
 
 

 
 
 
 

Reinforced Concrete Shear Walls with Improved Self-Centering and Damage Resistance 

Properties: Experimental Testing and Numerical Modeling 

 

by 

 

Mohammad Javad Tolou Kian 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in  

 

Structural Engineering 

 

 

 

 

 

Department of Civil and Environmental Engineering 

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© Mohammad Javad Tolou Kian, 2020 
 
 

  



ii  

 

Abstract 

Performance objectives in the seismic design of reinforced concrete (RC) buildings require 

buildings to survive their maximum considered earthquakes (MCE) with a low probability of total 

or partial collapse. Often, RC structures require costly retrofitting or demolition and reconstruction 

after the MCE. A building structure shall also withstand its design basis earthquake (DBE) with a 

low likelihood of causing life-threatening injuries to the individuals inside or outside.  

The current research aims to improve the post-earthquake state of multi-story RC shear walls to 

decrease their rehabilitation costs after strong earthquakes. Current building codes require that 

essential structures such as hospitals remain serviceable after strong earthquakes. However, post-

earthquake serviceability is not necessary for non-critical structures, such as apartments, which 

often comprise most buildings in every city. According to current seismic codes, the damage of 

RC structures can be characterized through their permanent drift ratios and concrete damage. 

These damage indicators are also intercorrelated to some degrees. For example, higher permanent 

drift ratios correspond to larger flexural crack openings in shear walls. One option to decrease 

these damage indicators is to use innovative materials and details with improved performance 

compared to conventional concrete and steel reinforcement. 

In this study, the performance of three innovative shear walls is investigated through experimental 

testing. In this regard, the cyclic response parameters of the innovative walls are investigated and 

compared with the response parameters of a conventional RC wall designed to the latest seismic 

guidelines. Then, the following response parameters of the walls were compared between the 

conventional and innovative walls ï failure mode, permanent drift ratio, concrete damage, 

stiffness, strength, and energy dissipation.  
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High-performance reinforced cementitious composites, such as engineered cementitious 

composite (ECC) and steel fiber reinforced concrete (SFRC) were used to minimize the damage 

in concrete. Also, to promote self-centering, shape memory alloy (SMA) bars, glass fiber 

reinforced polymer (GFRP) bars, and high-strength steel strands were used in the innovative walls. 

It was shown through experimental testing that the drift ratio recovery of a conventional RC shear 

wall could be improved by more than 90% when some of the longitudinal steel reinforcement of 

the wall is replaced with self-centering reinforcement. 

In the next stage of the study, analysis models of the tested specimens were developed using finite-

element methods and were verified with the obtained experimental results. Then, the models were 

used to study the response of large-scale innovative RC shear walls under cyclic and seismic loads. 

It was shown that the inelastic rotational capacity in the innovative and conventional RC walls is 

comparable. The study also showed that the extent of the plastic hinge region in steel-GFRP 

reinforced walls could be larger compared to conventional RC walls, while it is generally smaller 

in steel-SMA reinforced and partially post-tensioned concrete walls. 

The results from this study demonstrate the feasibility of using innovative materials and details in 

the design of damage-resistant RC shear walls. It is expected that the analysis models and the 

design insights produced as part of this investigation assist engineers and building owners toward 

the adoption of high-performance materials in RC shear walls. The use of high-performance 

materials in shear walls can lead to more sustainable building structures, which require smaller 

amounts of time and money for repairing. Also, these buildings are less likely to need demolition 

and reconstruction after strong seismic events.  
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1. CHAPTER 1 INTRODUCTION  

 

1.1 Introduction  

According to FEMA 365 (2000), the permanent drift ratio and the extent of damage a shear wall 

sustains during an earthquake can be used to estimate the post-earthquake performance level of 

the shear wall. In the immediate occupancy performance level (IO), negligible permanent drift 

ratios and damage are acceptable. In the life safety (LS) level, in which significant damage with a 

margin to collapse can be sustained. In the LS level, limited degrees of crushing, reinforcement 

buckling, and flexural cracking with permanent drift ratios of 0.5% or smaller are allowed for shear 

walls. In the collapse prevention (CP) level, beyond which structural elements are considered to 

have no structural integrity, shear walls are expected to have severe boundary element damage, 

including crushing, reinforcement buckling, and major shear and flexural cracking. The permanent 

drift ratio at this level must be less than 2%. 

Non-critical structures designed to the latest seismic codes and standards are effective in resisting 

strong earthquakes. However, this is usually achieved at the cost of suffering significant damage, 

as shown by Nagae et al. (2015). The sustained damage by RC structural elements can be classified 

based on the amount of permanent drift ratio and the damaged states of them, according to FEMA 

365 (2000). The current research project is one of the first studies which aims to reduce permanent 

residual drift ratio and concrete damage in RC shear walls without compromising their energy 

dissipation capabilities. For that reason, it was decided to incorporate steel rebars as well as 

innovative reinforcement into the study. This study also draws a map for future studies in the realm 

of damage-resistant RC shear walls.  

1.2 Problem Statement 

In recent years, several studies have been conducted on the application of high-performance 

materials in the improvement of seismic performance of structural elements. Regarding reinforced 

concrete bridges, Saiidi et al. (2007, 2009) and Saiidi and Wang (2006), showed that bridge piers 

detailed with engineered cementitious composite (ECC) and reinforced with shape memory alloy 

(SMA) bars along their plastic hinge regions had notably reduced residual deformations and levels 
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of damage after withstanding earthquakes. Cruz Noguez et al. (2012) studied the seismic 

performance of a four-span bridge specimen detailed with high-performance materials such as 

ECC, SMA, and high-strength (HS) steel under seismic loads. The study showed that innovative 

materials could minimize damage and effectively reduce permanent displacements in bridge piers. 

Regarding reinforced concrete (RC) shear walls, Holden et al. (2003) performed a study on the 

seismic performance of a precast concrete shear wall detailed with two un-bonded tendons and 

two bonded energy dissipating steel rebars. In addition, the precast wall was cast with steel fiber 

reinforced concrete (SFRC) for damage mitigation purposes. The shear wall illustrated substantial 

self-centering and damage mitigation with a very limited energy dissipation capability due to the 

lack of bonded reinforcement. Abdulridha and Palermo (2014) studied the seismic performance of 

a shear wall specimen reinforced with steel and SMA. The wall showed superior self-centering 

properties while maintaining comparable levels of stiffness, strength, and energy dissipation to a 

conventional RC wall. However, the wall sustained extensive damage in the plastic hinge, which 

was followed by the buckling and rupture of SMA bars at the extremities of the shear wall. 

Mohamed et al. (2014) studied the seismic performance of concrete shear walls, which were purely 

reinforced with glass fiber reinforced polymer (GFRP) bars. The study showed that GFRP 

reinforced shear walls could achieve satisfactory levels of deformability, stiffness, and strength 

while illustrating substantial self-centering. The energy dissipation capacity in GFRP reinforced 

walls, however, was insignificant due to the linear response of GFRP bars.  

Considering the literature on innovative shear walls, a lack of systematic investigation on different 

types of innovative shear walls is seen. Also, the research projects performed on innovative walls 

have been focused on the merits of such walls and overlooked the design parameters of innovative 

shear walls. As a result, there are no recommendations and guidelines available for the design and 

construction of innovative shear walls. Thus, this research tries to answer the following questions. 

What are the merits of different types of innovative shear walls compared to each other and to 

conventional RC construction? What are the design parameters of different types of innovative 

shear walls compared to traditional RC construction? 
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1.3 Scope  

This study is comprised of two parts ï an experimental and a numerical part. The scope of the 

experimental part of the study is limited to the seismic performance of cantilever, slender shear 

walls reinforced with steel rebars and a type of self-centering reinforcement, such as SMA bars, 

GFRP bars, or high-strength steel strands. The walls will be subject to ascending, pseudo-static, 

displacement reversals up to failure. Axial loads are not applied to the wall specimens, as it is 

desired to investigate the self-centering capacity of the innovative materials independently. This 

is because axial loads provide a re-centering mechanism to shear walls subjected to lateral loads 

(Maciel et al. 2016). 

The scope of the numerical part of the study is limited to the seismic properties of cantilever, 

slender shear walls reinforced with steel rebars accompanied by a type of self-centering 

reinforcement consisting of SMA bars, GFRP bars, or high-strength steel strands. The study will 

be performed on shear walls with different aspect ratios, axial load ratios, and reinforcement ratios. 

The walls will be analyzed under cyclic displacement reversals and different ground motion 

acceleration histories. 

1.4 General and Specific Objectives 

The current research was defined to reduce damage susceptibility of RC shear wall elements in 

terms of permanent drift ratio and concrete damage, which results in lower retrofitting costs after 

major earthquakes. This research intends to develop innovative RC wall systems that enable non-

critical shear wall buildings to withstand strong ground motions with small permanent 

deformations and mitigated damage. 

The general objective is to investigate the feasibility of using innovative materials and details to 

reduce damage and permanent deformations in several types of damage resilient shear wall 

systems. Reliable numerical models which can capture the response of the walls, and design 

methods suitable for inclusion in seismic codes will be developed afterward. The specific 

objectives are as follows. 
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1.4.1 Objective 1  

ǒ The first objective of the study is to develop new types of damage-resistant shear walls and to 

conduct a systematic investigation of their merits. 

In this regard, four shear wall specimens are designed, built, and tested to failure. The walls consist 

of one conventional reinforced concrete wall (used as the reference specimen) and three the shear 

walls incorporating advanced materials and details. The materials used in the hybrid vertical 

reinforcing schemes of the innovative walls are (steel/GFRP bars, steel/SMA, and steel bars/post-

tensioning strands) to achieve self-centering. In addition, damage-resistant fiber-reinforced 

concrete is used in the walls to reduce crushing, spalling and cracking of concrete. The merits of 

the innovative materials will be assessed through the comparison of the advanced shear walls with 

a control wall built with conventional steel-reinforced concrete.  

The innovative walls were designed to have comparable reinforcement layouts to the 

reinforcement layout of the control wall. To design the reinforcement layout of each innovative 

wall, first, the reinforcement layout of the control wall was adopted. Then, some of the steel 

reinforcement of the adopted reinforcement layout was substituted by a type of innovative 

reinforcement. This was to provide each innovative wall with a meaningful increase in the self-

centering compared to the control wall while maintaining comparable levels of energy dissipation 

and deformation capacity to the control wall. 

