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EXECUTIVE SUMMARY 
Reinforced concrete buildings built prior to the enactment of modern seismic codes are 

often seismically deficient. These buildings may have inadequate strength and ductility to 

withstand strong earthquakes. Conventional retrofit techniques for such frame buildings 

involve adding reinforced concrete shear walls or structural bracing systems to the existing 

bays. These techniques can be intrusive and result in lengthy down times and expensive 

structural interventions. An alternative to conventional techniques is the use of high-strength 

prestressing strands or cables, diagonally placed as tension elements. This technique was 

researched and used in a limited manner after the 1985 Mexico City Earthquake. It has since 

been further investigated at the University of Ottawa through experimental and analytical 

research (Shalouf and Saatcioglu (2006), Carrière (2008), Molaei (2014)). While the use of 

steel strands as tension bracing elements proves to be an effective technique, the resulting 

stiffening effects on the frames lead to increased seismic force demands and higher based 

shear, as well as increased axial forces on the attached columns, potentially generating net 

tension, foundation uplift and excessive compression. Relatively low elongation 

characteristics of high-strength cables and slack caused by yielding strands and associated 

pinching of hysteresis curves reduce potential energy dissipation capacity. The current 

research aims to improve the previously observed deficiencies of the system. One of the 

improvements involve the use of shape memory alloys (SMA) in the middle of the cables, 

which reduce/eliminate residual deformations upon yielding and associated pinching of the 

hysteresis curves. SMA allows energy dissipation in the system while forcing the structure 

to recover from its inelastic deformations because of the flag-shape hysteretic characteristics 

of the material. The feasibility of the cable-SMA assembly as tension brace elements is 

illustrated through dynamic analyses of selected prototype buildings. The other 

improvement is the development of progressively engaging, initially loose multiple strands 

as tension cables. These cables are placed loosely to engage in seismic resistance at pre-

determined drift levels, thereby eliminating premature increase in seismic force demands 

until their participation is required as the frame capacity is reached. Tests of a large-scale 

reinforced concrete frame, designed following the requirements of the 1965 National 

Building Code of Canada NRC (1965) as representative of existing older frame buildings 
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in Canada, are conducted under simulated seismic loading to assess the effectiveness of the 

proposed system. The verification of the concept is extended analytically to prototype 

buildings and the effectiveness of the system is demonstrated for mid-rise and low-rise 

frame buildings. 
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1 Introduction 

1.1 Background 

Existing reinforced concrete buildings designed and built prior to the enhancement of 

modern seismic codes were essentially designed to resist gravity and wind loads without 

much emphasis placed on seismic design and detailing. Inelastic response and ductility of 

these buildings were not considered in design with sufficient details. Hence, they exhibit 

non-ductile or partially ductile response when subjected to strong earthquakes. 

Progressively improved seismic provisions of more recent design codes after the 1970s 

promote dissipation of seismic induced energy through ductile flexural yielding and plastic 

hinging in critical regions of elements. Buildings designed following the requirements of 

recent codes are expected to perform essentially in the elastic mode of deformations during 

more frequent minor earthquakes with limited or no damage. They are expected to develop 

repairable damage when subjected to moderate earthquakes and suffer significant damage 

while maintaining life safety without collapse when subjected to rare but strong 

earthquakes. As design provisions in building codes have improved over the last four 

decades, seismic hazard predictions also improved, reflecting advances in the field of 

seismology. During this period, more ground motion records have become available. 

Furthermore, improved attenuation relationships have been developed. These 

improvements led to better assessment of design force levels. Seismic design force 

requirements have increased by more than 100% relative to those of the pre-1970 era. 

Moreover, more strict drift limits were imposed to control seismic damage. Clearly, older 

buildings remain to be seismically deficient, both from the design force perspective, as well 

as the design and detailing requirements for individual elements.  

1.2 Research needs and significance of research 

It is economically not feasible to replace seismically deficient buildings with new 

buildings designed to have improved seismic resistance. Therefore, seismic retrofit remains 

to be a viable seismic risk mitigation strategy. Retrofitting is done either at the element level, 

to improve performance of otherwise seismically deficient elements, or at the global level 

to enhance overall lateral load resistance and drift control. The former is implemented if 
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seismic deficiency is limited to a few elements, and the latter is preferred if a large segment 

of the lateral load resisting system is deficient. In the latter case, the structure benefits 

globally from overall strengthening and stiffening of the entire system. This results in drift 

control, which reduces seismic damage. Bracing is an effective method for increasing lateral 

stiffness and controlling drift which has been widely researched and used in practice. Many 

numerical and experimental research projects have been undertaken in the past, dating back 

to 1970’s, or some even earlier. Among the early researchers, Higashi and Kokusho (1975), 

Higashi et al. (1977), Kawamata and Ohnuma (1981), and Sugano et al. (1980, 1981, 1983) 

showed that bracing is a proper method of repairing and strengthening concrete structures. 

At the time, adding shear walls to concrete moment resisting frames was a common and 

preferred retrofit technique for storey drift control. Lateral bracing can be done either by 

adding shear walls or steel bracing elements of different types and orientations. 

One of the lateral bracing systems consists of steel cables or strands. In this system the 

brace elements can only resist tension. Tension braces are placed symmetrically in two 

directions so that either the braces in one direction or the other direction develop tension 

and provide resistance to seismic loads. Pincheira and Jirsa (1995) investigated the 

effectiveness of tension braces in buildings. They compared the technique with adding shear 

walls to existing concrete frame buildings. The researchers concluded that the tension 

bracing system can be an effective strategy for seismic retrofitting. This technique was 

researched and used in a limited manner after the 1985 Mexico City Earthquake. It has since 

been further investigated at the University of Ottawa through experimental and analytical 

research Shalouf and Saatcioglu (2006), Carrière (2008), and Molaei and (2014). While the 

use of steel strands as tension bracing elements proves to be an effective technique, the 

resulting stiffening effects on the frames lead to increased seismic force demands and higher 

based shear, as well as increased axial forces on the attached columns, potentially generating 

net tension, foundation uplift and excessive compression. Relatively low elongation 

characteristics of high-strength cables and slack caused by yielding strands and associated 

pinching of hysteresis curves reduce potential energy dissipation capacity. One of the 

improvements proposed to the tension brace system involves the use of shape memory 

alloys (SMA) in the middle of the cables, which reduces or eliminates residual deformations 
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upon yielding and associated pinching of the hysteresis curves. SMA allows energy 

dissipation in the system while self centering the structure to recover from its inelastic 

deformations because of the flag-shape hysteretic characteristics of the material. 

Advantages of using SMA are shown analytically as part of the investigation. The frame 

elements, as well as the diagonal cables, with and without SMA are modeled to simulate 

inelastic response using computer software “SeismoStruct (2016), which is equipped with 

the appropriate hysteretic models for both reinforced concrete and SMA elements. 

However, the use of SMA in structural applications can be costly. Furthermore, partial use 

of the material within the tension cables poses connection/coupling problems at the SMA 

ends. Therefore, another technique is also investigated as an improvement to tension cable 

braces. The second improvement involves the use of progressively engaging cables (PEC). 

Accordingly, the strands are placed loosely as tension elements such that each strand 

engages in resisting lateral forces progressively, when needed. In this application, the 

strands initially remain unstressed until the lateral drift becomes sufficiently high, and the 

frame requires further lateral resistance. As the first strand yields and dissipates energy, the 

second and possibly the third stand starts engaging in lateral load resistance, while some 

strands remain elastic, recovering some of the inelastic deformations. The brace cables do 

not initially engage in lateral resistance (at drifts of less than 1%) and remain loose, thereby 

avoiding unnecessary stiffening and associated higher seismic forces until the stiffening 

effects of cables are needed to control the lateral drift. The strands can be designed to limit 

lateral drift to the deformation capacity of the frame so that it continues fulfilling its gravity 

load carrying function while the tension braces provide increasingly more resistance to 

lateral loads. This type of retrofitting is investigated through combined experimental and 

analytical research. Tests of a large-scale reinforced concrete frames, designed following 

the requirements of the 1965 National Building Code of Canada NRCC (1965) as 

representative of existing older frame buildings in Canada, are conducted under simulated 

seismic loading to assess the effectiveness of the proposed system. The verification of the 

concept is extended analytically to prototype buildings. Research on this topic is scarce in 

the literature and limited to the application to structural steel frames. Additional research is 

needed to fully develop the system for non-ductile reinforced concrete frame buildings. 
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Combined experimental and analytical research has been conducted to fill the research gap.    

1.3 Objectives 

The primary objective of the research project is to develop economically viable and 

structurally effective tension bracing systems to retrofit reinforced concrete frames against 

seismic forces. More specifically, the objective includes improvements in existing cable 

bracing systems by incorporating SMA elements in tension braces and by developing 

progressively engaging cables (PEC), both for reduced seismic force demands, pinching of 

hysteretic response, and increased energy absorption capacity, inelastic deformability and 

drift control, while promoting self centering capabilities for the structure. 

1.4 Scope 

The scope of proposed research includes the following tasks: 

• Review of previous research on seismic retrofitting with emphasis on bracing of 

frames against seismic loads.  

• Selection of a prototype reinforced concrete building frames for experimental and 

analytical research. 

• Selection of a scaled reinforced concrete frame test specimen and appropriate retrofit 

schemes for testing. 

• Selection of computer software for non-linear response time history analysis of the 

test frame, as well as conducting analytical parametric investigation. 

