction factor of 

0.70 was used. However, for the initial rotational stiffness, the theoretical values 

are significantly larger than the experimental stiffnesses, where the theoretical 

values reach as high as 3.58 times their experimental values. For the cracked lateral 

stiffness ratios, the results show some discrepancies with some theoretical values 

being smaller (i.e., when Ŭ=0.35 and ɓ=0.50 were used in W1-R as per ACI 318-

19) or larger (i.e., when Ŭ=0.35 and ɓ=1.00 were used as per ACI 349-13) than the 

experimental results. The accuracy of the theoretical cracked rotational stiffnesses 

has improved (i.e., relative to the uncracked rotational stiffness predictions), with 

values up to 2.22 times their experimental values. The significant discrepancies 

between the theoretical and experimental stiffness values in Table 4.5 highlight that 

unique rigidity reduction factors are needed for low-aspect-ratio nuclear RC shear 

walls. 



Ahmed Akl 

Ph.D. Thesis 

McMaster University 

Department of Civil Engineering 

 

135 

 

For each wall, the secant stiffness was calculated at the peak loads in the 

push and pull directions and the average secant stiffness values are shown Figure 

4.14. As can be seen from the figure, W2-B shows slightly higher secant lateral and 

rotational stiffness values compared to W1-R across the different earthquake levels 

up to BDBE-1.5. For example, at the DBE 1 level, W2-B had a rotational stiffness 

of 507 kN.m/rad, while W1-R had a rotational stiffness value of 421 kN.m/rad. At 

higher earthquake levels, both walls exhibited similar and low secant lateral and 

rotational stiffness values. For instance, at the BDBE-3 level, W1-R and W2-B had 

a lateral secant stiffness of about 31 kN/mm.  

4.4.4. DUCTILITY CAPACITIES  

The ductility capacities of the test walls were used herein to assess their post-peak 

responses. The displacement and rotational ductility values of the walls were 

calculated based on Eq. (4-4) and Eq. (4-5), respectively (Paulay and Goodsir 1985; 

Mahmoudi 2003; Luu et al. 2013) 

ⱧЎ
Ў◊■◄

Ў◐
                             (4-4) 

Ⱨ
Ᵽ◊■◄

Ᵽ◐
                             (4-5) 

where ɛȹ and ɛɗ denote the displacement and rotational ductility, respectively; ȹult 

is the ultimate lateral displacement at 20% lateral strength degradation; ȹy is the 

lateral displacement at the onset of yielding; ɗult is the wallôs top rotation at 20% 

rotational strength degradation; and ɗy is the wallôs top rotation at the onset of 
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yielding. Higher displacement and rotational ductility values were attained by W2-

B than W1-B. Specifically, the displacement and rotational ductility values of W2-

B were 11.13 and 13.80, respectively, while W1-R had values of 7.38 and 9.89. 

These enhanced ductility values of W2-B can be attributed to the effects of the BEs 

that minimized the compression depth of concrete, thus reducing the yield curvature 

and increasing the ultimate curvature. This enhanced the curvature ductility of the 

cross-section and subsequently the displacement and rotational ductility values of 

the wall.  

4.4.5. DISPLACEMENT COMPONENTS 

Figure 4.15 (a and b) show the percentage contribution of the shear, base slip, base 

rotation and flexure displacements to the total lateral displacements of W1-R and 

W2-B, respectively. As seen from the figure, at low earthquake levels, both walls 

showed mainly shear and flexure displacements, with insignificant contributions 

from the base slips and/or rotations. For example, at the OBE-0.3 level, W1-R had 

shear and flexure contribution ratios of 56% and 41% in the push direction and 34% 

and 63% in the pull direction, respectively. At the same earthquake level, W2-B 

showed shear and flexure contribution ratios of 43% and 54% in the push direction 

and 39% and 59% in the pull direction, respectively. In both walls, all other 

displacement components (i.e., base slip and rotation) accounted for negligible 

contributions with less than 4%, as shown in Figure 4.15.  
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As the earthquake level increased following their yield points, the walls 

shifted more towards a flexure-dominated behaviour with the effects of the base 

rotation becoming more pronounced as the separation between the walls and their 

bases started to develop. For instance, at the DBE2 level, the shear and flexure 

contribution ratios for Wall W1-R were 23% and 64% in the push direction, while 

the base rotation constituted the remainder of the displacement (i.e., 13%). The 

shear and flexure contribution ratios of the same wall were 11% and 73% in the 

pull direction and the base rotation was responsible for the remaining 16%. As we 