1.4.2 Objective 2  

ǒ The second objective is to provide some recommendations for the design and construction of 

innovative shear walls. 

In this regard, reliable finite-element analysis models for the experimented conventional and 

innovative shear walls are developed. The models are developed using off-the-shelf materials and 

elements of research-oriented finite-element (FE) packages. Then, the analysis models are verified 

and used to study the effect of high-performance materials on the design variables of the innovative 

shear walls. Then, some recommendations will be developed for the design of innovative shear 

walls. 
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In addition, a parametric study is performed to investigate the effects of the variables, such as axial 

force, aspect ratio, and reinforcement ratio, which are not investigated in the experimental study 

of the innovative shear walls. The finite-element modeling techniques developed through the 

analysis of tested walls are used to investigate the response of large-scale shear walls incorporating 

advanced materials and details under cyclic and seismic loads.  

1.5 Thesis Outline 

The structure of this thesis is as follows. In Chapter 1, the problem statement, the scope, and the 

objectives of the thesis are defined. Chapter 2 reviews the literature on innovative materials and 

their application in innovative structural elements. Different methods of testing for structural 

elements are also explained in this chapter. Chapter 3 explains the experimental tests performed 

on four shear wall specimens in this study. This chapter also compares the performance of the 

tested innovative wall in terms of self-centering and energy dissipation capacity. In Chapter 4, the 

design parameters of the tested walls are calculated and compared. Chapter 5 explains the finite 

element models developed for the tested walls and other innovative walls from the literature.  

Chapter 6 discusses the implementation and the results of a parametric study performed on 

innovative walls. And finally, Chapter 7 concludes the results of the study. 
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2. CHAPTER 2 LITERATURE REVIEW  

 

2.1 Introduction  

Many cities around the world are located in regions with moderate to high seismicity. Buildings 

designed in these regions must comply with minimum performance objectives set by seismic 

design guidelines and codes. In accordance to seismic design codes such as FEMA 356 (2000) or 

ASCE 7-10, non-critical buildings (most buildings including residential, commercial, and 

industrial buildings) are to meet collapse prevention limits when subjected to maximum considered 

earthquakes (MCE), which are earthquakes with a recurrence period of 2475 years, or a likelihood 

of occurrence of 2% in 50 years. Non-critical buildings must comply with the life safety definition 

when withstanding earthquakes with a recurrence period of 475 years, or a likelihood of occurrence 

of 10% in 50 years, which are called the design basis earthquakes (DBE). 

Using reinforced concrete shear walls is an efficient way to resist lateral forces and provide 

stiffness to buildings. Under lateral loads produced by wind or seismic events, shear walls can 

deform in a ductile way and dissipate energy while maintaining sufficient load-carrying capacities. 

Ductile behavior of shear walls becomes possible through yielding of steel reinforcement and 

being adequately detailed, such as having confinement to the concrete at the wall boundaries. 

Ductility, however, comes with its intrinsic consequences, such as damage in concrete such as 

cracking, spalling and crushing, and residual deformations, which occur due to permanent 

elongations in the reinforcement. Therefore, after an extreme loading incident, the structure may 

need costly repairs and rehabilitation procedures, even if it has not collapsed. If the damage is 

extensive, the structure may even need to be demolished and replaced. According to Ramirez and 

Miranda (2012), after the 1985Mexico City, and 1995 Kobe earthquakes, it was indicated that the 

main cause of the demolition of even moderately damaged structures was the high levels of 

permanent lateral deformations (Fig. 2.1). 

Ramirez and Miranda (2012) performed a study on the significance of residual drifts in the loss 

estimation of post-earthquake buildings. The research was conducted on four RC frame buildings 

located in Los Angeles, California. Two of the buildings (a 4-story and a 12-story), which did not 

have the required details for ductile behavior, represented pre-Northridge seismic codes. On the 
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other hand, the other two, including one 4-story and one 12-story building, were equipped with the 

required detailing according to the current US seismic design codes. The results indicated that 

despite the non-ductile buildings, the economic losses in the ductile buildings were mainly due to 

the residual inter-story drift of them. In this regard, Fig. 2.2 shows the probability of demolition 

for a not-collapsed RC frame building against its peak inter-story residual drift ratio. According to 

the figure, for a permanent drift ratio of 1% or less, the probability of demolition is about 10% or 

smaller. For a permanent drift ratio of 2%, the probability of demolition rises to above 80%, and 

finally, demolition will be inevitable if the permanent drift ratio becomes more than 3%. The study 

also showed that estimating economic losses for DBE with consideration of forced demolition due 

to permanent drift inter-story ratios was 45% more than the estimates overlooking permanent 

drifts. The study, then, suggests that the current economic loss estimates which do not account for 

residual inter-story drift ratios may hugely be underestimating the reality.  

 

Figure 2.1. óExamples of buildings with residual displacements leading that typically lead to 

demolition (left photo by M. Bruneau, MCEER; right photo by A. Whittaker, NISEE, EERC, UC 

Berkeley)ô (Ramirez and Miranda 2012) 

To lower the probability of forced demolition in RC structures, their permanent inter-story drift 

ratios must be lowered. In this regard, the present study was defined to mitigate post-earthquake 

damage of RC shear wall structures in terms of permanent drift ratios and concrete damage. The 

general objective of the research is to investigate and compare three different types of innovative 

shear wall systems to reduce concrete damage and residual deformations. To reduce permanent 

deformations, high-performance materials and details such as SMA bars, GFRP bars, and un-

bonded post-tensioning strands were used. Also, in order to mitigate concrete damage, including 
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cracking, spalling, and crushing two types of fiber reinforced concrete (FRC), engineered 

cementitious composite (ECC) and steel fiber reinforced concrete (SFRC), were utilized. 

 

Figure 2.2. Probability of having to demolish a building that has not collapsed as a function of 

peak residual inter-story drift in the building. EDP, engineering demand parameter; RIDR, 

residual inter-story drift ratio (Ramirez and Miranda 2012) 

Steel-reinforced concrete shear walls with especial reinforcement detailing have higher levels of 

ductility than ordinary walls. However, they are more expensive. In this regard, (Aly et al. 2018) 

studied the impact of detailing on the performance and the cost of RC shear walls. Detailing shear 

walls with different types of self-centering reinforcement also increases the construction cost of 

RC shear walls. However, this additional cost can drastically decrease the amount of time and 

money required to rehabilitate or even demolish and reconstruct a building after extreme seismic 

events, which are not insignificant in cities with high seismicity. For instance, the construction of 

the first prototype innovative bridge, which was detailed with SMA bars and ECC and constructed 

in Seattle in 2017 (Ge et al. 2019), is justifiable with the same rationale.  

2.2 Advanced Materials 

In recent years, high-performance materials such as SMA, GFRP, and FRC have become feasible 

alternatives to conventional construction materials such as steel and concrete to overcome their 

limitations. These limitations can be outlined as low tensile strength and negligible strain ductility 

in tension (concrete) as well as significant residual deformations and susceptibility to corrosion 

(steel). A literature review on the use of advanced materials and their application in structural 

engineering, with an emphasis on buildings, is presented next. In this section, the application of 
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advanced reinforcing materials such as SMA, FRP, and post-tensioning steel, together with fiber 

reinforced concrete and composite materials in structural engineering is discussed. 

2.2.1 Shape Memory Alloy  

Shape Memory Materials (SMM) form a category of smart materials comprising a variety of 

materials, including alloys, ceramics, polymers, and gels with specific properties as shape memory 

effect and super-elasticity. These properties enable SMMs to recover large amounts of strain and 

return to their original shapes after being heated or the release of applied stress (Wei et al. 1998).  

Among the shape-memory materials, shape memory alloys (SMA) have become suitable 

alternatives to conventional steel for certain applications in recent years. Although different types 

of SMAs are available, NiTi (Nickel-Titanium alloy), which is also called Nitinol, has become one 

of the most widely used SMA materials due to its superior mechanical properties, easier 

manufacturing, and significant shape memory effect (Cederstrom and Humbeeck 1995; Desroches 

et al. 2004; Nemat-Nasser and Guo 2006; Wei et al. 1998).  

As shown in Fig. 2.3 the behavior of NiTi is a function of stress, strain, and temperature as the 

crystal structure of NiTi can transform between two phases: austenite and martensite. Austenite is 

the crystal structure of NiTi in which the atoms of the material have cubic structure, while in 

martensite, atoms are placed in a new structure taking more space (Nemat-Nasser and Guo 2006). 

According to Desroches et al. (2004), in low temperatures and high-stress levels, the stable crystal 

phase of NiTi is martensite, while the stable phase is austenite in high temperatures and low-stress 

levels. As illustrated in Fig. 2.3, at temperatures below the martensite finish temperature, or Mf, 

the material can recover its original shape upon heating. This is the so-called shape memory effect. 

The super-elastic behavior occurs when the temperature of NiTi is above the austenite finish 

temperature, or Af, yet below the temperature in which the martensite behavior is no longer stress-

induced (martensite deformation temperature or Md). This condition translates into a temperature 

range between ï20 ºC and +100 ºC, according to Tehrani et al. (2015), indicating that NiTi exhibits 

super-elastic effects in temperature ranges found in common structural applications. And finally, 

at temperatures above Md, 100 ºC (Tehrani et al. 2015), the material behaves as a usual metal.  
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Figure 2.3. Stress-strain relationship of NiTi (Desroches et al. 2004) 

Saiidi et al. (2007, 2009) and Saiidi and Wang (2006) performed exploratory studies on RC bridge 

columns detailed with advanced materials such as SMA and ECC. The studies showed that 

structural elements reinforced with SMA have notably reduced residual deformations after being 

subjected to strong earthquakes. It was also found that damage in elements incorporating ECC was 

substantially reduced in comparison to the conventional structural elements.  

Cruz Noguez et al. (2012) studied the damage characteristics of innovative piers through shake-

table testing of a four-span bridge specimen. The bridge had three, two-column piers, each of 

which implemented advanced materials at their bottom plastic hinges, while the top plastic hinges 

were made of conventional steel-reinforced concrete for comparison purposes. The bridge model 

was subjected to two horizontal components of the 1994 Northridge earthquake simultaneously. 