• Analytical modelling of the selected test frame with and without different types and 

configurations of cable bracing systems for dynamic inelastic analysis with specific 

emphasis placed on material hysteretic behaviour for SMA and prestressing tendons. 

• Experimental research and tests of a large-scale reinforced concrete frame with 

different configurations of progressively engaging strands for validation of the 

concept. 

• Validation of the effectiveness of SMA as part of the tension brace system in selected 
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prototype buildings. 

• Validation of the effectiveness of using progressively engaging prestressing strands as 

part of the tension brace system in selected prototype buildings. 

• Compilation of experimental and analytical research and presentation of results. 

1.5 Presentation of Thesis format 

The thesis is presented in “manuscript-based” format. It consists of 6 Chapters. Three 

chapters include three different manuscripts, hence may include some repetition of basic 

concepts and literature review for completeness. The details of each chapter are described 

below:  

• Chapter 1: Includes introduction where research needs, and significance of research 

are summarized. It also includes objectives and scopes of the research program.  

•  Chapter 2: Presents “Literature Review,” where different seismic retrofit 

techniques for non-ductile reinforced concrete frame buildings investigated by 

previous researchers are reviewed. The literature review emphasises on using 

tension-only braces as an effective practical method for controlling lateral drifts. 

The limited previous research on the application of SMA as part of concrete frame 

bracing system and progressively engaging braces for frames is presented.  

• Chapter 3: Presents the journal article “Seismic Retrofit of Non-Ductile Concrete 

Frames with Cable-SMA Assembly,” to be submitted to Earthquake Spectra. 

Structural design and analysis of a 2-storey and 6-storey non-ductile RC buildings in 

Vancouver based on the 1965 edition of the National Building Code of Canada (NRCC 

1965) is presented. The effectiveness of the Steel-SMA assembly as tension bracing 

system is demonstrated on selected mid-rise and low-rise prototype buildings.  

• Chapter 4: Presents the journal article “Progressively Engaging Cables as Tension 

Braces for Seismic Retrofit of Non-Ductile Concrete Frames,” to be submitted to 

ASCE Journal of Structural Engineering. The new system of lateral bracing, 

consisting of progressively engaging cable (PEC) system is presented with 
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experimental and analytical components. The experimental component includes two 

tests of a large-scale reinforced concrete frame with two different arrangements of 

the PEC system. Analytical component includes non-linear analysis of the test frame 

retrofitted with different configurations of the PEC system and their validations 

against the experimental results.   

• Chapter 5: Presents the journal article “Seismic Retrofit of Reinforced Concrete 

Frames by Progressively Engaging Tension Cable (PEC) Braces,” to be submitted 

to the Canadian Journal of Civil Engineering. It presents the application of the PEC 

system of retrofitting to 2-storey and 6-storey prototype buildings selected in 

Vancouver, Canada, designed based on the 1965 edition of the National Building 

Code of Canada (NRCC 1965). The chapter demonstrates superior performance of 

the PEC system. 

• Chapter 6: This chapter presents summary and conclusions of the research project.  

• Appendices: There are three appendices, presented as supplementary information 

that is complementary to the main body of the thesis. These include design data for 

the prototype that represent the scaled test frame, additional experimental data 

generated during the tests and the selection and analysis of another set of prototype 

buildings for Ottawa, Canada. In addition to the two prototype buildings selected 

and designed for Vancouver, a 2-storey and a 6-storey building was also designed 

and analyzed for Ottawa. However, these buildings showed acceptable 

performance under the set of earthquake records that are compatible with the 2015 

NBC (NRCC 2015) and hence did not need seismic retrofitting. Therefore, they are 

not included in the main body of the thesis, which focused on the seismic retrofit 

methodologies implemented. In summary, three Appendices are included, 

consisting of; i) Appendix I - Design details for the building representing the scaled 

test frame, ii) Appendix II – Design and dynamic analysis of selected prototype 

buildings for Ottawa, Canada, iii) – Additional test data recorded.
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2 Literature Review 

2.1 Overview of seismic retrofit techniques 

Seismic retrofit of existing concrete structures is implemented either at the element level, 

as retrofitting of columns, beams, beam-column joints or walls; or globally, affecting the 

entire lateral load resisting system by adding lateral bracing for strength, stiffness and drift 

control, or by changing the dynamic characteristics of buildings through the use of 

supplementary damping or base isolation devices.  

At the element level, the emphasis is often placed on improving seismic force-

deformation characteristics of columns, which are responsible from overall strength and 

stability of frames. Column jacketing is a standard retrofit scheme for seismically deficient 

non-ductile columns. This is done through using reinforced concrete, steel, or fibre 

reinforced polymer (FRP)c jackets. A large number of experimental and analytical studies 

were conducted on column retrofitting. Chai et al. (1991, 1994, 1996) conducted extensive 

research on steel jacketing of circular and rectangular columns. Other researchers who 

conducted research on steel jacketing includes Xiao and Wu (2003), Li et al. (2005), 

Priestley et al. (1991, 1994a, 1994b, 1996). These research programs led to widespread 

implementation of steel jacketing to bridge infrastructure in California. Reinforced concrete 

column jacketing was also researched extensively by Rodriguez and Park (1994). Another 

material which has become popular in recent years for column jacketing (column wrapping) 

was FRP. FRP jacketing was researched by  Saadatmanesh et al. (1994, 1996, 1997), Seible 

et al. (1995), Xiao et al. (1997), Pantelides et al. (1999), Gergely et al. (1998), and Elnabelsy 

and Saatcioglu (2004, 2018). Use of transverse prestressing for columns was also developed 

for active column confinement. Extensive testing and analytical research were conducted at 

the University of Ottawa for developing an externally applied transverse prestressing 

technique for concrete columns (Saatcioglu and Yalcin (2003), Saatcioglu et al. (2001)). In 

addition to the extensive column research programs, beam-column joints have been 

observed to suffer joint shear failures during past earthquakes and retrofit techniques were 

developed for the joints. Moehle and Mahin (1991), and Said and Nehdi (2004) conducted 

research on retrofitting beam-column joints to avoid local failures in joints. These regions 

of frames can be enhanced by increasing joint shear capacity. This can be done by providing 
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additional reinforced concrete, steel or FRP sleeves at the joints. Beams of non-ductile 

frames often perform as flexure-dominant members and they too benefit from local 

enhancements of potential plastic hinge regions and/or through shear strengthening if they 

have shear deficiencies, using the same construction materials. 

System level seismic retrofit techniques are implemented to affect global structural 

behaviour of the lateral load resisting system. Global retrofit techniques often involve 

introducing lateral braces to the structure or enhancing the existing structural or non-

structural bracing elements to improve their behaviour under seismic loading. The proposed 

research project involves the development of new tension bracing systems for seismically 

deficient frame buildings. Therefore, the emphasis on the literature review is placed on 

tension braces with an overview of other global retrofit systems, including those that are 

aimed to change the dynamic properties of the structure by implementing supplementary 

damping devices or base isolation units, as well as active and passive control systems. The 

following sections are devoted entirely to the review of global retrofit systems used in 

practice or in previous research projects.  

2.2 Lateral bracing 

The proposed research involves enhancements of tension brace systems. Therefore, the 

emphasis on literature review is placed on global interference by lateral bracing systems; 

more specifically, lateral bracing with steel tension elements. However, the use of more 

conventional bracing systems involving the addition of shear walls, as well as enhancing 

existing walls with surface-mounted FRP or steel strips is also presented briefly for 

completeness. Furthermore, the problems associated with steel bracing, in terms of their 

effects on frame elements, is similar to those caused by adding new shear walls. Hence, they 

are presented in the following two subsections without attempting to summarize the 

extensive literature that is available on these topics.  

2.2.1 Use of shear walls as bracing elements     

Adding reinforced concrete shear walls to existing concrete moment resisting frames has 

been used in practice during the last three decades and has become a conventional seismic 

retrofit strategy. It is often used to strengthen non-ductile frames. It is especially well suited 
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to reinforced concrete frame structures. Compatibility of the existing and new materials and 

relatively easy integration of the walls in the enclosing frame elements in selected bays offer 

advantages. In this method, the maximum available ductility in the un-retrofitted structure 

is first assessed, and new shear walls are added such that the overall drift capacity remains 

within this limit after the incorporation of the new shear walls. This ensures that the frames 

continue fulfilling their functions as gravity load elements when they go for the ride during 

seismic response. The wall reinforcement can be well integrated into the enclosing frame 

elements by drilling holes into the beam and column concrete, and epoxy bonding the wall 

reinforcement into the surrounding elements through these holes. Fig. 2-1a shows a typical 

application in practice with reinforcement cage placed between the enclosing frame 

elements. The challenges of adding shear walls in existing buildings include limitations in 

the architectural plan to place them, and heavy demands imposed on the foundation. The 

part of the foundation located under these additional walls may have to be reinforced and 

retrofitted, as the walls become responsible from resisting a large portion of lateral loads 

with a tendency to lift up. Furthermore, building new reinforced concrete walls is an 

intrusive process, increasing the down time during construction. The addition of concrete 

structural walls has been researched extensively in the past and was shown to be an effective 

seismic retrofit methodology (e.g. Altin et al. (1992); Arslan et al. (2010); Canbay et al. 