moved further toward failure, the deformation was significantly dominated by the 

flexure and base rotation displacements with minor contributions from the shear 

displacements, as seen in Figure 4.15. For example, at the BDBE-1.5, Wall W2-B 

had shear and flexure ratios of 17% and 54% in the push direction, while the base 

rotation and slips were 26% and 3%, respectively. In the pull direction, the shear 

and flexure contribution ratios were 22% and 51%, whereas the base rotation was 

about 27% with negligible base slip. These results are in agreement with what has 

been reported for low-aspect-ratio RC shear walls with moderate shear stress levels 

(Tran 2012; Gullu and Orakcal 2021)ðas the demands increase on such walls, the 

shear contributions recede, while the base rotation and flexure govern the 

displacements of the walls. 
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4.4.6. REBAR STRAINS 

Rebar strains were measured at discrete locations, as shown earlier in Figure 4.5. 

Figure 4.16 shows the maximum vertical rebar strains during each test for both 

walls. Both walls were considered to reach yielding when the maximum rebar strain 

was about 4000 micro-strains, as obtained from the tensile rebar tests and presented 

in Table 4.3. Both walls had similar rebar strains at the OBE-0.3, OBE-0.5 and 

DBE1 levels. However, at the DBE2 level, W1-R showed higher rebar strain than 

W2-B, where W1-R and W2-B had maximum rebar strains of 2821 and 1707 

micro-strains, respectively. The figure shows also that both walls reached yielding 

slightly later than expected (i.e., beyond the DBE2 levels). In addition, at the 

BDBE-1.5 level, W2-B achieved a significant increase in the rebar strains relative 

to W1-R due to the larger rebar spacing of the former wall compared to the latter 

wall, as shown earlier in Figure 4.1. No strain gauge data was obtainable beyond 

the BDBE-1.5 level as the strain gauges had lost accuracy and/or damaged by that 

point.  

4.4.7. CRACK PATTERNS AND DAMAGE SEQUENCES 

The formation of wall cracks under the different earthquake levels was monitored 

using DIC. During the operational basis earthquakes (i.e., OBE-0.3 and OBE-0.5), 

no major cracks were observed from the DIC. Nonetheless, it is worth mentioning 

that a single hairline crack of 0.014 mm wide was observed in the south end of W2-

B during the OBE-0.5 earthquake. 
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Cracks started to form more clearly during the DBE1 levels of both walls, 

as shown in Figure 4.17 and Figure 4.18. Specifically, the largest crack width was 

0.045 mm and 0.074 mm for walls W1-R and W2-B, respectively, where more 

cracks were also observed in W2-B than W1-R. The existing cracks continued to 

widen throughout the DBE2 levels, with new cracks forming in both walls, as can 

be seen in Figure 4.18. For both walls, cracks were observed to initiate as horizontal 

flexure cracks at the extreme ends of the walls and then transformed into diagonal 

shear cracks as they propagated into the webs. This confirms the interaction 

between the shear and flexure behaviour of such walls. Starting at the BDBE-2 

levels, the cracks in both walls were visible as their widths significantly increased, 

as can be seen in Figure 4.17. The largest crack widths for walls W1-R and W2-B 

were 0.52 mm and 0.66 mm, respectively. The larger crack width values in wall 

W2-B were mainly attributed to large rebar spacing at the web ends of this wall 

(220 mm) relative to W1-R (120 mm).  

During the BDBE-3 levels, it was observed that more cracks formed, where 

several shear and flexure cracks continued also to widen, as seen in Figure 4.19. It 

was also noticed that a larger number of cracks occurred in wall W2-B than W1-R, 

with a maximum crack width of 0.92 mm and 0.88 mm in W2-B and W1-R, 

respectively. No crack width information was obtained beyond this point as 

excessive damage had occurred, which compromised the accuracy of the DIC. 