The results showed reduced damage in enhanced plastic hinges with the one made of ECC and 

reinforced with SMA remained almost undamaged. In terms of residual deformations also, 

enhanced hinges showed huge improvements in comparison to the plastic hinges made of 

conventional materials. 

Tazarv and Saiidi (2015) proposed a set of design specifications for SMA bars as concrete 

reinforcement. First, a procedure was proposed to identify the different mechanical properties of 

an SMA bar from its standard tensile test. Then, through a parametric study, the effect of each 

mechanical properties on the load-deformation relationship of a bridge column was investigated. 

Then some design specifications for SMA reinforced piers were proposed. Based on the results of 

these seminal projects, SMA reinforcement has been used for the first time in a bridge structure. 
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As part of the RS99 tunnel project in Seattle, a damage resilient steel-SMA bridge is under 

construction(Kerry Clines (2016). The piers of the bridge are detailed with ECC and SMA to have 

minimal damage and residual deformations under strong earthquakes. Over time, this innovative 

design is expected to result in substantial savings in repair costs, well beyond a 5% to 7% increase 

in cost is being made during construction Kerry Clines (2016). 

Shahria Alam et al. (2009, 2012) explored the use of SMA at critical locations (plastic hinges) of 

RC frame buildings by investigating the seismic performance of two 8-story RC frames ï one with 

SMA at beam joints and one pure steel reinforced frame. The results showed that the two frames 

had comparable performance, while the steel-SMA frame could effectively recover its inter-story 

and top-story residual drift ratios. Then, the study was expanded to 3, 6, and 8-story buildings with 

steel-SMA reinforced 3D frames. 

Abdulridha and Palermo (2014) explored the application of SMA bars as in reinforced concrete 

shear walls by testing two RC shear walls ï one purely reinforced with steel and the other 

reinforced with steel and SMA bars. The results showed that the wall with the hybrid reinforcing 

system had notable self-centering while having comparable strength and maximum drift ratio to 

the control specimen.  

2.2.2 Fiber Reinforced Polymer (FRP) 

FRP is a type of composite material consisting of an arrangement of polymer fibers within a resin 

matrix. FRPs are manufactured as sheets and bars and are widely used in the construction and 

rehabilitation of structures. Some of the unique properties of FRPs are high-strength to weight 

ratio, ease of installation, high durability, and magnetic and thermal non-conductivity. 

Based on the type of fibers used in the composite material, FRPs are termed as CFRP (carbon 

fiber), AFRP (aramid fiber), or GFRP (glass fiber). Since the fibers control the mechanical 

properties of the final composite, the properties of different types of FRP vary accordingly 

(Fig. 2.4). FRP materials have a quasi-linear stress-strain relationship in tension. They generally 

have high tensile strengths and exhibit a brittle mode of failure when the tensile strength is reached. 

In regards to the compressive capacity, FRP materials are not as efficient as in tension, since the 
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buckling strength of the fibers is low due to the negligible lateral support provided by the resin 

matrix (Mallick 2007).  

Due to the unique properties and benefits of FRPs, their application in construction and retrofitting 

of structures has widely been explored. Wrapping is one of the most common retrofitting 

techniques used to strengthen vulnerable structural elements, such as columns or beams. The use 

of FRP wrapping in strengthening reinforced concrete columns is a well-studied subject. A 

literature review showed that FRP wrapping in the transverse (horizontal) direction of the columns 

could effectively increase the shear capacity of circular and rectangular columns. FRP horizontal 

wrapping has been proven to delay lap-splice brittle failures and concrete crushing effectively. It 

can also be used for increasing the confining stress and promote ductility in RC columns. Vertical 

wrapping has been used in flexural retrofitting and repair applications. In terms of efficiency, 

horizontal wrapping is more effective in circular columns than it is in rectangular cross-sections 

(Yu-Fei Wu, Tao Liu 2006). 

 

Figure 2.4. Tensile stress-strain relationship of different types of FRP in comparison to steel 

(Mohamed 2013) 

De Luca et al. (2009) studied the response of 14 full-scale circular columns reinforced with 

longitudinal and transverse FRP (GFRP and CFRP) bars under concentric axial forces. The study 

investigated the effect of different transverse reinforcement configurations (stirrups versus spirals), 

volumetric ratio, and the type of FRP reinforcement on the confinement of concrete. The study 

illustrated that RC columns reinforced with GFRP and CFRP had similar behavior to the 
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conventional steel RC columns and behaved linearly up to 85% of the peak strength. Both CFRP 

and GFRP stirrups and spirals complying with CSA S608-12 were able to adequately prevent 

buckling of the longitudinal FRP bars and confine the core of the columns after the peak load. The 

GFRP and CFRP RC columns incorporating spirals attained less than 3% more strength in 

comparison to the identical specimens of them reinforced with circular stirrups. That shows the 

circular stirrups were as efficient as spirals in confining the core of the specimens. In terms of the 

longitudinal bars, GFRP and CFRP longitudinal bars underwent up to 0.4% and 0.7% of 

compressive strains. The bars resisted compression until after the crushing of the concrete.  

Mohamed et al. (2014) explored the application of GFRP bars in concrete shears. The study 

included testing four cantilever shear wall specimens ï three fully GFRP reinforced and one steel-

reinforced shear walls. The walls were tested under a cyclic lateral load while carrying 7% of their 

axial capacities as gravity loading. The results showed that the GFRP walls reached satisfactory 

levels of drift ratio while reducing shear strains at the base of the walls and addressing the brittle 

shear failure.  

2.2.3 Fiber Reinforced Concrete  

Concrete is composed of fine and coarse aggregates bound together by a cement-based paste. The 

composition of concrete results in high compressive and low tensile strengths. Damage 

mechanisms in concrete are related to cracking propagation in concrete related to its reduced 

tensile strength. Under an arbitrary load, cracks form and develop in the cement paste due to the 

occurrence of tensile strains caused by tension and shear forces. After cracking, the tensile strength 

of plain concrete is zero. Cracking in concrete leads to spalling, loss of concrete cover, and can 

even reduce the compressive capacity of concrete, producing crushing, due to compression 

softening. One solution to improve the tensile behavior of concrete is to reinforce the material with 

randomly oriented fibers made of materials with high tensile strength, which results in the 

composite exhibiting post-cracking tensile strength. Such materials are termed fiber reinforced 

cement composites (FRCC). Two of the most widely used types of FRCC are SFRC and ECC.  

A more general classification of cement composites is depicted in Fig. 2.5. Fiber-reinforced 

cement composites (FRCC) incorporate metallic, polymeric, or other types of fiber to enhance 

different aspects of the composite response. According to Kunieda and Rokugo (2006), a class of 
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FRCCs designed to exhibit a ductile behavior in both compression, tension, or both, they are 

termed ductile fiber reinforced concrete (DFRCC). DFRCC materials are classified into two sub-

classes ï composites with or without tensile strain hardening. DFRCC materials with tensile strain 

hardening are called high-performance fiber-reinforced cement composite (HPFRCC). HPFRCCs 

achieve tensile ductility through the development of multiple micro-cracks in tension. One 

example of HPFRCCs is ECC, which is a mix of cement, sand, fly ash, and polyvinyl alcohol 

fibers. 

 

Figure 2.5. Cement composites (Kunieda and Rokugo 2006) 

2.1.3.1 Steel Fiber Reinforced Concrete (SFRC) 

In terms of the mixture, SFRC and concrete have similar components except for the steel fibers, 

which are usually provided as a fraction of the SFRC mix volume. SFRC materials are produced 

with different fiber contents; however, in order to maintain suitable levels of workability and fiber 

dispersion, it is suggested that the fraction of fibers should be limited to 2% (Parra-montesinos 

2005). Apart from the fiber dosage, fiber properties, including the geometry, aspect ratio, and 

strength, play major roles in the tensile properties of the mix (Thomas and Ramaswamy 2007). In 

general, hook-ended or crimpled fibers are more effective than straight fibers due to their higher 

pullout strength.  

In regions under tensile straining, fibers contribute to resisting tensile stresses through the bridging 

of the crack, which results in enhancement on the post-cracking response in comparison to plain 

concrete. As the crack grows, the fibers are pulled out, and the material resists less tensile stresses 
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and finally fails in a quasi-brittle manner (Fig. 2.6). Beyond the cracking point, SFRC experiences 

a reduction in tensile strength as tensile strain increases (Li 1998). 

It has been shown through several experimental studies that fiber reinforcement has a significant 

contribution to the response of the structural elements cast with FRCC. Canbolat et al. (2005) 

conducted an experimental study on the seismic response of coupling beams detailed with 

HPFRCC. The study consisted of testing four coupling beams under displacement reversals. One 

of the specimens was made of normal concrete. The other specimens were detailed with fiber 

reinforcement and different reinforcement configurations. The types of fiber used in the study were 

ultra-high molecular weight polyethylene (PE) with a volume fraction of 2% and twisted steel 

fibers with a 1.5% volume fraction. The study showed that detailing coupling beams with 

HPFRCC eliminates the need for the stirrups around the diagonal reinforcement in the coupling 

beams due to the adequate confinement provided by the HPFRCC. It was shown that the coupling 

beams detailed with diagonal reinforcement and HPFRCC were able to maintain their load-bearing 

capacity up the drift ratio of 4%. The study also suggested a pre-cast construction method for 

HPFRCC coupling beams. With precast construction methods and relaxed reinforcement details, 

it is possible to save time and workforce since the conventional construction of coupling beams 

requires substantial reinforcement detailing. 

 

Figure 2.6. Tensile stress-strain curves of concrete, SFRC, and ECC 

Parra-Montesinos and Kim (2004) also studied the HPFRCC low-rise shear walls (aspect ratio of 

1.5). The walls had lower web reinforcement ratios than required by ACI 318-02 (2002) and were 

designed to have a diagonal tension failure. Two types of fiber reinforcement were used in the 
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HPFRCC materials used in the study. One was ultra-high molecular weight polyethylene with a 

volume fraction of 1.5%, and the other was hooked steel fibers at 2% of volume fraction. 

According to the test results, up to 70% of the specimen strength came from the contribution of 

the fiber-reinforced concrete. Failure of the specimens occurred at a drift ratio of 2.5%, as the 

fibers were pulled out, and a diagonal crack opened. The results suggested that HPFRCC shear 

walls exhibited enhanced damage resilience, superior strength, and displacement capacities than 

walls made of conventional concrete. Regarding shear walls, Athanasopoulou and Parra-

montesinos (2014) performed a complete study on low-rise SFRC specimens through exploring 

experimental results of nine low-rise shear wall specimens. Henager (1977) also studied a beam-

column connection made of SFRC with a volume fraction of 1.7%. As the test result indicated, the 

joint illustrated an increase in strength and stiffness with less damage even though none of the 

column stirrups were extended in the connection region.  