(2003); Frosch et al. (1996)) 

While the addition of reinforced concrete shear walls is most suited for concrete frame 

systems, steel plate shear walls are also used as lateral bracing elements in structural steel 

frames. In this case their main function become resisting horizontal story shears and 

overturning moments cause by lateral loads. In general, steel plate shear wall systems 

consist of a steel plate wall, two boundary columns and horizontal floor beams. Fig. 2-1b 

illustrates a steel plate shear wall system. The use of steel shear walls is rare in RC buildings. 
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Figure 2-1 Adding a) concrete b) steel shear walls as retrofit technique 

2.2.2 Strengthening existing structural and non-structural walls with FRP and steel 

strips 

It is a common practice to use infill masonry walls in older buildings, as well as in some 

of the more recently built structures. These walls are non-structural elements, and they are 

deficient in strength and ductility. However, when used in frames, covering entire bays, they 

do interfere with structural response and start providing diagonal compression resistance. 

Hence, they provide an excellent opportunity to serve as shear walls, if properly retrofitted. 

The use of surface mounted FRP sheets, aligned either in two orthogonal directions or 

placed diagonally provide diagonal tension resistance, improving the wall behaviour. If 

integrated with the enclosing frames, they serve as shear walls and they control lateral drift, 

thereby increasing the lateral force resistance of the entire frame-infill wall assembly. Fig. 

2-2 shows the application of carbon FRP sheets to infill concrete masonry walls in a 

reinforced concrete frame with the FRP secured to the enclosing frame elements (Saatcioglu 

et al. (2005), Saatcioglu (2019)). 

Load bearing masonry walls also benefit from FRP retrofitting. Surface mounted FRP 

sheets increase diagonal tension capacity of walls. When combined with the high diagonal 

compression capacity of masonry, they can function as shear walls, providing increased 

lateral force resistance. However, this system does not offer any appreciable ductility as 

both the masonry and the FRP are brittle materials. Therefore, such retrofitting strategy must 

be based on elastic or limited inelastic response, which may be possible in most buildings 

a) b) 
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as the long horizontal dimensions of these walls are often sufficient for increased in-plane 

resistance if diagonal tension capacity is increased with FRP. The increase in in-plane 

resistance can be further enhanced by attaching the already provided surface-bonded FRP 

to the supporting elements of the walls, in which case the FRP acts as flexural reinforcement. 

Alternatively, FRP retrofitted masonry walls can be secured to the supporting element 

(foundation wall for first storey walls) by means of FRP anchors or ductile steel sheet 

anchors (Arifuzzaman and Saatcioglu (2012); Saatcioglu (2019). The application of FRP 

diagonal braces on existing masonry infill walls was also investigated by Binici et al. (2007), 

Erdem et al. (2006), and Ozden and Akguzel (2006). Other aspects of masonry wall retrofit 

by surface-bonded FRP was researched extensively in the past (Ehsani et al. (1997) Ehsani 

and Saadatmanesh, 1996 and 1997; Triantafillou Thanasis (1998); ElGawady Mohamed et 

al. (2007); Willis et al. (2009); Mahmood and Ingham (2011); and Aiello and Sciolti 

(2006)).  

   

Figure 2-2 Adding a) concrete b) steel shear walls as retrofit technique 

Load bearing concrete masonry walls with surface-bonded FRP sheets can also be 

reinforced internally by ordinary re-bars that can provide flexural resistance (Sabri (2013)). 

A similar retrofit technique can be implemented through prestressing the walls to their 

supporting elements with the added benefit of self centering capability (Sabri (2020)). Tests 

of unreinforced masonry load bearing walls retrofitted by internally placed re-bars and 

prestressing strands are illustrated in Fig. 2-3. Other researchers who investigated 

prestressed masonry include Laursen and Ingham (2001, 2004), Rosenboom and Kowalsky 
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(2004) and Levy and Spira (1973). 

 

 
Figure 2-3 Masonry walls internally reinforced or prestressed for seismic retrofitting 

Another method of improving strength and ductility of load bearing masonry walls, and 

non-ductile reinforced concrete walls, is the use of externally placed steel strips. These strips 

can be secured on opposite sides of walls and provide flexural reinforcement, as well as 

diagonal tension and compression resistance. Taghdi et al. (2000) conducted extensive 

experimental and analytical research on the topic and showed that externally placed steel 

strips can improve strength and ductility of otherwise brittle walls significantly, serving as 
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reliable seismic bracing elements. Fig. 2-4 shows retrofitted masonry and non-ductile 

reinforced concrete shear walls. 

 
Figure 2-4 Seismic retrofit of brittle wall by steel strips (Taghdi et al. 2000a) 

2.2.3 Steel braces in frame buildings  

Extensive survey of previous literature was completed on the use of steel braces in 

enhancing seismic behaviour of frames. These techniques include the use of concentric and 

eccentric structural steel bracing, compression bracing, buckling restrained braces (BRB), 

and tension braces with and without SMA’s. The literature on these categories are presented 

below with more emphasis placed on tension braces, which provide the scope for the 

proposed research project. 

2.2.3.1 Regular structural steel braces 

Structural steel braces are used to provide additional lateral force resisting capacity and 

drift control for structures. Diagonal bracing forms tension ties and compression struts, 

which resist lateral forces. In some cases, braces are designed to remain elastic and in other 

cases they are expected to yield and dissipate seismic energy. It is more economical to allow 

braces to develop plastic deformations and dissipate energy during strong earthquakes.  

However, braces that develop plastic deformations experience permanent deflections and 

the structure may not return back to its original position. Therefore, these braces are often 

designed to remain elastic. Fig. 2-5 shows the application of X-braces in practice as a 
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retrofitting strategy as implemented in a building at Shiraz University of Medical Sciences 

in Iran.  

The behavior of diagonal tension and compression braces was investigated extensively 

in the past. Maheri and Sahebi (1997) tested four small-scale concrete frame models by 

applying monotonically increasing diagonal compression forces. The test program included 

an un-retrofitted frame, a braced frame with tension-only diagonal brace, a braced frame 

with diagonal compression-only brace, and finally a braced frame with tension-compression 

X- brace. The test frames had a 580 mm square opening and a member thickness of 100 

mm. These frames were designed based on the ACI 318-63 (1963) code using the ultimate 

strength method. All frames were positioned under a universal compression testing machine 

while making 45-degree inclination with the horizontal. This ensured the application of the 

compression force along the diagonal. Fig. 2-6 illustrates the geometric dimensions of the 

test specimens and the test setup. 

 

Figure 2-5 Using externally placed steel braced frames as seismic retrofit methodology 
for Shiraz University of Medical Sciences, Iran 

The results indicated that the frames braced with a single tension or compression brace 

developed increased in-plane shear strength by a factor of 2.5 irrespective of whether they 

were loaded in diagonal tension or compression. When an X brace was used (two braces 

one in tension and the other in compression) the in-plane shear capacity increased by a factor 

of 4 relative to the un-retrofitted bare frame, with 15% higher load being resisted by the 
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tension brace at ultimate. Failure of all four frames started with flexural distress at four 

frame corners followed by the loss of load bearing capacity. However, the initiation of 

failure resulted in braces reaching their peak capacities. This implies that the frame with a 

compression only brace failed through compression buckling. The frame with a tension-

only brace suffered weld failure at the corners. The frame with an X- brace suffered from a 

plate fracture in the welded connection at mid-length of the tension brace. This was followed 

by the buckling of compression brace. The researchers subsequently investigated the 

effectiveness of selected connection arrangements in enhancing the capacity of the frame 

for new and existing buildings. They tested the connection models illustrated in Fig. 2-7. 

The authors indicated the importance of extending their research to develop more 

appropriate anchorage systems that allowed braces to develop their full capacities prior to 

experiencing local failures in the connections. 

 

Figure 2-6 Test specimen setup (Maheri and Sahebi 1997) 
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Figure 2-7 Possible scenarios for brace connections: (a) & (b) for frames under 
construction; (c) & (d) for existing frames (Maheri and Sahebi 1997) 

Caron (2010) investigated experimentally the benefit of utilizing compression-only 

diagonal braces in retrofitting non-ductile RC frames. Two damaged, half- scale frames 

were repaired and tested as shown in Fig. 2-8.  The frames were designed based on the ACI 

318 (1967) building code, which represented the design practice prior to the implementation 

of modern seismic design requirements. The frames were repaired and one of the frames 

was tested without any retrofitting under simulated seismic loading as the control frame 

(BR-3R). The other frame was retrofitted with compression-only diagonal HSS braces (BL-

3R). Though the frame had an X-brace, it was not connected to the frame to develop tension 

resistance.  

 

Figure 2-8 Test specimens: a) repaired RC bare frame BR-3R; and b) repaired and 
retrofitted RC frame BL-3R (Caron 2010) 

The results showed limited ductility of frames. The unretrofitted and retrofitted frames 
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developed approximately 2% and 3% lateral drifts, respectively.  The control frame 

developed significant damage at the base of the columns. The retrofitted frame sustained 

damage in the foundation and showed out-of-plane-buckling. Braces did not reach their 

maximum load capacity. The results demonstrated that the lateral load capacity of the 

retrofitted frame increased to 5 times the bare frame capacity. At the same time, the initial 

stiffness at the beginning of the test increased up to 7 times relative to the un-retrofitted 

frame. Fig. 2-9 illustrates the envelop curves obtained from the two tests. The author 

suggested filling of the HSS brace with concrete for increased stiffness of the frame and for 

prevention of brace buckling.  