The damage increased as the earthquake levels increased, where concrete 

portions of the walls near their toes began to crush at the BDBE-4 levels. It was 
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also noticed that one rebar fractured in Wall W1-R during the maximum pull peak 

of the BDBE-4 level, while three rebars fractured in W2-B (two in the South ñpullò 

and one in the North ñpushò directions) during the same earthquake level. During 

the BDBE-5 levels, W1-R toes showed major concrete crushing, with two 

additional rebars fracturing during the pull peak. Similarly, in W2-B, the remaining 

five boundary rebars fractured, with increased toe crushing and extensive wide 

cracks forming. The BDBE-5 tests were stopped midway as both walls surpassed 

20% strength degradation. The damage of walls W1-R and W2-B at the end of their 

tests is shown in Figure 4.20 and Figure 4.21, respectively. 

 CONCLUSIONS 

The current study presents the experimental results of two two-storey low-aspect-

ratio nuclear RC shear walls that were tested under different earthquake levels using 

the hybrid simulation testing technique. Wall W1-R had a rectangular cross-section, 

while wall W2-B had boundary elements (BEs) with increased thicknesses at its 

ends (i.e., Barbell). Both walls were tested under nine different earthquake levels, 

and the obtained findings are listed below: 

¶ The use of BEs had a pronounced role in limiting the lateral and rotational 

displacements of the wall, highlighting the effectiveness of BEs in 

restricting the overall deformations in low-aspect-ratio nuclear RC shear 

walls. 
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¶ Although both walls achieved similar maximum lateral strengths, W2-B 

exhibited higher ultimate lateral and rotational displacements, showcasing 

enhanced deformation capacities. 

¶ The experimentally flexural strengths of both walls exceeded the theoretical 

values from section analyses, indicating that the code-based theoretical 

predictions are conservative. 

¶ The two-storey response analysis revealed similar forces and moments 

between W1-R and W2-B. However, W2-B showed lower displacements 

and inter-storey drifts during the DBE1 and DBE2 levels, indicating 

improved seismic performance and reduced damage for structural and non-

structural elements when BEs are used. 

¶ The stiffness analysis results showed that W2-B had higher initial, cracked, 

and secant stiffness values compared to W1-R before the peaks. However, 

the post-peak lateral stiffness degradation was similar for both walls.  

¶ The stiffness comparisons showed discrepancies between the theoretical 

and experimental stiffness values for the walls, emphasizing the need for 

unique rigidity reduction factors for low-aspect-ratio nuclear RC shear 

walls. 

¶ The ductility analysis results demonstrated that W2-B exhibited higher 

displacement and rotational ductility values than W1-R, attributed to the 

beneficial effects of BEs on minimizing the compression depth of concrete 

and enhancing the overall ductility. 
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¶ Displacement components analysis revealed balanced shear-flexure 

behaviour at low earthquake levels, transitioning to flexure-dominated 

behaviour as the earthquake level increased, especially after yielding. After 

yielding, the base rotation and base sliding became more pronounced as 

separation occurred at the wall-foundation interface. 

¶ The crack patterns at the peaks were similar for both walls; however, W2-

B experienced larger crack widths than W1-R, which was attributed to the 

larger rebar spacing in W2-B. 

 It should be noted that the presented findings are based on the tests of the 

current study and are only representative of RC shear walls with similar design 

properties. As such, further testing is still needed to validate the effectiveness of 

using BEs for multi-storey nuclear RC walls. Additional investigation should be 

also carried out to further enhance the understanding of low-aspect-ratio RC shear 

walls in nuclear facilities taking into consideration the effects of different design 

and geometrical configurations such as the effects of using high-strength materials 

(i.e., reinforcement and/or concrete) on the seismic response of such walls. 
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 TABLES 

Table 4.1.  Range of design parameters in nuclear structures. 

Reference Height 

(m) 

Wall 

thickness 

(m) 

Vertical 

and 

Horizontal 

RFT (%)  

Concrete 

strength 

(MPa) 

Structural 

Period  

(s) 

ABWR1 
5.4 to 

11.5 
0.6 to 1.0 0.54 to 2.83 27.6 0.16 

APR14002 
5.3 to 

7.6 
0.9 to 2.1 0.72 to 1.03 35.0 0.19 

ESBWR3 
4.6 to 

8.2 
0.7 to 0.9 0.70 to 2.01 24.0 0.11 

Devine (2020)*  9.0 1.3 1.83 35.0 NA 
Whyte et al. 