2.2.4 Engineered Cementitious Composite (ECC) 

Engineered cementitious composite (ECC), which was developed by Li (1993), is a class of 

HPFRCC material with tensile strain capacities ranging between 1% to 5%. ECC achieves ductile 

behavior through the development of multiple micro-cracks as opposed to the formation of a 

single, dominant crack. Figure 2.7 shows the difference between the cracks formed in ECC and 

concrete. In ECC, which is tailored through micromechanics, the formation of new cracks requires 

less energy than breaking the fibers that bridge an already formed crack. As a result, multiple 

micro-cracks with uniform widths, called steady-state flat cracks, are formed in the material. 

Figure 2.8 illustrates the ductile behavior of an ECC slab specimen during a four-point load test. 

In contrast, for plain concrete crack propagation and enlargement needs less energy than that 

required to form a new crack (Li 2003).  

 

Figure 2.7. Cracks in ECC and concrete (Li 2003) 
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In terms of mixture components, ECC consists of cement, water, fine aggregate, fly ash, and 

polyvinyl alcohol (PVA), filling 2% of the mix volume (Li 1998). Only fine aggregates are used in 

ECC since course aggregates do not participate in tension and reduce the tensile strength and 

ultimate strain of the ECC. 

 

Figure 2.8. An ECC slab under four-point-load test (Nagai et al. 2002) 

Fischer et al. (2002) performed a study on reinforced ECC beams under cyclic loading. The study 

included the testing of four small-scale cantilever specimens consisting of one reinforced concrete 

and three reinforced ECC beams. The control specimen (S1), was an RC beam with a longitudinal 

reinforcement ratio of 3.14%. The specimen also had a transverse reinforcement ratio of 0.57% 

below the height of 150 mm, and a ratio of 0.17% above the height of 150 mm. The second 

specimen (S2) was a reinforced ECC specimen with the same reinforcement ratios to those of the 

control beam. The third (S3) and the fourth (S4) specimens were ECC reinforced beams with the 

same longitudinal reinforcement ratio as the other two specimens; however, no transverse 

reinforcement was provided for them. The fourth specimen was the only specimen that carried an 

axial load of 80 kN while the specimens were tested under lateral reversed cyclic displacements.  

The study showed a superior damage tolerance and hysteretic properties of the ECC beams 

regardless of the presence of transverse reinforcement. Figure 2.9 illustrates the cracking pattern 

of the specimens. As shown in the figure, several flexural cracks formed along the heights of the 

ECC reinforced specimens reducing the demand and damage in the plastic hinge region on the 

beams. In addition, bond slipping, cover spalling, and composite disintegration did not take place 

in the ECC specimens. The failure mode of ECC beams S2 and S3 was due to the low-cycle fatigue 

failure of longitudinal steel bars, while the control specimen S1 failed because of concrete 
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crushing. Regarding the S4, the decline in strength was because of ECC compression failure, 

although the specimen maintained its axial capacity up to the end of the test. The fourth specimen 

failed at the drift ratio of 14% when its longitudinal reinforcement buckled. 

According to Fig. 2.10, the hysteresis of the specimens, each of the ECC beams illustrated an 

improved lateral load resisting, energy dissipation, and drift ratio capacity in comparison to those 

of the control specimen.  

 

Figure 2.9. Deformed shape of ECC beams (Fischer et al. 2002) 

 

Figure 2.10. Hysteretic response of specimens (Fischer et al. 2002)  
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Figure 2.10. Continued 

Saiidi and Wang (2006) investigated bridge piers detailed with ECC and SMA reinforcement at 

their plastic hinge locations. The test results indicated that the proposed detailing results in minimal 

sustained damage and residual deformation. Cruz Noguez et al. (2012) studied the seismic 

behavior of a quarter-scale, four-span bridge, which was special in utilizing advanced materials. 

One of the bents of the bridge model was detailed with NiTi bars and ECC. The ECC was 

incorporated in the lower parts of the bridge columns, where the bottom plastic hinges were 

expected to be formed. The rest of the columns, including the top plastic hinges, were detailed 

with steel and normal concrete. Figure 2.11 illustrates the state of the top and the bottom plastic 

hinges formed in the forgoing bent. As shown, the ECC sustained limited cracking and no spalling, 

while the concrete was moderately damaged. 

 

Figure 2.11. Damaged state in a pier of SMA/ECC bent (Cruz Noguez et al. 2012) 
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ECC has also been used in concrete shear walls. Nagai et al. (2002) and Li et al. (2014) studied 

the behavior of low-rise ECC reinforced shear walls under lateral cyclic loading. Both studies 

reported that substituting normal concrete with ECC will enhance the performance of the shear 

walls in terms of strength, deformability, and damage tolerance.  

2.2.5 Partially Post-Tensioned Systems 

Post-tensioning is a prestressing technique that consists of stressing tendons that are placed in the 

ducts left in a concrete member after the concrete has hardened, to increase the stiffness and the 

cracking resistance of the member. When the member is un-cracked under the service loads, the 

member is said to be fully prestressed. The post-tensioning can be partial, in the sense that some 

cracking is accepted under service conditions. According to ACI-ASCE Joint Committee 423 

(1999) partial prestressing is óan approach in design and construction in which prestressed 

reinforcement or a combination of prestressed and non-prestressed reinforcement is used such that 

tension and cracking in concrete due to flexure are allowed under service dead and live loads while 

serviceability and strength requirements are satisfied.ô If the post-tensioning reinforcement is 

designed to stay in the elastic range under loading at the ultimate limit state, the reinforcement can 

be used to provide restoring forces to a structural member.  

Sakai and Mahin (2004) performed a study on the application of post-tensioned strands in reducing 

the residual displacements of circular concrete bridge columns. The study proposed that by 

replacing some of the longitudinal reinforcement of a bridge column with un-bonded post-

tensioned strands, the partially post-tensioned column will show a significant reduction in residual 

displacements. Then through a series of cyclic tests, the effect of different parameters such as the 

amount of post-tensioning, mild reinforcement, and post-tensioning stress on the hysteretic 

response of four bridge columns was studied. For instance, the study shows, when 50% of mild 

steel in a bridge column is replaced by post-tensioning strands with equal cross-section area and a 

post-tensioning stress equal to the axial load resulting from dead loads, residual displacements are 

reduced by 86%. 

Cruz Noguez et al. (2012) performed on the seismic behavior of a quarter-scale four-span bridge, 

which included a two-column bent detailed with post-tensioning rods. The study showed that post-

tensioning bridge columns could effectively reduce the residual displacements. Unbonded post-
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tensioned rods, as opposed to bonded reinforcement, was used to prevent stress transfer from the 

reinforcement to the concrete, and thus minimize damage. However, Cruz Noguez et al. (2012) 

reported that damage to concrete was significant within the plastic zone of the piers. This can be 

attributed to insufficient non-prestressed reinforcement at the plastic hinge zone, thus allowing the 

development of large cracks and spalling of concrete. Figure 2.12 illustrates the state of the top 

and bottom plastic hinges formed in the bent. As shown, the damage to the bottom plastic hinge 

was severe as the longitudinal reinforcement buckled, and the stirrup ruptured. 

 

Figure 2.12. Damaged state partially post-tensioned bent (Cruz Noguez et al. 2012) 

Some researchers also studied pre-stressed shear walls. Kurama et al. (1999) studied the seismic 

performance of pre-stressed precast shear walls. The study showed that pre-stressed precast walls 

undergo lateral displacements through gap opening at their horizontal joints and exhibited minimal 

damage in respect to monolithically built shear walls. Kurama (2000) and Morgen and 

Kurama (2004) also investigated the response of pre-stressed shear walls with supplemental 

dampers. They showed that the employment of viscous and frictional damping systems would 

substantially increase the energy dissipation properties of the pre-stressed precast walls without 

affecting their desirable characteristics such as high self-centering. Kurama (2002, 2005) also 

undertook an analytical study on the seismic design of partially pre-stressed shear walls. The study 

showed that using mild steel along with post-tensioned strands will allow the wall to dissipate 

energy through the yielding of the mild steel reinforcement while the post-tensioned strands 

promote the self-centering of the shear wall. It was suggested that for a wide range of post-

tensioned precast shear walls, it might be possible to raise the normalized inelastic dissipated 

energy to 0.5 when at least 50% amount of mild steel of the emulating RC walls corresponding to 

the post-tensioned wall is provided Kurama (2002). 
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2.3 High-Performance Shear Walls 

In this section, high-performance shear walls, including SMA reinforced concrete shear walls, 

GFRP reinforced concrete shear walls, post-tensioned shear walls, ECC shear walls, and SFRC 

shear walls are discussed. 

2.3.1 SMA Reinforced Concrete Shear Wall 

Abdulridha (2013) conducted a study on the seismic performance of concrete elements reinforced 

with SMA to reduce residual displacements. Two shear wall specimens ï one a conventional steel-

reinforced shear wall, and the other an innovative shear wall reinforced with SMA and steel bars 

ï were cyclically tested to failure. The walls were tested in a cantilever fashion, with no external 

axial loads applied (Fig. 2.13(a)).  

The specimens were slender shear walls with aspect ratios (height-to-width) of 2.2. In terms of 

behavior and failure mode, the walls were designed to resist lateral loads with high ductility and 

were provided with adequate horizontal reinforcement to eliminate shear modes of failure. In terms 

of vertical reinforcement, specimens had an identically distributed reinforcement with a ratio of 

0.5%, while the concentrated reinforcement of the two specimens was different. The innovative 

shear wall was detailed with four #4 (12.7 mm) NiTi-SMA bars at each boundary element. The 

SMA reinforcement bars had a length of 1000 mm, with 50 mm below the foundation and 950 mm 

above the base crossing the entire length of the plastic hinge. The SMA bars were coupled with 

15M (16.0 mm) steel rebars by mechanical sleeves (Zap Scewlok®). In comparison, the RC wall 

had four 10M (11.3 mm) steel rebars per boundary element. Also, four bonded 10M doweling bars 

were placed at the interface of each of the two wall panels to increase the strength against sliding 

failure. Figure 2.13(b) shows the reinforcement detailing of the walls. 
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                           (a)                                              (b)                                           (c) 

Figure 2.13. Shear wall test performed by Abdulridha (a) test setup, (b) steel reinforced wall, 

(c) steel-SMA reinforced wall (Abdulridha 2013) 

The cyclic responses of the shear walls (Fig. 2.14) indicate that both the walls exhibited 

comparable amounts of strength, initial stiffness, and displacement capacity. It can be seen that the 

wall reinforced with steel and SMA bars showed improved self-centering at the end of each cycle. 