 

Figure 2-9 Lateral load Vs lateral displacement responses (Caron 2010) 

Bush et al. (1991) conducted experimental research on a 2/3rd scale, three-story, two-

bay frame subjected to static push over cyclic loads at the third floor. The original frame 

was built with ductility and strength against seismic loads. It was retrofitted by connecting 

exterior wide flange X braces, extending two floors continuously. The X braces were 

attached to a steel frame consisting of vertical steel channels and horizontal T section 

collectors. The steel frame was attached to the columns in the concrete frame along the 

height as shown in the Fig. 2-10. The results indicated that the retrofit strategy resulted in 

both strength and stiffness increases under lateral loads. The lateral load capacity increased 

up to 2.24 times the design capacity and 6 times the calculated failure capacity. Failure of 
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the frame initiated by buckling of the braces followed by the failure of welded brace 

connections. Subsequently, the frame suffered from column shear failure. This research 

focused on the connection quality, which was mentioned as the main reason for the brace 

failure. 

Sahoo and C. Rai (2009) used a damper which was made of aluminum, in combination 

with steel braces to act as a shear-yielding link damper (Al-SYD), as a passive energy 

dissipation device to retrofit and increase the seismic capacity of non-ductile reinforced 

concrete frames. From the point of deficiency of strength in the columns, they were confined 

by steel cages as shown in Fig. 2-11. The main purpose of the research was to improve the 

stiffness, lateral load capacity and overall energy dissipation of the entire frame. The test 

specimen consisted of a scaled single-span, single-storey reinforced concrete frame with a 

scale factor of 1:2.5. 

 

Figure 2-10 Model bracing scheme 
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Figure 2-11 Schematic diagram of test set-up (Sahoo and Rai 2010) 

The frame was loaded by gravity loads before the horizontal actuator applied lateral force 

cycles using cyclic lateral displacements as per ACI-374.1-05 (loading protocol (ACI-

374.1-05 (2005)). A collector beam was used to transfer a portion of the lateral load to the 

passive energy dissipation devices, as shown in Fig. 2-12. The frame initially yielded at 

0.5% drift ratio. The maximum drift of the frame was almost 3.5%. The lateral load capacity 

of the retrofitted frame was considered as the sum of the column steel encasements and the 

contributions of the Al-SYD system. The Al-SYD was able to successfully dissipate 

considerable energy during the test. The comparison of the hysteretic response of retrofitted 

and un-retrofitted bare frames is depicted in Fig. 2-13.  

 

Figure 2-12 RC frame retrofit by Al-SYD link damper (Sahoo and Rai 2010) 
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Figure 2-13 Hysteretic response of retrofitted frame: (a) Steel jacketing and AL-SYD; (b) 
Steel jacketing only (Sahoo and Rai 2010) 

The braces and the collector beam remained within the elastic range in both tension and 

compression. No other type of failure, such as failure of the welds or pull-out of the anchor 

bolts was observed at 3.5% of drift ratio. 

Youssef et al. (2007)  tried to increase the efficiency of steel braces in reinforced concrete 

frames by reducing the mass of the building and increasing its ductility through 

experimental research. Two frames were designed and tested. The 1st frame was an un-

retrofitted moment-resisting frame, moderately ductile with details based on the ACI-318-

02 (2002) concrete code. The 2nd frame was designed as frames with concentric internal 

braces as shown in Fig. 2-14. The frames were 2/5th scale of the original frame and included 

150 × 120 × 10 mm gusset plates at each corner, anchored to the concrete frame with four-

16 mm diameter rods. All the braces were designed on the basis of AISC and LRFD. The 

braces were checked according to the AISC seismic provisions for steel structures. Fig. 2-

15 shows the test setup. The un-retrofitted frame failed through the formation of plastic 

hinges caused by yielding of bottom beam bars. These plastic hinges at the end of the beam 

made it unstable and led to the failure. No shear cracks were observed, except for some 

flexural cracks in the columns. The use of braces added lateral stiffness to the frame. The 

crack pattern in the connection area under cyclic loading is shown in Fig. 2-16.  
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Figure 2-14 a) Moderately ductile un-braced frame b) Braced frame c) Scaled 
moderately ductile RC moment frame d) Scaled brace frame 

 
Figure 2-15 Lateral load resisting frame specimen setup (Youssef et al. 2007) 

 

Figure 2-16 Crack pattern in the braced frame connection region 
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The initial stiffness of the frame was almost 2 times the stiffness of the un-retrofitted 

moment resisting frame.  The lateral load capacity of the retrofitted frame also increased by 

a factor of 2.6 relative to the bare frame. At higher lateral drifts, the first symptoms of failure 

were observed in the brace elements when the brace started yielding. The concrete frame 

showed fewer cracks with signs of the initiation of plastic hinge. The failure initiated by 

buckling of braces and the formation of plastic hinges at both the ends of the beam. The 

maximum drift ratio for the braced frame before failure was 4%. Fig. 2-17 illustrates the 

hysteretic relationships for the two frames. The researchers recommended further research 

before a design procedure could be developed. 

 

Figure 2-17 Hysteretic behavior of unbraced RC frame (left); Retrofitted RC frame 
(right) 

Maheri and Ghaffarzadeh (2008) continued the above research project of Youssef et al. 

(2007) by introducing some modifications to the bracing system. The main objective was to 

determine the level of interaction between the capacities of the reinforced concrete and the 

brace system. They designed and built another specimen similar to that tested by Youssef 

et al. (2007) with the same dimensions, designed based on ACI-318-02 (2002). This time 

the frame was braced with non-slender imperial channel cross sections (C3 x 3.5) compared 

with the slender braces used in the earlier tests. This frame yielded at 2.5% and failed at 

4.3% of drift ratios. The comparisons of the results showed that the new frame failed at a 

substantially increased lateral load capacity of 200 kN. The researchers measured the 

displacement diagonally along the braces to find strains in braces so that they could find 

forces in the brace elements. The capacity of this frame was less than the summation of the 
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capacities of the braces and the bare frame individually. This was attributed to the over-

strength introduced by reducing the effective lengths of the beams and columns due to the 

brace connections to the frame.  

Ozcelik et al. (2012) investigated the effectiveness of chevron braces in non-ductile 

reinforced concrete frames through experimental research. The researchers tested seven 

large-scale retrofitted frames under reversed cyclic loading. Fig. 2-18 shows the 

experimental setup. The researchers concluded that the chevron bracing system improved 

strength, stiffness and energy dissipation capacity of the retrofitted frames. The braces 

essentially behaved in the elastic mode of deformations until they experienced compression 

buckling. Typical hysteretic relationships for an unbraced and a braced frame are compared 

in Fig. 2-19. 

 

Figure 2-18 Frame retrofit by chevron braces (Ozcelik et al., 2012) 

  
                    (a) Unretrofitted frame                                  (b) Braced frame 

Figure 2-19  Comparison of hysteretic relationships (Ozcelik et al. (2012) 

The use of steel braces as seismic retrofit strategy has been investigated by other previous 

researchers (ex: Badoux and Jirsa (1990); Bartera and Giacchetti (2004); Bush et al. (1991); 
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Fukuyama and Sugano (2000); Ghobarah and Abou-Elfath (2001); Higashi et al., 1984; 

Kawamata and Ohnuma (1981); Maheri and Hadjipour (2003); Maheri and Sahebi (1997); 

Masri and Goel (1996); Mazzolani (2008); Ozcelik and Binici (2008);Ozcelik et al. (2011); 

Pincheira José and Jirsa James (1995); Sugano et al. (1980, 1981, 1983); Sugano and 

Fujimura (1980); Tagawa et al. (1992); Yamamoto and Umemura (1992)). It was 

demonstrated by previous research that bracing through the use of structural steel members 

provide lateral strength and stiffness. However, buckling of steel in compression limits 

inelastic deformability unless prevented.  

2.2.3.2 Buckling-Restrained braces (BRBs) 

Buckling-Restrained Brace (BRB) is another type of bracing system which can be 

considered as a special class of concentrically braced frames providing resistance in tension 

and compression. These types of braces were initially investigated and developed by 

Watanabe et al. (1988) in Japan. After the 1995 Kobe Earthquake, the researchers in Japan 

developed BRB as a damper bracing system for seismic retrofitting. Components used in 

typical BRBs are well explained in the literature (Tremblay et al.   1999, 2006, 2011; Uang 

and Nakashima (2004); and López et al. (2004)). Fig. 2-20 shows the main components of 

a typical BRB. The steel core is comprised of three segments: (1) The restrained yielding 

segment (Section C-C), which can be any type of steel section; ACI-318-02 (2002) the 

restrained non-yielding transition segment (Section B-B), which is an extension of the 

restrained yielding segment but with a larger cross sectional area; and (3) the un-restrained, 

non-yielding segment (Section A-A), which is an extension of the restrained non-yielding 

segment (Section B-B). Both the restrained yielding and non-yielding segments are housed 

within the buckling restraining component, while the un-restrained, non-yielding segment 

extends beyond. The latter provides a connection point for the brace to the frame.  
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Figure 2-20 Details of a typical BRB 

The first usage of BRB in the United States was in 2000 after many large-scale tests 

conducted at the University of California Clark (2000). By that time the usage of this method 

in Japan had been increased in a way that there were more than 250 buildings which were 

retrofitted with BRBs (Uang and Nakashima (2004)). Subsequently, this method of retrofit 

was employed in more than 350 buildings in the USA (Kimberley and Cameron (2011). 

Additional research was conducted on BRBs by Maheri and Sahebi (1997) and Dinu (2011). 