(2014)* 
8.9 0.9 0.67 34.5 0.14 

The current study 11.0 1.1 0.79 to 0.83 35.0 0.14 
More information about the first three design documents can be found in the sources below:  

1. GE Nuclear energy (1997). 

2. Korea electric power corporation and Korea hydro & nuclear power co ltd (2018) 

3. GE Hitachi Nuclear Energy Americas LLC (2014) 

* Denotes the unscaled dimensions of the implemented prototypes, which were ultimately scaled 

down in their respective studies. 
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Table 4.2.  Predicted wall capacities. 

Capacity type Reference W1-R W2-B 

Shear (kN) 

ACI 349-13 (Ch. 11) 980 980 

ACI 318-19 (Ch. 11) and 

ACI 349-13 (Ch. 21) 

943 943 

Barda et al. (1977) 1090 1052 

Flexural 

(kN.m) 

Sectional analysis 684  783 

Shear sliding 

(kN) 

ACI 318-19 (Ch. 22) 787 895 

Birkeland and Birkeland 

(1966) 

1102 1253 

Walraven et al. (1987) 1577 1815 

Mansur et al. (2008) 1630 1886 

Table 4.3.  Average material properties of the used concrete and reinforcement. 

Reinforcement Concrete 

Parameter Value Parameter Value 

fy (MPa) 465 Walls 

fu (MPa) 607 fôc (MPa) 29 

Es (GPa) 230 Ec (GPa) 22 

yʁ 0.004 Foundations 

rʁ 0.087 fôc (MPa) 46 
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Table 4.4.  Structural responses under the different earthquakes 
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Table 4.5.  Calculated-to-measured wall stiffness ratios. 

Stiffness 
Calculation 

method 
 h  ̡

Specimen 

W1-R 

Specimen 

W2-B 

Lateral  Rotational Lateral  Rotational 

Initial 

(Uncracked) 

ACI349-13 

(Factored 

load) 
0.70 1.00 1.09 2.38 1.08 2.50 

ACI349-13 

(Service 

load) 
1.00 1.00 1.19 3.40 1.17 3.58 

TBI 2017 0.75 1.00 1.11 2.55 1.10 2.68 

ASCE 43-05 1.00 1.00 1.19 3.40 1.17 3.58 

Cracked 

ACI349-13  0.35 1.00 1.50 1.40 1.86 1.55 

ACI318-19 0.35 0.50 0.96 1.40 1.17 1.55 

TBI 2017 0.35 0.50 0.96 1.40 1.17 1.55 

ASCE 43-05 0.50 0.50 1.05 2.00 1.26 2.22 

ASCE 41-17 0.35 1.00 1.50 1.40 1.86 1.55 
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(a) (b) 

Figure 4.1: Dimensions and reinforcement details of wall (a) W1-R; and (b) Wall W2-B 
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2 Out-of-plane actuators 

500kN Actuators 

Loading slab 

Interface Node 
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Z X 

Figure 4.2: Test setup components of the walls 

Figure 4.3: Overview of the hybrid simulation system : (a) Hybrid model; and (b) Command-feedback loop 
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Figure 4.4: Test setup and external instrumentation: (a) 3D-DIC pattern; (b) Setup and instrumentation;  

and (c) Instrumentation layout 
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Figure 4.6: The used 3D-DIC setup 

 

  

Figure 4.5: Strain gauges of walls: (a) W1-R; and (b) W2-B 
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(b) 

(a) 

Figure 4.7: Earthquake loading sequences of walls: (a) W1-R; and (b)W2-B 
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Figure 4.8: Response of walls at DBE1: (a) Displacement time-history; (b) Rotation time-history; (c) Lateral force vs. 

displacement; and (d) Moment vs. rotation 
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Figure 4.9: Response of walls at DBE2: (a) Displacement time-history; (b) Rotation time-history; (c) Lateral force vs. 

displacement; and (d) Moment vs. rotation 
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Figure 4.10: Combined hysteresis loops: (a) Lateral force-displacement of W1-R; (b) Moment-rotation of W1-R; (c) 

Lateral force-displacement for W2-B; and (d) Moment-rotation of W2-B 
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Figure 4.11: Response envelopes: (a) Lateral force-displacement; and (b) Moment-rotation 

Figure 4.12: Straining actions across the different stories: (a) Shear; and (b) Moment 

 










































































































