According to the figure, self-centering in the first excursion of each cycle is more pronounced than 

in the second excursion, which can be attributed to the asymmetric damage sustained at each side 

of the specimen.  

  

(a)                                                                     (b) 

Figure 2.14. Hysteretic response of shear walls: (a) steel-reinforced, (b) steel-SMA reinforced 

(Abdulridha and Palermo 2014) 
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Figure 2.15 presents the self-centering performance of the steel-SMA reinforced wall in terms of 

the recoverable percentage of the ductility ratio versus the ductility ratio. The figure is based on 

the performance of the wall in the first excursion of each cycle. 

 

Figure 2.15. Response characteristics of shear wall specimens (Abdulridha 2013) 

Figure 2.16 illustrates the effect of loading repetition on the wall strengths, by showing the peak 

strength of second cycles normalized to that of the first cycles. The figure also shows the failure 

sequences of the steel-SMA wall, by indicating the order rebars ruptured during the testing. As it 

is clear from the figure, the rupture of one steel rebar at the ductility level of about 3 triggered the 

failure, which was followed by the rupture of another rebar and finally an SMA bar. 

 

Figure 2.16. Response characteristics of shear wall specimens (Abdulridha 2013) 
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Damage in the steel-reinforced wall was distributed throughout the wall panel (Fig. 2.17(a)), 

resulting in less severe damage within the plastic hinge of the specimen. Regarding the steel-SMA 

reinforced wall, first, a horizontal crack was formed at the elevation of 380 mm (close to the 

location the dowel bars had ended). The crack then propagated all the way through the wall and 

changed the behavior of the wall to more of a rigid-body motion as the testing continued. At the 

left side of the crack (Fig. 2.17(b)), the crushing of concrete and the buckling of SMA bars 

occurred.  

In can be concluded from Fig. 2.14(a) that the SMA bars did not reach their full capacity before 

the rupture of steel rebars. As the figure shows no evidence of post-yielding over-strength in the 

response of the steel-SMA reinforced shear wall, which would indicate that the SMA bars did not 

enter into a strain-hardening range. The early rupture of the steel rebars can also be attributed to 

the formation of the wide crack that occurred at the height of 380 mm in the wall. The opening of 

the crack caused increased strain demands on the steel bars crossing the crack. 

  

(a)                                            (b) 

Figure 2.17. Post-test state of conventional (left) and steel-SMA reinforced shear wall (right) 

(Abdulridha 2013) 
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2.3.2 GFRP Reinforced Concrete Shear Walls 

In 2013, Mohamed et al. (Mohamed et al. 2014b) undertook a study on slender shear walls 

reinforced GFRP bars. The main goal of the study was to investigate the adequacy of seismic 

performance of concrete shear walls reinforced with GFRP bars rather than steel rebars. The 

experimental program was designed to assess if GFRP reinforced walls were able to achieve 

required levels of strength and lateral deformation while avoiding brittle failure modes. Also, the 

energy dissipation capacity of the walls was investigated. 

Four shear walls were tested. Three of them were entirely reinforced with GFRP bars, while the 

last one was a hybrid GFRP/steel specimen. Figure 2.18 illustrates the test setup and the outline of 

the specimens. The walls were tested under displacement reversals while carrying an axial load 

ratio (ALR) of 7%, applied through two post-tensioned rods.  

  

                                         (a)                                                               (b) 

Figure 2.18. Specimens tested by Mohamed (2013) (a) dimensions, (b) test setup 

Since the aspect ratio was the parameter of the study, the length lw was determined 1500 mm for 

specimens ST15 and G15, while specimens G12 and G10 had lw of 1200 mm and 1000 mm, 

respectively. The reinforcement layout of the specimens is shown in Fig. 2.19. The specimen ST15 

and G15 were designed to have similar axial stiffness (EA), and the other GFRP reinforced walls 

were designed to have similar reinforcement ratios to the G15 wall.  
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Figure 2.19. Reinforcement layouts of GFRP reinforced specimens (Mohamed 2013)  

The top displacement versus base shear response of the specimens is illustrated in Fig. 2.20. All  the 

GFRP walls reached their calculated flexural strength, with no indication of brittle modes of failure 

such as shear or sliding shear failure. For the steel-reinforced wall (ST15), the progression of the 

damage consisted of cracking, reinforcement yielding, cover spalling, reinforcement buckling, and 

finally, concrete crushing at toes. The failure of the GFRP walls was initiated by concrete cracking, 

cover spalling, and ultimately occurred by crushing of concrete and then rupture of the outermost 

GFRP bars.  

Regarding the energy dissipation capability of the specimens, all the GFRP reinforced walls 

dissipated relatively low amounts of energy since the response of the walls were dominated by the 
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quasi-linear behavior of the GFRP bars. Low energy dissipation is not a desirable feature of 

seismic-resistant structural systems. However, the GFRP walls exhibited a significant self-

centering ability, which is attributed to the behavior of GFRP material, and the axial loads, which 

promote crack closure.  

 

Figure 2.20. Cyclic behavior of specimens (Mohamed et al. 2014b) 

The damaged state of the specimens after the completion of the test is illustrated in Fig. 2.21. It is 

seen that the cracking is distributed through the two thirds the height of the walls, which helps to 

avoid damage concentration at the lower heights of the walls. The crushing of concrete at the toes 

of the specimens is also apparent. 



29 

 

 

Figure 2.21. State of shear wall after testing (Mohamed 2013) 

Ghazizadeh (2017) performed a study on low-rise shear walls detailed with hybrid longitudinal 

reinforcement and SFRC. The study consisted of testing two shear walls with an aspect ratio of 1.0. 

The specimen termed control wall was a wall made with conventional reinforced concrete, while 

the hybrid wall was a steel-reinforced SFRC wall detailed with GFRP bars. Figure 2.22 shows the 

reinforcement layout of the specimens. 

 

Figure 2.22. Reinforcement layout of specimens (Ghazizadeh 2017) 

The specimens were tested under cyclic loading with no axial load applied. Figure 2.23 shows the 

hysteretic responses of the specimens. As can be seen from the figure, the hybrid wall had 

comparable strength and energy dissipation capacity to the control wall while illustrating improved 

self-centering. The ratio of the residual displacement to maximum displacement at the last cycle 

was 0.5, and 0.63 for the hybrid and control walls, respectively. 
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Figure 2.23. Hysteretic response of specimens (Ghazizadeh 2017) 

As can be observed from Fig. 2.24 the hybrid wall detailed with SFRC showed enhanced damage 

mitigation in comparison to the control wall. The hybrid wall had narrower cracks and less 

spalling. 

 

Figure 2.24. Damaged state of specimens (Ghazizadeh 2017) 

2.3.3 Post-Tensioned Shear Walls 

Cheng and Mander (1997) introduced the concept of damage-avoiding design (DAD). Figure 2.25 

explains the concept with three RC shear walls ï a conventional monolithic RC wall, a pre-stressed 

wall (with no continuous mild steel), and a partially pre-stressed wall (with continuous mild steel). 

After a large load reversal, the monolithic RC shear wall has a considerable amount of residual 

displacement and cracking, while the pre-stressed and the partially pre-stressed walls have 

negligible residual displacements, with only a limited or negligible amount of cracking. The 

strands provide restoring forces that return the wall into its original position, minimizing 

permanent lateral deformations.  
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Figure 2.25. Cyclic response of reinforced concrete walls (Holden et al. 2003) 

In terms of energy dissipation, the conventional, monolithically built wall showed superior energy 

dissipation properties, while the pre-stressed wall almost dissipates no energy. The partially pre-

stressed wall, on the other hand, shows acceptable levels of energy dissipation with residual 

displacements and limited cracking altogether.  

Schultz et al. (1998) conducted an experimental study on jointed precast shear walls (Fig. 2.26). 

The study included the testing of a precast post-tensioned shear wall under cyclic lateral load and 

overturning moment. As explained in the complementary study by Erkmen and Schultz (2009), 

the shear wall was post-tensioned by six bars with a diameter of 16 mm (#5). The post-tensioning 

bars had a strength of 1124 MPa and were stressed up to 60% of their strengths (695 MPa). As 

shown in Fig. 2.27, the hysteretic response of the specimen illustrated insignificant amounts of 

residual drift ratio upon the un-loading of the specimen. The origin-oriented hysteretic response of 

the specimen translates into high levels of self-centering and limited dissipating energy capacity 

of the shear wall. The available energy dissipation capacity of the specimen was sourced from the 

yielding of the post-tensioning bars. 



32 

 

 

Figure 2.26. Test specimen (Schultz et al. 1998) 

 

Figure 2.27. Hysteretic result (Schultz et al. 1998) 

Holden et al. (Holden et al. 2003) also performed a study on the seismic performance of precast 

concrete shear walls. The study included testing two shear walls with identical geometries. The 

control specimen (unit 1) was a precast RC wall restrained rigidly to its foundation to emulate the 

response of a cast-in-place shear wall. The innovative specimen (unit 2) was a precast post-

tensioned shear wall detailed with two CFRP tendons, and two bonded mild steel rebars, which 

served as energy dissipater. Also, steel fiber reinforced concrete was used instead of conventional 

concrete for damage mitigation purposes. The CFRP tendons had a peak strength of 2289 MPa 
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and an elastic modulus of 166 GPa. The energy dissipater rebars were two bonded 20 mm in 

diameter rebars milled down to a diameter of 16 mm over a length of 165 mm. The precast post-

tensioned shear experiment is illustrated in Fig. 2.28. 

 

Figure 2.28. Post-tensioned specimen at test setup (Holden et al. 2003) 

Figure 2.29 shows the hysteretic responses of the control and the innovative shear walls. As can 

be observed from the figure, the control specimen had wide cycles resulting in high energy 

dissipation and considerable residual drift ratios due to the reinforcement yielding. On the other 

hand, the innovative specimen featured narrow cycles, which translate into limited energy 

dissipation and small residual drift ratios.  