López et al. (2004) investigated the performance and efficiency of the buildings retrofitted 

by past BRB systems. Their numerical analysis of RC frames showed advantages of using 

BRBs. Di Sarno and Manfredi (2009) also conducted a numerical non-linear investigation 

involving 3D analyses of buildings retrofitted with BRBs. One of the deficiencies of the 

BRB systems was the failure of braces in the external and internal reserve gaps of the BRB 

system. These gaps were designed to avoid compression on the encasement and limit the 

deformations to the core steel element. Due to this gap, the steel core usually failed under 

out of plane buckling (Tremblay et al. (2006); Aiken et al. (2002); and Zhao et al. (2011). 

The other deficiency of the system, which was investigated by Mazzolani (2009) and 

D'Aniello et al. (2009) was the failure due to a premature fracturing of steel core plates. 

The application of BRB systems include bracing both steel and concrete frame structures. 

One of the first research projects involving concrete frames was conducted by Al-Sadoon 

(2016) at the University of Ottawa. The research program resulted in the development of a 

new BRB system without the internal gap and associated internal buckling problem. The 
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experimental setup and the new BRB are shown in Fig. 2-21. Numerical analyses were used 

to demonstrate the effectiveness of Buckling Restrained Braces (BRBs).  

2.2.3.3 Tension bracing (diagonal tension only) for seismic retrofitting 

The literature review presented in the preceding section demonstrated the effectiveness 

of structural steel bracing providing diagonal tension and compression, while also 

presenting the short comings or challenges of the system in terms of compression buckling, 

connection details and intrusive nature of the application. An alternative for lateral bracing 

of seismically deficient frames is tension only brace, which forms the objective of the 

proposed research project. Therefore, a more thorough review of literature is provided on 

this topic in two subsections; i) cables and prestressing strands as tension brace members, 

and ii) shape memory alloys (SMA) as part of tension braces. 

 
Test frame 

 
 

 
End unit 

Figure 2-21 New BRB system developed at the University of Ottawa with gapless end 
units (Al-Sadoon et al. 2020) 

2.2.3.3.1 Cables and prestressing strands as tension brace members  

Ten years after the 1985 Mexico City Earthquake, Pincheira José and Jirsa James (1995) 

conducted analytical investigations on use of tension cables for retrofitting non-ductile RC 

frames, focusing on a three-storey, a twelve-storey and a seven-storey building located in 

high seismic zones in the United States. They investigated the behaviour of the buildings 

retrofitted by different patterns of post-tensioned braces and X braces compared to the same 
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buildings retrofitted by infill structural walls and the un-retrofitted buildings. These patterns 

are shown in Fig. 2-22. 

The columns adjacent to the braces were modelled as strengthened columns to avoid 

failure caused by excessive forces in the braces. The results obtained from the 3-storey 

building analyses are compared in Fig. 2-23. The results indicate that the use of post-

tensioned rods resulted in the highest increase in base shear resistance of the building. The 

analyses also indicated that the low-rise un-retrofitted frame suffered complete failure under 

the Mexico City Earthquake while the other records considered indicating deficiencies only 

at the first-floor level. On the other hand, all three retrofit techniques considered were 

successful in protecting the building against the same earthquakes. The maximum inter-

storey drift was about 1% and it occurred at the second floor of the building retrofitted with 

post-tensioned bars. The inter-storey drifts for unretrofitted and retrofitted buildings are 

shown in Fig.s 2-24 and 2-25, respectively. 

 

Figure 2-22 Retrofit Schemes for Three-Story Building: (a) Posttensioned Bracing; (b) X-
Bracing; (c) Infill Wall 
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Figure 2-23 Comparison of base shear-drift relationship for original and retrofitted 
three-story buildings 

 

Figure 2-24 Distribution of maximum inter-story drifts for unretrofitted three-story 
building under the seismic records studied 

 

Figure 2-25 Distribution of maximum inter-story drifts for retrofitted three-story 
buildings under the Corralitos record 
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The second prototype structure was a 12-storey building retrofitted by two different 

bracing schemes and 2 more shear wall patterns as represented in Fig. 2-26. The same set 

of analyses were conducted for these building as well. The results showed different patterns 

of response as compared to the low-rise buildings. The maximum base shear force occurred 

when X braces were used. The base shear-lateral drift envelops are compared in Fig. 2-27. 

The result indicated failure of the un-retrofitted building at its second floor. For the high-

rise building all the retrofitted structures survived under the El-Centro seismic record but 

the building retrofitted by post-tensioned rebars collapsed under the Mexico City 

Earthquake record. The failure was observed in the third floor. 

 

Figure 2-26 Retrofit Schemes for 12-Story Building: (a) Posttensioned Bracing; (b) X-
Bracing; (c) Wall Scheme W1; (d) Wall Scheme W2 
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Figure 2-27 Comparison of base Shear coefficient and drift relationships for original and 
retrofitted 12-story building 

 

Figure 2-28 Distribution of maximum inter-story drifts for retrofitted 12·Story building 
subjected to records from (a) EI Centro (Scaled) b) Mexico City 

The third building height investigated was a mid-rise building having 7 stories. This 

building was retrofitted with X bracing and post tensioned braces. Both techniques provided 

sufficient resistance against different seismic records though their behavior was different. 

Fig. 2-29 shows the inter-storey drift ratios obtained from different earthquake records. 
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Use of prestressing strands as tension braces has been investigated at the University of 

Ottawa. Large-scale reinforced concrete frames were designed and built based on the 1963 

ACI-318 building code to represent the practice in the pre-1970 era of seismic design. 

Shalouf and Saatcioglu (2006) tested concrete frames with brick infill walls that were 

seismically retrofitted by diagonally prestressed strands. Fig. 2-30 illustrates the test 

specimen. The results indicated an increase in lateral force capacity, as well as the ductility 

of the system. The researchers also conducted non-linear time history analysis of a 5-storey 

prototype building that was subjected to the design level earthquake records for Vancouver, 

BC.   Different level of prestressing and number of strands were used to retrofit one of the 

bays of three-bay frames. Fig. 2-31 shows that a significant drift control can be attained by 

tension-only prestressing strands as bracing elements. 

 

Figure 2-29 Distribution of maximum inter-story Drifts for building; (b) Posttensioned 
Bracing; (c) X-Bracing 
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         (a) Test Specimen                              (b) Envelop curves of dynamic response 

Figure 2-30 Seismic retrofit through diagonal prestressing (Shalouf and Saatcioglu 2006) 

As continuation of the above project Carrière (2008) conducted analytical investigation 

involving reinforced concrete frame buildings of different heights located either in 

Vancouver or Ottawa. The buildings consisted of 5, 10 and 15 stories. They were analysed 

under the 2005 National Building Code of Canada (NBCC (2005)) compatible ground 

motion records for Ottawa and Vancouver. Each building was analyzed twice, with and 

without retrofitting by diagonal prestressing without the ductile design detailing. The results 

indicated improvements by tension-only braces. However, the increase in the level of 

prestressing resulted in increased stiffness and reduced building period, attracting higher 

seismic forces. In a subsequent experimental phase of the same overall research program 

different levels of prestressing was introduced to a single bay-single storey reinforced 

concrete frame by Molaei and Saatcioglu (2014). The frame was designed to be seismically 

deficient. The clear span was 3.5 m and the clear height was 3.0 m as shown in Fig. 2-31. 
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Figure 2-31 Seismic retrofit of the RC frame by pre-stressed tension-only high strength 
strands (A.Molaei 2014) 

In one of the three cases considered, two diagonal strands were prestressed to 200 kN in 

each direction. The other cases involved prestressing a single strand to 100 kN and the use 

of two strands of the same size but without any prestressing. The results showed that the 

diagonal tension-only strands improved the frame lateral load capacity. When compared 

with the un-retrofitted frame test, the capacity of the frame increased by up to a factor of 

2.0. When two prestress strands were used the failure took place at an early lateral drift ratio 

of 1.3% because of excessive compression force generated on the columns. By using two 

non-prestressed cables the capacity increased by the same amount meanwhile the ductility 

of the frame was 1.5 times of the case with prestressed cables. By having only one 

prestressed cable as the brace, the capacity increase was limited to a factor of 1.5. However, 

the failure drift was increased to 2%. 



 
 

 

38 

 

Figure 2-32 Hysteretic response of a) bare frame b) retrofitted by pre-stressed/non-
prestressed strands (A.Molaei 2014) 

Even if the tension-only diagonal cable system showed strength enhancements, the 

deformability of the frame did not improve, resulting in reduced energy dissipation.  Also, 

a considerable sagging was observed in the cables upon load reversals due to the inelastic 

deformations in the steel cables. The brace yielding was observed to take place prior to 

reaching 2% drift, and the observed slack led to pinching of hysteresis loops. 

Recently the traditional bracing systems mentioned above are replaced by new materials 

or more advanced innovative techniques. For example, the traditional X braces were 

replaced by CFCC (carbon fiber composite cable) in non-compression braces by Lee (2015) 

in South Korea. In this research different diameters of the CFCC were tested under tension 

to establish differences in behaviour between the braces of different size CFCCs. CFCC was 

able to reach 2% of strain under tension forces, indicating higher deformability as compared 

to the mild steel with higher modulus and yield strain of 0.002. A 25mm diameter cable was 

used to retrofit a half-scale concrete frame. Two vertical point loads applied at the top of the 

columns simulated the weight of the upper floors, while a hydraulic jack provided push-pull 

cyclic loads on the braced frame. Fig. 2-33 shows the details of the test. The results of the 

retrofitted frame compared to the bare frame test results showed a strength increase of a 

factor of 1.8. The increase in stiffness caused additional shear and compression forces on 

the columns. Fig. 2-34 shows the frame failure at the end of the test. Fig. 2-35 illustrates the 

hysteretic behaviour of unretrofitted and retrofitted frames.   

a) b) 
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Figure 2-33 Experimental configuration of the RC frame retrofitted by CFCC (Lee 2015) 

 

Figure 2-34 Failure of the columns at the end of the test (Lee 2015) 
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Figure 2-35 Cyclic response of un-retrofitted and retrofitted frames (Lee 2015) 

Retrofitting by adding lateral stiffness to structures can cause additional forces on 

specific elements, which may cause local failure or structural collapse. Hou and Tagawa 

(2009) proposed a new steel braced frame that included the consideration of the behaviours 

of beams, columns and braces simultaneously. High axial forces generated by braces were 

incorporated in the design of the entire frame. The researchers mentioned that in regular 

braced frames excessive compression forces imposed on adjacent columns may cause 

column failures. They proposed a new seismic retrofit method to strengthen steel frames 

without reducing their ductility while improving seismic resistance and limiting drift within 

a specific range. This study incorporates a cylindrical member that bundles the wire-rope 

bracing elements at the intersection point as illustrated in Fig. 2-36.  

 

Figure 2-36 Seismic retrofitted frame lab specimen retrofitted by pre-slacked braces  
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In this technique, the brace was not designed for small and medium vibration amplitudes. 

Only in large vibration amplitudes the brace acts in tension, resisting seismic forces and 

limiting lateral drift to code-recommended allowable limit. Thereby, the braced frames can 

show ductile behaviour and absorb more seismic energy, similar to the moment frames, 

without imposing excessive forces on the columns. They used wire cables to avoid buckling 

of compression braces. The proposed bracing system is designed to restrain lateral drift of 

a storey within a specified range. It was tested under cyclic loading on portal moment frames 

to reveal fundamental characteristics of the system. Three different scenarios were 

considered as illustrated in Fig. 2-37. The first scenario was an un-braced steel frame, the 

second was retrofitted the frame braced by the new bracing system and the third was a steel 

frame braced retrofitted by normal steel strands. 

 

Figure 2-37 a) Unbraced moment resistant steel frames b) Moment resistant steel frame 
braced with pre-slacked steel strands c) Usual method of bracing steel frame with steel 
strands. 

The specimen with the new bracing system had longer strands to accommodate the steel 

pipe placed in the centre overlap region. This configuration eliminated tension to be 

developed in the strands before the frame reached a specific drift level. The use of a pipe in 

the centre of the tension brace system is shown in Fig. 2-38. To investigate the effect of the 

stiffness of the pipe on the system, a plastic pipe was first used, followed by the use of a 

steel pipe. 
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(a)                                                      (b) 

Figure 2-38 Braces tied in a) in plastic pipe b) in steel pipe 

The result for the two types of pipes are compared in Fig. 2-39 and indicate that the low-

stiffness pipe resulted in the development of tension forces in strands when the target storey 

drift was reached. When the stiff steel pipe was used, the bracing members started becoming 

active earlier.  

 

Figure 2-39 Force-displacement behaviour of the frame for braced frame a) braces tied 
in plastic pipe b) braces tied in steel pipe 
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Hysteretic force-displacement relationships obtained from the test program are shown in 

Fig. 2-40, illustrating the three different responses obtained from the tests. The pipe provides 

a slack in the middle of the braces to avoid having tension forces in small drifts. Fig. 2-41 

shows the comparisons of the envelop curves for the three specimens tested. 

 

Figure 2-40 Hysteretic behaviour of the frame for a) Bare frame b) Proposed braced 
frame c) Typical braced frame 

 

Figure 2-41 Comparison of the envelop curves for frames tested; a) Bare frame b) 
Proposed braced frame c) Typical braced frame 

Hou and Tagawa (2009) also conducted seismic analysis of three-storey moment-

resisting frames with and without bracing and showed the effectiveness of the proposed 

bracing system. The analyses results showed the stiffness of the frame increased after a 

specific drift when the brace became tightened. Having a loose brace at the beginning 

avoided having high base shear forces and high compression forces on adjacent columns. 

In addition to providing more ductility for the modelled frames the new bracing system 

reduced residual deformations. 
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Mousavi and Zahrai (2017) investigated the effects of frames braced by pre-slack strands 

numerically.  Pre-Slacked Cable Brace (PSCB) was proposed, and the results showed 

improved post-yield stiffness of highly pinched non-ductile frames, with minimal increase 

on their lateral strength capacity. An opensource time domain platform, called Macro-

Simulink model, was used for the analysis. Macro-Simulink can simulate different 

deteriorating hysteretic behaviours under dynamic and quasi-static excitations. In addition, 

the results showed no additional load on other parts of the structure compared to typical 

steel braces. Furthermore, self-centering specification of the braces helped frames to restore 

their original shape after unloading. The researchers also modelled the three frames tested 

by Hou and Tagawa (2009) using Macro-Simulink. The analysis results matched perfectly 

to those obtained in the test program. 

Mousavi and Zahrai (2017) extended their analysis to include different deteriorating 

hysteretic behaviours, i.e., Smooth Hysteretic Model for the bare frame and Polygonal 

Hysteretic Model for the pre-slacked brace. Fig. 2-42 illustrates the improvements obtained 

in the frame with pre-slacked bracing system. Also, there is no additional stiffness during 

the small drift cycles.  

 

Figure 2-42 Improvement of seismic response of the non-ductile frame, retrofitted by pre-
slacked braces (Mousavi and Zahrai (2017). 

At the end two configurations were shown by Mousavi and Zahrai (2017) for a frame 

with no opening, and a frame with a large opening. A solution, which was proposed for a 
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frame with openings is shown in Fig. 2-43.  

 

Figure 2-43 Seismic retrofitting of the multi-storey frames having openings with pre-
slacked braces 

Another numerical research project was conducted by Zahrai et al. (2016) involving an 

innovative device to remove the effect of pinching in the frames retrofitted by tension-only 

braces. Previous research, including tests on frames retrofitted by tension only braces or 

buckling restraint braced frames showed significant pinching in their hysteretic 

relationships, including tests conducted at the University of Ottawa by Molaei and 

Saatcioglu (2014). The effect of pinching was eliminated by mono-directional self-

tensioning connections. The research included numerical modeling of restrained or pin 

frames with pre-stressed/non-prestressed tension-only X braced frames, by using 

Matlab/Simulink. In this analytical research, an innovative device, called “slack free 

connection (SFC)” was developed and modelled to show its effectiveness in eliminating the 

pinching effect. This device has properties of monodirectional and self-tensioning 

characteristics. The braces can be connected to this device by a coupler at the end of the 

SFC, as is shown in Fig. 2-44. When the brace is in tension, the SFC is locked, and as the 

brace develops tendency to generate compression force the SFC releases and avoids the 

slack in the system, eliminating pinching in the hysteretic relationship. In the next push, it 

locks the brace and transfers the tension forces through the braces. 
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Figure 2-44 Retrofitted frame by tension-only braces equipped with SFC device 

The modeling of a one storey frame retrofitted by tension-only-braces (TOBs) 

with/without SFC showed the advantages of using SFC devices. In all the analytical models, 

seismic mass of the structure was considered as 100 kg while the period was 0.63 sec. Initial 

lateral stiffness and the shear yield were 9950 kN/m and 196 kN, respectively. Braces 

consisted of mild steel with a diameter of 25mm and a yield strength of 450 MPa. For the 

X braced frame the lateral stiffness and yield shear force levels were close to those of the 

frame, but the SFC was added as part of the brace. Five analytical models were generated, 

Case 0 was a pinned frame alone, Case1 had plain hysteresis implemented, Case 2 had 

stiffness degrading hysteresis, Case 3 had stiffness and strength degradation and Case 4 had 

pinched stiffness and strength decay.  All frames were subjected to loading regime shown 

in Fig. 2-45.  

 

Figure 2-45 Push over time-displacement pattern for numerical analysis 

Cyclic response of all the frames with and without SFC is shown in Fig. 2-46. The results 

showed that the use of SFC clearly eliminated the pinching effect on the frames. 
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Figure 2-46 Cyclic response of the frames with and without SFC, for cases; A0 to A4 and 
B0 to B4 

Table 2-1 summarizes the dissipated energy for each case as the area under the hysteresis 

loops, showing the superior performance of the frames with SFC.  

Table 2-1 Energy dissipation of the frames with and without SFC 

 

2.2.3.3.2 Shape Memory Alloy (SMA) braces 

Shape memory alloys are materials that can undergo large deformations under axial loads 

with an ability to recover their shape upon unloading or heating. Returning to their original 

length or shape by heating is known as the shape memory effect and returning to their 

original length and shape by unloading is known as the super-elastic effect. The unique 

property of shape memory alloys is the martensitic phase transformation between a 

crystallographic austenitic phase to a low-symmetry martensitic phase. At low temperatures 
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and high stresses, usually the martensite phase is stable. Austenite phase has more stability 

at lower stress with higher temperature. The SMA shows shape memory effect when the 

temperature is below the temperature that corresponds to the end of the martensite phase. 

Deformations caused by forces can be recovered by heating the material at the temperature 

above the austenite level. Under loading and un-loading, SMA shows martensite to austenite 

at a lower stress, thereby resulting in the super-elastic behaviour. Fig. 2-47 shows the 

characteristics of a typical NiTi SMA material. 