 

Figure 2.29. Hysteretic response of specimens (Holden et al. 2003) 
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Figure 2.30 shows the residual drift ratio of each specimen versus the peak drift. As it is seen, the 

innovative specimen had insignificant residual drift ratios in comparison to the control specimen. 

 

Figure 2.30. Residual drift of specimens (Holden et al. 2003) 

Regarding energy dissipation capacity, Fig. 2.31(a) illustrates the equivalent viscous damping of 

the specimens during the test. As mentioned, the high residual drift ratio and energy dissipations 

of the control specimen were due to the yielding of vertical reinforcement. For the innovative wall, 

the only source of dissipating energy was the energy dissipater bonded rebars, which caused a 

limited amount of energy dissipation.  

 

Figure 2.31. (a) Equivalent viscous damping of specimens, (b) cracking of unit 1 at drift ratio of 

2.5%, (c) cracking of unit 2 at drift ratio of 3% (Holden et al. 2003) 
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Figure 2.31(b), (c) shows the damage that the control and the innovative specimens sustained at 

the drift ratios of 2.5% and 3%, respectively. It is apparent that the control specimen sustained 

extensive damage, including flexural and shear cracks accompanied by spalling. The innovative 

specimen, on the other hand, suffered no perceptible damage. 

Kurama (2005) performed a study on seismic design of partially post-tensioned precast shear 

walls. The study numerically simulated the cyclic and seismic behavior of two similar six-story 

shear walls with bonded vertical reinforcement at the boundaries and unbonded post-tensioned 

bars in the middle. One of the shear walls termed PP6-BO is illustrated in Fig. 2.32.  

 

Figure 2.32. Shear wall PP6-BO scheme and cross-section (Kurama 2005) 

 The cyclic response of the specimens features significant self-centering and desirable energy 

dissipation levels (Fig. 2.33). Regarding the energy dissipation, as the mild steel bars started to 

yield (drift ratio of 0.3%), the relative dissipated energy of the shear wall surpassed 0.125%, which 

according to Ghosh et al. (2004) is the lower-bound for adequate energy dissipation. The energy 

dissipation capacity increased by up to 30% as the roof drift went on to the ratio of 2%. The study 

also showed that in comparison to monolithically built walls, partially post-tensioned shear walls 

require less amount of mild steel since the post-tensioning reinforcement and the post-tensioning 

forces participate in the stiffness and strength attainment of the walls. 
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                                                 (a)                                                          (b) 

Figure 2.33. PP6-BO wall (a) hysteretic response, (b) relative energy dissipation ratio 

(Kurama 2005) 

2.3.4 ECC Shear Walls 

To the authorôs knowledge, the only available ECC shear wall experimental test in the literature is 

that performed by Nagai et al. (2002), which explored the shear strength of walls cast with ECC. 

The study included testing three cantilever ECC shear walls under displacement reversals while 

carrying a gravity load of 900 kN. The specimens were low-rise, with a height-to-width aspect 

ratio of 0.58, and designed to fail in shear, which is a brittle mode of failure. The wall panels were 

made of ECC, while the rest of the specimens was cast with normal concrete. The test studies the 

strength of the shear walls for different wall reinforcement ratios (ɟWS1=0.43%, ɟWS2=0.21%, 

ɟWS3=0.64%), wall thicknesses (tWS1=75 mm, tWS2=75 mm, tWS3=50 mm) and the anchoring 

methods of horizontal reinforcing systems.  

The shear force drift response of the specimens is shown in 2.34. The shear strengths of the 

specimen were determined and compared to the shear strengths of identical normal concrete shear 

walls. The comparison showed that the ECC walls featured 15% to 20% more shear strength than 

the concrete walls. Also, the ECC panels formed numerous fine cracks indicating the participation 

of ECC in resisting tensile stresses (Fig. 2.35). 
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Figure 2.34. Hysteretic response of specimens (Nagai et al. 2002) 

 

Figure 2.35. Cracking pattern of specimens (Nagai et al. 2002) 

Also, Li et al. (2014) conducted an analytical study exploring the behavior of framed ECC shear 

walls. First, an analytical biaxial material model of ECC was developed in OpenSees. The stress-

strain relationship of the material is shown in Fig. 2.36. Then the material model was used to 

simulated the response of two ECC shear walls identical to SW4 and SW13 reinforced concrete 

shear walls tests by Gao (1999). Regarding the RC specimens, SW4 had more reinforcement ratio 

and higher axial load ratio than SW13. The test results showed that SW4 had a brittle response, 
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while the behavior of specimen SW13 was more ductile (Gao 1999). The response of the RC and 

ECC walls is shown in Fig. 2.37. 

 

Figure 2.36. Stress-strain relationship for ECC (Li et al. 2014) 

As illustrated in Fig. 2.37, using ECC instead of normal concrete increased the ductility of both 

shear walls. In addition, using ECC notably increased the levels of lateral load resistance and 

energy dissipation capacity of the walls as the ECC shear walls dissipated four times more energy 

was in respect to concrete walls. 

 

                                        (a)                                                                    (b) 

Figure 2.37. Cyclic behavior of (a) SW4 wall detailed with concrete and ECC, (b) SW13 wall 

detailed with concrete and ECC (Li et al. 2014) 

 

 



39 

 

2.3.5 SFRC Shear Walls 

Athanasopoulou and Parra-montesinos (2014) investigated the seismic behavior of low-rise shear 

walls detailed with high-performance fiber reinforced concrete (HPFRC). The main objective of 

the study was to evaluate the performance of low-rise HPFRC shear walls with simplified 

reinforcement. The study included testing of nine large-scale cantilever reinforced concrete and 

HPFRC shear walls. The walls were tested under cyclic horizontal loading with zero applied loads 

axial. In terms of drift capacity, HPFRC walls demonstrated comparable performance than normal 

concrete walls even with their confining reinforcement being eliminated. In fact, the HPFRC walls 

with relaxed reinforcement details illustrated drift capacity of 2% to 3% under moderate shear 

reversals (φȢυÆ ), while it was approximately 2.3% for RC walls. In terms of sustained damage, 

HPFRC also walls formed more cracks with smaller widths and sustained less spalling in 

comparison to RC specimens. Figure 2.38 shows the reinforcement layout of two specimens ï one 

reinforced concrete and one reinforced SFRC ï tested by Athanasopoulou and Parra-

montesinos (2014). Figure 2.38(a) shows the reinforcement detailing of the RC specimen. Figure 

2.38(b) as well shows the reinforcement detailing of the reinforced SFRC specimen, which is 

simplified with respect to the RC specimen. 

 

                                            (a)                                                         (b) 

Figure 2.38. Reinforcement layout of specimens (a) detailed with concrete (b) detailed with 

SFRC (Athanasopoulou and Parra-montesinos 2014) 

The hysteresis of the specimens is shown in Fig. 2.39. According to the figure, even though the 

SFRC wall had simplified reinforcement, both specimens showed comparable responses in terms 

of strength and drift capacity. The results also showed that the strength degradation in the SFRC 
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wall was less critical, as the wall sustained mitigated damage during the test. Figure 2.40 shows 

damage to the specimens at the end of the experiment. As it is clear from the figure, damage 

included spalling and matrix disintegration to the RC wall was severe, while the reinforced SFRC 

wall just formed several fine cracks.  

 

                                                (a)                                                          (b) 

Figure 2.39. Hysteresis of (a) concrete wall, (b) SFRC wall (Athanasopoulou and Parra-

montesinos 2014) 

 

                                              (a)                                                        (b) 

Figure 2.40. Damage to (a) concrete wall, (b) SFRC wall (Athanasopoulou and Parra-montesinos 

2014) 
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2.3 Testing Methods 

Several types of tests have been developed to investigate the performance of shear wall systems 

under static and dynamic loads. Since the type of testing influences the applicability of the obtained 

results and conclusions, it is convenient to review the most common test methods for shear walls 

briefly. 

2.3.1 Shaking Table Testing 

A shaking table is a computer-controlled system used for simulating earthquakes in laboratory 

settings. Shaking table systems can have up to six degrees of freedom, on which structural systems 

can be studied at the component- and system-levels. Testing structures on shaking tables provide 

the researchers with valuable data, including structure displacements, velocities, and accelerations 

at selected locations.  

Figure 2.41 shows a full-scale, four-story RC structure tested by Nagae et al. (2015). The structure, 

which was designed to the most current US seismic design provisions, was subjected to North-

South, East-West, and vertical components of JMA-Kobe and JR-Takatori records of 1995 

Hyogoken-Nanbu earthquake. The input wave of the test was assigned to be a sequence of the 

JMA-Kobe records with scaling factors of 10, 25, 50, and 100% accompanied by JR-Takatori 

record scaled to 40 and 60%. During the test, the structure underwent lateral story drift ratios of 

4% or higher. However, the structure satisfied the collapse prevention performance level, which is 

in line with the design objectives of current seismic codes. Figure 2.42 shows the hysteretic 

response of the structure under JMA-Kobe records with scaling factors of 25%, 50%, and 100%. 

According to the figure, the structure retained 2% of residual drift after deforming up to the drift 

ratio of 3%. Figure 2.43 shows the damage in the shear walls of the structure. 

 



42 

 

 

Figure 2.41. Seismic testing of a full -scale 4-story structure on shacking table (Nagae et al. 2015) 

 

                           (a)                                                 (b)                                             (c) 

Figure 2.42. Hysteretic response of structure under JMA-Kobe record scaled to (a) 25%, (b) 

50%, (c) 100% (Nagae et al. 2015) 

 

Figure 2.43. Damage in walls of structure (Nagae et al. 2015) 

Martinelli and Filippou (2009) studied the performance of a full-scale, seven-story RC structure 

under a series of four earthquakes with increasing intensity. The test results indicated good 

agreement between the predicted and measured responses (Fig. 2.44) The structure was modeled 

in a two-dimensional space using beam-column elements with a fiber cross-section, and with 

considering the interaction between the axial force and bending moment. Also, the study pointed 
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out the limitations of fiber cross-section models, since fiber cross-section models were not able to 

accurately capture bond-slip properties in RC members. 