 

Figure 2-47 Three-dimensional stress-strain temperature diagram of Shape Memory 
Behavior of NiTi 

Super-elastic shape memory alloys possess several characteristics that make them 

desirable for applications in seismic-resistant design and retrofit of structures. These 

characteristics include large elastic strain range, hysteretic damping, re-centering 

capabilities, strain hardening at large strains, and excellent low and high-cycle fatigue 

properties. Mechanical and chemical properties of NiTi shape memory alloys is shown in 

the Table 2-2. 

Kawaguchi et al. (1991) studied the properties of super-elastic shape memory alloys, 

including their behaviour under cyclic loading and rates expected during earthquakes. In 

one of these studies SMA wires and bars up to 25.4 mm diameter were tested under cyclic 

tension loading up to 6% of their longitudinal strain to determine the mechanical properties 

of super-elastic shape memory alloys. The mechanical properties that were evaluated 

included reverse and forward transformation stresses (𝜎𝜎𝐿𝐿, and 𝜎𝜎𝑈𝑈𝐿𝐿), the residual strains (𝜖𝜖𝑟𝑟), 
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and energy dissipation (𝜎𝜎𝑒𝑒𝑒𝑒). Residual strain is defined as the strain that remains on SMA 

after unloading.  

Table 2-2Mechanical properties of NiTi Shape Memory Alloys 

Property 
NiTi SMA 

Austenite   Martensite 

Physical Properties 
Density 6.45 g/cm3 

Mechanical Properties 
Recoverable Elongation up to 8% 
Young’s Modulus 30-83 GPa   21-41 GPa 
Yield Strength 195-690 MPa   70-140 MPa 
Ultimate Tensile Strength 895-1900 MPa 
Elongation at Failure 5-50% (typically 25%) 
Poisson’s ratioRatio 0.33 

Chemical Properties 
Corrosion Performance The same as stainless steel 

 

SMAs are also produced in the form of wires, such as the Nitinol SMA. DesRoches et 

al. (2004) investigated the cyclic loading effect on the residual strain of 1.8 mm diameter 

SMA wire. The results are shown in in Fig. 2-48. The initial modulus of elasticity obtained 

from the tests was approximately 40 GPa. During the early cycles, the forward 

transformation stress was observed to be around 600 MPa (87.0 ksi). The effect of fatigue 

on cyclic loading resulted in a decrease in 𝜎𝜎𝐿𝐿 to almost 400MPa (58 ksi) during the later 

cycles. The effect of small slippage on the cyclic behaviour can result in lower values of the 

forward transformation stress, σL (Miyazaki et al. (1986); Miyazaki and Otsuka (1989); 

Tobushi et al. (1992). The unloading path stress transformation (σUL) was observed at 200 

MPa (29 ksi) for the 2% cycle to the first 6% cycle. Slight reductions were observed during 

subsequent cycles at 6% strain. Other researchers showed that under increased number of 

cycles, the decrease in unloading stress plateau is less than that for the loading plateau 

(Strnadel et al. (1995); 1995b; Friend and Morgan (1999). The test results showed that 

equivalent viscous damping decreased during loading cycles at 6% strain. Also, ɛUL 
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remained constant during the cyclic loading test while the ɛL decreasing, resulting in smaller 

hysteresis curves. Dolce and Cardone (2001) had similar studies and the results showed 

maximum equivalent viscous damping of at around 5.5% and the maximum strain of the 

wires was in the range of 5-7%, confirming earlier tests. 

 

Figure 2-48 Stress-Strain Behavior of a 1.8 mm diameter Nitinol Wire Subjected to 
Quasi-Static Cyclic Loading. 

Research conducted in the early 1990s showed that SMA bars have different properties 

compared to what was found for wires. Dolce et al. (2000), recommended using SMA wires 

rather than SMA bars because of the enhanced performance of wires. Cyclical stress-strain 

relationship for a 25.4 mm diameter SMA bar subjected to the same loading protocol as 

wire showed an initial modulus of elasticity of 28 GPa with loading plateau stress of 410 

MPa, which is almost 30% below the values obtained from the same material wire. Due to 

the fatigue effect, σL observed in the test decreases to 375 MPa during the following cycles. 

Morgan and Friend (2001) investigated the reverse transformation stress, or unloading 

plateau, σUL, using thermo-mechanical processing and found that it was approximately 268 

MPa during 2% strain cycles and decreases to approximately 260 MPa at 6% strain cycles. 
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This is shown in Fig. 2.49. 

 
Figure 2-49 Cyclic Stress-Strain for a 25.4 mm diameter Nitinol Bar Subjected to Quasi-

Static Loading. 

The researchers reported that the residual strains in SMA increased after experiencing 

increased number of cycles. After four cyclic loading at 6% strain, there was 0.73% 

residual strain whereas it was 0.14% after the 2% strain cycles.  

Tobushi et al. (1998), showed that as the strain rate increased above 0.16%/s, the energy 

dissipation increased, compared with statically loaded SMAs. However, an accurate test 

on rate-dependent coupled thermo-mechanical response of shape memory alloy bars and 

wires in tension was done by Mirzaeifar et al. (2011). The researchers investigated different 

size SMA wires and Rods. Also, the effect of temperature and the frequency of loading 

was investigated when the material was in tension. The experiment results showed a very 

good correlation with analytical predictions for 7.1mm diameter rods as illustrated in Fig. 

2-50. 
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Figure 2-50 Comparison of the experimental and analytical results for the stress-strain 
response of an SMA bar with d = 7.1mm 

Fig. 2-51 shows the effect of loading rate on the behavior of an SMA rod with 50mm 

diameter. It can be observed that the stress-strain relationship is linear up to a strain of ε = 

0.01 and the corresponding stress is nearly σ = 600MPa. Following strain hardening the 

unloading curves indicate a flag-shape cyclic behaviour.   

 
Figure 2-51 The effect of total loading-unloading time τ on stress-strain response at the 

center of an SMA bar with d = 50mm 

The cyclic stress-strain responses of both SMA wires and rods were found to be similar 

in terms of loading, unloading and energy dissipation, since the samples were heat treated 

and tested under the same conditions and temperature. Both cases showed perfect flag shape 

hysteretic behaviour and a small residual strain at the end of unloading which makes this 
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material suitable for seismic retrofits with self-centering features. The only difference 

between the two appears to be the higher loading stress and lower unloading stress in wires, 

which can lead to a higher equivalent viscous damping relative to bars. A negative aspect 

of using SMAs is their sensitivity to their material composition and thermo-mechanical heat 

treatment. For example, 10% more Titanium in NITi causes a significant effect on the 

loading plateau stress and the hysteretic stress strain path (Serneels (1999)). The production 

of these materials needs a special accuracy. In terms of the cost for producing, it is more 

expensive to produce large diameter rods than small diameter wires, But the price of the 

production has come down in recent years with increased usage of large diameter rods in 

industry.  

In 1991, Graesser and Cozzarelli (1991) suggested using nitinol (nickle titanium), which 

is a type of shape memory alloy to be used in seismic resistant design of structures. They 

suggested using nitinol as dampers in structures. Their studies focused on loading frequency 

and history on the energy dissipation characteristics of nitinol wires. Based on their research, 

they concluded that nitinol wires could be modelled as one-dimensional constitutive models 

having superelastic behaviour as verified by experimental work. Inaudi and Kelly (1994) 

modelled a four-story steel-frame with tuned mass dampers made of shape memory alloy 

wires. They changed the number of SMA wires the prestressing load to observe the seismic 

response of the building. The results showed significant improvement of building dynamic 

response when the prestress tension was tuned to the first natural frequency of the isolated 

structure.  

Krumme et al. (1995) and Clark et al. (1995) investigated the application of SMA in 

building seismic design. They concluded that SMA wires could reduce lateral drift and 

response accelerations, leading to reduced base shear. Seismic research involving the use of 

SMA dampers on bridges was conducted in Japan (Adachi and Unjoh (1999); Wilde et al. 

(2000). They concluded that the use of SMA wire dampers reduced lateral displacement of 

the bridge deck. Ohi K. (2001) tested the use of NiTiCo SMA braces and found out that the 

structure could go back to zero deflection after reaching 5% of strain in tension. In addition, 

the brace provided some moderate damping for strains higher than 1%.  
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Research on use of SMA in buildings increased in recent years. Ocel et al. (2004) tested 

beam-column connections using 35 mm diameter SMA rods. These connections were stable 

under cyclic loading, up to 4% of storey drift. They investigated the effect of heating the 

connection after the first test. It was reported that heating recovered approximately 76% of 

residual deformation.  

European Union started a multi-year research program in late 1990s named MANSIDE 

to investigate the use of SMA in seismic isolators and energy dissipation devices. Analytical 

modelling and experimental testing of SMA wires and SMA bars were considered (Dolce 

et al. (2000); Dolce and Cardone (2001)a, (2001)b). Their results suggested that super-

elastic properties are difficult to achieve for large diameter SMA bars. 