 

Figure 2.44. Experimental and analytical response history results of seven-story structure 

(Martinelli and Filippou 2009) 

2.3.2 Hybrid Testing 

Hybrid testing is a technique to test large scale structures under seismic loads in a cost-effective 

way as using hybrid methods eliminates the need for incorporating large masses into experimental 

setups. In this method, only structural elements with complex behavior are modeled physically, 

while the rest of the structure is modeled numerically using computer finite element programs. 

Figure 2.45 demonstrates the notion of the hybrid testing method in a study performed on a half-

scale steel frame substructure to investigate the seismic performance and collapse mechanism of 

the structure (Del Carpio Ramos et al. 2014). The results were as well used in assessing the 

accuracy of computer programs in predicting the behavior of the frame as it collapsed. 
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Figure 2.45. Hybrid testing of a frame structure (Del Carpio Ramos et al. 2014) 

According to Whyte and Stojadinovic (2012), at each time step, earthquake load is applied to the 

finite element model of the structure. Then an integration method is used to solve the governing 

equation of motion of the structure (Eq. 2.1). The equation is solved for a target displacement, to 

which a set of computer-controlled hydraulic actuators move the desired substructure. Then, the 

reactions of the physical substructure are recorded and transmitted to the computer system to be 

used in the calculations for the next time step. Figure 2.46 demonstrates the process schematically. 

- 5 #5 & 5 -Ò5    (2.1)  

 

Figure 2.46. Hybrid testing method (Whyte and Stojadinovic 2012) 
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Regarding shear walls, Whyte and Stojadinovic (2012) simulated two identical thick, squat shear 

walls (Fig. 2.47). Since the walls were to be used in a sensitive structure, hybrid testing was used 

to obtain the seismic behavior of the walls under a series of earthquake excitations. The walls were 

200 mm thick, 3000 mm long, and 1650 mm high. The reinforcement of the walls was distributed 

in two curtains with a ratio of 0.67 in both the horizontal and vertical directions. During the hybrid 

test, wall 1 was subjected to a series of earthquakes with an increasing intensity, which consisted 

of an operational basis earthquake (OBE), a design basis earthquake (DBE), a beyond design basis 

earthquake (BDBE), and finally a DBE aftershock. The wall 2 was subjected to an OBE, a BDBE, 

and two DBE aftershocks consecutively. OBE, DBE, and BDBE accelerograms were assigned as 

Kocaeli, Turkey earthquake record scaled to 0.05263, 0.1407, 0.4221. The seismic responses of 

the specimens during DBE and DBED are shown in Fig. 2.48. 

 

Figure 2.47. Hybrid testing of a shear wall specimen (Whyte and Stojadinovic 2012) 

 

                                          (a)                                                                      (b) 

Figure 2.48. Response of specimens under (a) DBE aftershock 1, (b) BDBE records 
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2.3.3 Cyclic Testing 

The cyclic test is an alternative way to identify the characteristics of structural elements as well as 

to predict their seismic performance and long-term durability. In general, cyclic tests reveal the in-

plane response of structural elements with the and out-of-plane displacements being restrained. 

The in-plane lateral loads are applied in a force-controlled fashion before yielding when the load 

steps can be chosen more conveniently. After yielding, the tests are usually continued in a 

displacement-controlled way. Depending on the used protocol, each cycle is repeated two or more 

times, while the amplitude of the cycles follows an ascending manner. Cyclic tests allow for the 

identification of properties such as yield displacement, ultimate displacement, stiffness, strength, 

residual displacements, hysteretic behavior, and energy dissipation capacity of a structural 

member. Regarding dynamic effects, the influence of the strain rate on the strength and stiffness 

of both concrete and steel cannot be captured in a quasi-static test; however, those effects can be 

approximated through empirical relationships available in the literature (Driver et al. 1998).  

2.3.3.1 General considerations 

Due to the limitations and constraints of available resources, often, it is not possible to 

experimentally study the behavior of an entire shear wall building. The alternative is to investigate 

a single wall or a portion of it, sometimes including the effects of the connections to other structural 

elements, such as slabs and beams, through suitable boundary conditions. Applied loads such as 

gravity and lateral loads are simulated with actuators and appropriate fixtures, and base fixity is 

commonly simulated using foundation blocks bolted to heavily reinforced slabs.  

If only a portion of a shear wall structure can be studied, it is convenient to select the segment of 

the wall that exhibits more clearly the structural behavior under study. For instance, in a 

cantilevered, slender wall dominated by flexural behavior, the bottom of the wall will be a critical 

region since the plastic hinge will develop there. Choosing the bottom of the wall as a testing 

specimen will allow a comprehensive investigation of the nonlinear response of the steel and 

concrete materials, their damaged state, and associated failure modes. Evidently, the test setup 

should include the effects of the upper wall segment, such as gravity loads and moments at the top 

of the specimen. 
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Most RC shear wall tests such are conducted under fixed-free (single-curvature) boundary 

conditions, while a very few (Hidalgo et al. 2002) are tested under fixed-fixed conditions (double-

curvature), as shown in Fig. 2.49. Single-curvature tests are appropriate to investigate the flexural 

and flexural-shear responses, while double-curvature setups are suitable for the study of shear-

critical structures.  

 

Figure 2.49. Test setup used in (Hidalgo et al. 2002) to study shear failure of shear walls 

To determine what type of test is most appropriate for the study of the innovative shear walls 

investigated in this project, it is convenient to describe the mechanics of RC buildings under lateral 

loads briefly. Frame structures generally exhibit shear inter-story deformations, characterized by 

double-curvature bending in the columns between stories. In contrast, buildings that incorporate 

shear walls as a primary load resisting system develop mostly flexural deformations, with a plastic 

hinge region forming along the lower stories. This behavior is similar to that of a cantilevered 

element to a great extent. For this reason, fixed-free boundary conditions are often used to 

investigate the flexural response of shear walls, which is the scope of this study. It is noted that 

depending on the distribution of mass and stiffness in the building, and the interaction between 

shear walls and the companion frame system, it is possible that the behavior of a building with 

shear walls deviates from that described above. 
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2.3.3.2 Axial Load 

Another important aspect of the experimental testing of shear walls is the level of axial load applied 

to the specimens. A review of the literature shows that the level of axial load used in wall tests 

falls in one of the following three categories: zero, low (below 0.2Agfôc), or high (ranging between 

0.25-0.5Agfôc) (Su and Wong 2007). Axial loads in shear wall tests are often applied through 

actuators exerting a downward force at the top of the specimen or through post-tensioned bars 

installed between the loading beam at the top of the wall and the rigid foundation (Fig. 2.50). The 

issue with post-tensioned bars is that they tend to provide restoring forces that return the specimen 

to its original position. Using pinned-pinned hydraulic jacks at the top is more appropriate for 

applying gravity forces since no restoring forces are created.  

     

                                               (a)                                                 (b) 

Figure 2.50. Applying axial force with (a) hydraulic actuators (Zhang and Wang 2000), (b) post-

tensioning rods (Escolano-Margarit et al. 2012) 

Generally, in RC elements, the presence of axial loads increases flexural capacity and stiffness, 

but it reduces ductility by causing early crushing of the concrete at the compressive region. Second-

order effects also are produced by axial loads on laterally deformed structural elements, imposing 

additional deformations and forces. Depending on its value, the presence of an axial load can 

increase the shear capacity of concrete elements as they tend to close existing cracks and can 
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increase the shear forces needed to cause cracks. Crack closure also promotes self -centering of the 

laterally loaded RC elements upon un-loading. If the axial load is high (i.e., greater than πȢτ!Æ), 

there will be a reduction in the flexural strength and surely ductility due to the early crushing at 

the toes of the shear wall, while the longitudinal reinforcement in tension may not yield in tension. 

Shear walls carry different levels of axial loads depending on the type of structure, building height, 

distribution of walls on the plan floor, etc. Gravity loads in the walls of low-rise buildings are 

usually small, and tests on this type of structure are often conducted with no axial load. However, 

the axial loads in high-rise buildings located in non-seismic areas can be as high as 0.6Agfôc (Zhang 

and Wang 2000). As explained above, these walls would fail at much lower ductility ratios in 

contrast to the walls with low or without axial loads. The failure modes of these shear walls are 

either toe crushing or out-of-plane buckling. Figure 2.51 presents the cyclic response and failure 

mode of two shear wall specimens with identical dimensions and vertical reinforcement layouts 

while carrying different axial load ratios (ALR) of 25% and 50%. As the ALR doubled from 25% 

to 50%, the lateral strength increased marginally, but the ductility was substantially declined. The 

wall with higher ALR fails in a brittle way without of plane buckling instead of toe crushing. 

(a)  

Figure. 2.51. Cyclic response and failure mode of two shear walls with axial load ratios (a) of 

25%, (b) 50%. (Su and Wong 2007) continued 
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(b)  

Figure. 2.51. Cyclic response and failure mode of two shear walls with axial load ratios (a) of 

25%, (b) 50%. (Su and Wong 2007) 

Therefore, tests that do not include the presence of axial loads cannot account for the ductility 

reduction, second-order effects, or out-of-plane buckling failure modes. On the other hand, the 

absence of axial loads permits the independent evaluation and assessment of the self-centering 

capacity provided by the innovative reinforcement schemes investigated in this study. Research 

has shown that the effects of axial load can be included through analytical means, such as the 

finite-element analysis (Maciel et al. 2016). 

2.4 Conclusion 

As discussed above, innovative materials are used in different structural elements to mitigate 

damage in the elements and improve their performance under cyclic and seismic loads. However, 

it seems that researchers usually focus on improving one damage indicator, such as permanent drift 

ratio or concrete damage, while overlooking the other. This research project employes both fiber-

reinforced cementitious composites and self-centering reinforcement to reduce concrete damage 

ad increase self-centering properties in RC shear walls. 
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3. CHAPTER 3 REINFORCED CONCRETE SHEAR WALLS DETAILED 

WITH INNOVATIVE MATERIALS: PERFORMANCE  

 

3.1 Abstract 

This chapter presents the experimental results of a pilot study performed on the seismic 

performance of three types of damage-resistant, slender reinforced concrete (RC) shear walls. The 

study explored three innovative schemes for the mitigation of post-earthquake damage, including 

permanent lateral deformation and concrete damage, in RC shear walls. Each innovative shear 

wall had an aspect ratio of 2.0 and was reinforced with a hybrid reinforcing system consisting of 

mild steel and a type of self-centering reinforcement such as shape memory alloy bars, glass fiber 

reinforced polymer bars, or high-strength steel strands. To mitigate concrete damage, the walls 

were detailed with fiber-reinforced cementitious composites, either engineered cementitious 

composite or steel fiber reinforced concrete. The specimens were supported as cantilevers and then 

were tested up to failure under pseudo-static, cyclic loads. As test results showed, the innovative 

shear walls had smaller residual drift ratios and mitigated damage compared to a conventional RC 

shear wall. The innovative walls also showed significant levels of energy dissipation and ductility 

throughout testing.  

3.2 Introduction  

According to seismic rehabilitation guidelines for buildings, e.g., FEMA 273 (1997) and FEMA 

356 (2000), the performance level of a structural element such as an reinforced concrete (RC) shear 

wall can be assessed with two indicators: a) the amount of permanent and transient drift ratios of 

the element, b) the extent of damage, such as crack width, concrete crushing, and reinforcement 

buckling sustained by the element. To enhance the seismic performance of RC structures, these 

damage indicators must be reduced. One option is to overcome the limitations of current RC 

structures by using innovative details and materials, which offer higher performances and damage 

resilience properties.  

Recent studies undertaken by Saiidi and Wang (2006), Saiidi et al. (2009), and Cruz Noguez et al. 

(2012) demonstrated that detailing the plastic hinge region of a bridge pier with shape-memory 



52 

 

alloy (SMA) bars and engineered cementitious composite (ECC) will enhance the seismic 

performance of the structural element by reducing permanent deformations and mitigating 

concrete damage. Partially post-tensioning of bridge piers was also another innovative scheme 

studied by Sakai and Mahin (2004), and Cruz Noguez et al. (2012). The studies illustrated the 

superior efficiency of the scheme in reducing permanent deformations through comparison with 

piers with no post-tensioning. However, it was shown by the latter study that post-tensioned piers 

can sustain substantial damage within their plastic hinge zones.  

In regard to building structures, Alam et al. (2009, 2012) explored the seismic performance of RC 

frame structures detailed with SMA bars within their plastic hinge locations. The studies showed 

that innovative frames reinforced with SMA could effectively recover their lateral drift ratios. 

Abdulridha and Palermo (2014) studied the cyclic response of a slender steel RC shear wall 

detailed with SMA bars within its plastic hinge region. Test results showed that despite suffering 

serious damage along its plastic hinge region, the steel-SMA reinforced shear wall had a 

substantial self-centering characteristic. 

Mohamed et al. (2014) studied the seismic behavior of three concrete shear walls reinforced with 

glass fiber reinforced polymer (GFRP) bars. The walls were similar in the reinforcement ratio but 

different in length and aspect ratio. As test results showed, the GFRP reinforced walls reached 

satisfactory levels of deformability, substantial self-centering, and improved resilience in terms of 

cover spalling while avoiding brittle modes of failure. On the other hand, the fully GFRP 

reinforced walls had insignificant levels of energy dissipation in comparison to a control RC shear 

wall due to the linear elastic behavior of their GFRP bars.  

Holden et al. (2003) studied the seismic performance of a precast steel fiber reinforced concrete 

(SFRC) shear wall detailed with two post-tensioned tendons and two energy dissipater bars. The 

precast wall showed significant self-centering and damage resilience due to its rocking motion. 

Nevertheless, the specimen had insignificant levels of energy dissipation due to the absence of 

continuously bonded rebars across the joint of the shear wall. 

This chapter illustrates the results of an exploratory investigation with the general objective of 

improving the seismic performance of slender RC shear walls. Given the fact that each of the 
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mentioned studies was focused on one part of the solution, this study was aimed to improve the 

overall performance of RC shear walls by reducing permanent drift ratio and concrete damage in 

RC shear walls while providing the walls with significant levels of ductility and energy dissipation. 

 In this chapter, the responses of three innovative shear walls with identical geometries, boundary 

conditions, and loading protocols, but different innovative materials and details, are investigated. 

Then, the improvement in the seismic performance of each innovative wall over a conventional 

RC shear wall is discussed in terms of a decrease in the amount of two key damage indicators: 

concrete damage and residual drift ratios. The innovative shear walls were reinforced with mild 

steel rebars and self-centering reinforcements such as SMA bars, GFRP bars, and high-strength 

steel strands. The shear walls were also detailed with a type of fiber-reinforced cementitious 

composite (FRCC) for being more damage resilient. In the following sections, the obtained test 

results are discussed in terms of hysteretic response, ductility, damage propagation, self-centering, 

and energy dissipation in the innovative shear walls and a control RC shear wall.  

3.3 Experimental Program 

3.3.1 Material Properties 

The materials used in this study can be classified into two categories ï reinforcing materials and 

cementitious materials. 10M mild steel bars, #5 GFRP bars, #4 NiTi bars (SMA bars), and high-

strength seven-wire steel strands with a diameter of 13 mm were the various types of reinforcement 

used in the construction of shear walls. The tensile stress-strain relationship of each type of 

reinforcement is illustrated in Fig. 3.1. The stress calculations of the reinforcements were 

performed using the nominal diameter and cross-sectional area of each type of reinforcement, 

which is summarized in Table 3.1.  
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Figure 3.1. Tensile stress-strain relationships of various types of concrete reinforcement 

Table 3.1. Mechanical properties of self-centering reinforcements 

Self-centering 

Reinforcement 

Size Elastic 

Modulus 

(GPa) 

Nominal 

Diameter 

(mm) 

Nomin

al Area 

(mm2) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

GFRP  #5 62.6 15.9a 199a N.A. 1150 

HS steel 13 mm 195 12.7 98.7 1670 1860 

NiTi   #4 27.4 12.7 127 330 890 

a Effective diameter and cross-sectional area (including coating) are 17.3 mm and 235 mm2 

(according to the manufacturer) 

In addition, the effective diameter and cross-sectional area (including coating) of #5 GFRP bars 

are shown in Table 3.1. As can be seen, the effective diameter and area of #5 GFRP bars were 

larger than the nominal diameter and area of the bars due to the fact that the GFRP bars were sand 

coated. For this reason, the stress resistance properties of #5 GFRP bars were associated with their 

nominal area rather than their effective area as the coating of the bars does not effectively 

participate in the resistance of tensile stresses. According to the manufacturer, #5 GFRP bars had 

an elastic behavior with an ultimate strain of 2.1%, and ultimate stress of 1150 MPa and a stiffness 

value of 62.6 GPa.  
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In the case of #4 NiTi bars, mechanical properties of a 500 mm long #4 NiTi coupon specimen 

were determined in accordance with ASTM F2516-14 (2014). The NiTi bar had an elastic behavior 

up to about a strain of 1.0%, which was corresponding to an elastic modulus of 27.4 GPa. Then, 

the bar exhibited a stress plateau up to a strain of 6% with an upper plateau strength (UPS) of 

330 MPa, and a lower plateau strength (LPS) of 120 MPa (Fig. 3.2). For strain values of 6% or 

smaller, the NiTi bar recovered its elongations upon unloading (super-elasticity). However, 

beyond a 6% strain, the bar showed strain hardening and started to retain residual strains after 

unloading. The tensile strain capacity of the NiTi bar was 10.5%, which was corresponding to a 

stress capacity of 890 MPa.  

 

Figure 3.2. Cyclic stress-strain relationship of a #4 NiTi bar and a 10M steel bar 

The used high-strength steel strands had yield and ultimate stress values of 1670 MPa and 

1860 MPa, and a stiffness value of 195 GPa, according to the manufacturer. In the case of mild 

steel bars, Table 3.2 shows the average properties of the 10M and 15M steel rebars used in the 

construction of each specimen ï CW (control wall), GFRP-ECC, PPT-SFRC, and SMA-SFRC. 

The properties of the mild steel rebars were determined through the testing of three 500 mm long 

coupon specimens for each group of reinforcement, according to annex A9 of ASTM A370-14 

(2014).  
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Table 3.2. Mechanical properties of mild steel reinforcement 

Specimen 

     

Size 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

CW 10Ma 184 421 634 

GFRP-ECC  10M  173 415 626 

PPT-SFRC 10M 173 415 626 

SMA-SFRC  10M 184 421 634 

SMA-SFRC  15Mb 191 439 617 

a Nominal diameter and cross-sectional area are 11.3 mm and 100 mm2 

b Nominal diameter and cross-sectional area are 16.0 mm and 200 mm2 

The cementitious materials consisted of conventional concrete, ECC, and SFRC. The fiber volume 

fractures of the materials were 0%, 2%, and 0.75%, respectively. The fibers used in ECC are made 

of PVA (polyvinyl alcohol) with a length of 12 mm, a minimum aspect ratio of 300, and a 

minimum tensile strength of 1000 MPa (Choi and Lee 2015). According to the manufacturer, the 

steel fibers used in the SFRC material were hooked-end with a length of 50 mm, an aspect ratio of 

55, and a tensile strength of 1200 MPa.  

The compressive strengths of the cementitious materials were determined based on ASTM C39-

15a (2015). The average compressive strengths of the concrete, ECC, and two SFRC mixes used 

in the construction of CW, GFRP-ECC, PPT-SFRC, and SMA-SFRC shear walls were 48 MPa, 

38 MPa, 62 MPa, and 51 MPa respectively. In terms of post-peak response, fiber-reinforced 

materials exhibited improved compressive strain capacities, as can be seen in Fig. 3.3.  
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Figure 3.3. Compressive stress-strain relationships of cementitious materials 

The tensile properties of FRCC materials were determined through direct tension tests in case of 

ECC and four-point loading tests for SFRC materials. Figure 3.4 shows the tensile stress-strain 

relationships of three ECC prism specimens. Each specimen had a linear tensile stress-strain 

response followed by a plateau, and then a descending segment. The average tensile stress and 

strain capacities of the specimens were 3.11 MPa and 0.95%, respectively. In contrast, the stress-

strain relationship of plain concrete only consists of a linear segment since the material rapidly 

losses its tensile stress resistance with the formation and propagation of cracks.  

 

Figure 3.4. Tensile stress-strain relationships of three ECC prism specimens corresponding to 

GFRP-ECC wall 

To identify the tensile properties of SFRC, fib (2013) recommends the testing of SFRC notched 

beams under four-point loading tests. The method of testing implies that tensile behavior in SFRC 
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