Cortés-Puentes and Palermo (2018) used 12.7 mm SMA bars in tension braces for 

seismic retrofit of reinforced concrete squat shear walls. The shear walls were designed 

based on the 1965 edition of the National Building Code of Canada for western Canadian 

seismicity. A typical test specimen is shown in Fig. 2-52. The braces consisted of HSS 

sections with SMA bars in the middle. Three walls were tested; two retrofitted with SMA 

braces and one un-retrofitted as a control specimen. Fig. 2-53 shows the comparison of 

force-deformation relationships for retrofitted and un-retrofitted walls.  
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Figure 2-52 Non-ductile squat wall retrofitted by HSS and SMA braces (Cortés-Puentes 
and Palermo 2018) 

 

Figure 2-53 Comparisons of wall behaviour with and without lateral braces (Cortés-
Puentes and Palermo (2018) 
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3 Seismic Retrofit of Non-Ductile Concrete Frames with Cable-SMA 
Assembly 

Abstract: 

Reinforced concrete buildings built prior to the enactment of modern seismic codes are 

often seismically deficient. These buildings lack sufficient strength and ductility to 

withstand strong earthquakes. Conventional retrofit techniques for such frame buildings 

involve adding reinforced concrete shear walls or structural bracing systems to the existing 

bays of frames. These techniques are often intrusive and result in lengthy building down 

periods and expensive structural interventions. An alternative to conventional techniques is 

the use of high-strength prestressing strands or cables, diagonally placed as tension 

elements. This technique was researched and used in a limited manner after the 1985 

Mexico City Earthquake. One of the unavoidable features of the tension bracing systems is 

to increase building rigidity, thereby reducing building period and increasing seismic force 

demands, sometimes leading to further strengthening requirements in adjacent structural 

elements and their foundations. Furthermore, upon yielding, cable braces develop 

permanent plastic deformations, resulting in excessive pinching of global hysteretic 

response, reducing energy dissipation and resulting in permanent building sway after the 

earthquake. While the use of tension cables may be desirable for drift control, it may result 

in undesirable structural performance under strong earthquakes. The use of shape memory 

alloys (SMA) with flag-shape hysteretic relationships, placed in the middle of tension 

cables, provides potential improvements to the observed deficiencies of bracing systems 

while promoting self-centering capabilities. The use of such a system is investigated in the 

current paper. The cable-SMA assembly was implemented in selected older concrete frame 

buildings in Vancouver as a region of strong seismicity in western Canada and analyzed 

under code-compatible earthquake records. The buildings consisted of a 2-storey low-rise 

residential building and a 6-storey mid-rise office building, designed based on the 1965 

edition of the National Building Code of Canada (NBCC) as representatives of pre-1970s 

older building designs. Inelastic response time history analyses were conducted to assess 

the performance of cable-SMA retrofit system relative to un-retrofitted buildings, buildings 

retrofitted with high-strength prestressing strands and mild steel cables without the SMA. 
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The results indicate excessive storey drifts in un-retrofitted buildings, drift demands 

exceeding 5% and 3.5 % in mid-rise and low-rise buildings, respectively, indicating poor 

behaviour of conventional buildings under strong seismic excitations. Companion buildings 

retrofitted with the cable-SMA systems developed reduced drift demands with maximum 

inter-storey drifts limited to 2.5% with little or no permanent deformations. In contrast, 

buildings retrofitted with tension cables without the SMA resulted in high force demands, 

increasing base shear, inducing excessive tension and compression forces in the attached 

columns. 

Keywords: Concrete frames, bracing, cables, ductility, drift control, earthquake 

engineering, shape memory alloys (SMA), seismic retrofit. 

3.1 Introduction  

Existing reinforced concrete frame buildings built using older editions of building codes 

may pose a significant risk when subjected to strong earthquakes. Seismic design and 

detailing requirements in building codes have improved over the years. The seismic design 

base shear in the National Building Code (NBCC)  of Canada  has changed since the 

inception of seismic provisions in the 1941 NBC (NRCC (1941)). Earlier design equations 

for equivalent static load analysis defined seismic base shear as a percentage of seismic 

weight of buildings. The buildings were essentially designed for gravity and wind loads. In 

the 1953 NBC (NRCC (1953)), the building height was introduced as a design parameter, 

crudely reflecting the effect of building period on seismic base shear. The differences in 

construction type and associated level of ductility were introduced to the code in 1965, 

reducing base shear for reinforced concrete frame buildings that have seismic detailing for 

ductile response. In the 1970 NBC (NRCC (1970)) the effect of construction type was 

treated more extensively through a coefficient, reflecting the associated level of ductility. 

Empirical expressions were introduced for the computation of fundamental period. This was 

followed by the 1975 NBC Commentary (NRCC (1975)) with ductility factors for different 

building types for use in dynamic analysis. The requirements remained essentially the same 

in the 1980 NBC (NRCC (1980)) with refinements made to seismic response coefficient as 

affected by the fundamental period. In 1990, force modification factor R was introduced to 
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account for the available ductility in the system, with a calibration factor U, which 

introduced a reduction in base shear to account for structural over-strength, while bringing 

the force level to the same level of safety implied in the earlier codes. Significant changes 

were introduced in the 2005 (NBCC (2005)) with new site-specific uniform hazard spectra 

having 2% in 50-year probability of exceedance. The approach was kept the same in the 

2010 NBC (NBCC (2010)) with new hazard values introduced in the 2015 NBC (NBCC 

(2015)). Current seismic design requirements of the NBC of Canada are significantly more 

comprehensive and stringent than those of the pre-1970’s era. In Canada, seismic design 

force requirements for high seismic regions have increased by as much as 100% since the 

early 1970’s (Cheung et al. (1999)). Ductile design and detailing requirements prescribed 

in newer codes to reduce seismic vulnerabilities were not implemented in the majority of 

existing older buildings. These vulnerabilities include lack of one or more of strength, 

stiffness, and ductility of the lateral force resisting system. Therefore, a large number of 

existing buildings are seismically deficient, posing a significant threat to life safety and 

economy. Similar seismic vulnerabilities exist other parts of the world. As a result, there 

has been an increasing interest over the last four decades to implement seismic retrofits to 

mitigate earthquake risks in older substandard buildings.  

Seismic retrofit techniques may be implemented at the local level to improve strength 

and ductility of individual elements or at the global level by increasing strength and stiffness 

of the entire seismic force resisting system, thereby controlling lateral drift and associated 

damage. Local retrofits may be more suitable when the number of critical elements is small, 

and their retrofits are sufficient to enhance the performance of the entire building. Soft-

storey or weak-storey columns, short columns and shear-deficient members fall into this 

category. Often, however, the entire structure may be deficient in terms of seismic force 

resistance and inelastic deformation capacity to dissipate seismic induced energy. In such 

cases adding new bracing elements to resist higher seismic forces, while controlling lateral 

drift and limiting inelasticity in other non-ductile members may be an appropriate retrofit 

strategy.   

Conventional seismic bracing systems include the addition of shear walls is existing bays 
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of frames at appropriate locations, preferably in a symmetric configuration. Shear walls can 

increase lateral stiffness and strength, as they attract a large portion of seismic inertia forces. 

However, adding new shear walls to existing buildings has its challenges. Architectural and 

functional requirements may prohibit the addition of shear walls at desired locations. The 

parts of the foundation located under these additional walls require strengthening, especially 

against uplift. Also, proper connections of walls to the existing structural elements, 

including the diaphragms should be provided to transfer seismic forces. Furthermore, the 

addition of new walls may be an intrusive process, increasing down time of the building. 

The addition of concrete structural walls has been researched extensively in the past and 

was shown to be an effective seismic retrofit methodology (e.g. (Altin et al. 1992); Arslan 

et al. (2010); Canbay et al. (2003); Frosch et al. (1996)). 

Buildings can also be retrofitted using structural steel as diagonal braces. These diagonal 

members form tension ties and compression struts in the process of resisting lateral forces. 

Braces lead to increased base shear, as well as high axial compression and tension in the 

attached columns. They may be designed to remain elastic or may be allowed to develop 

plastic zones to take advantage of their strain hardening characteristics while dissipating 

additional seismic energy. Inelastic response of steel braces may lead to permanent 

deformations, sometimes developing buckling in compression. These permanent 

deformations can lead to permanent storey drifts, which may result in excessive pinching of 

global hysteresis loops. The behavior of diagonal tension and compression braces was 

investigated extensively in the past. Maheri and Sahebi (1997), Youssef et al. (2007), and  

Maheri and Ghaffarzadeh (2008) conducted experimental research to investigate the 

effectiveness of steel X braces in reinforced concrete frames. Ozcelik et al. (2012) 

investigated the effectiveness of chevron braces in non-ductile reinforced concrete frames 

through experimental research. Other researchers also conducted experimental and 

analytical research to show the effectiveness of steel braces in reinforced concrete frames 

(Badoux and Jirsa (1990); Bartera and Giacchetti (2004); Bush et al. (1991); Bush et al. 

(1991); Fukuyama and Sugano (2000); Ghobarah and Abou-Elfath (2001); Kawamata and 

Ohnuma (1981); Maheri and Hadjipour (2003); Maheri and Sahebi (1997); Masri and Goel 

(1996); Mazzolani (2008); Ozcelik and Binici (2008);Ozcelik et al. (2011); Sugano et al. 
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(1980, 1981, 1983); Sugano and Fujimura (1980); Tagawa et al. (1992); Yamamoto and 

Umemura (1992)). 

The Buckling-Restrained Brace (BRB) is another type of bracing system which can be 

considered as a special class of concentrically braced frames providing resistance in tension 

and compression. These types of braces were initially investigated and developed by 

Watanabe et al. (1988) in Japan. After the 1995 Kobe Earthquake, the researchers in Japan 

developed BRBs as a damper bracing system for seismic retrofitting. Design of typical 

BRBs is well explained in the literature (Tremblay et al.  1999, 2006, 2011; Uang and 

Nakashima (2004); and López et al. (2004)). The first usage of BRB in the United States 

was in 2000 after many large-scale tests conducted at the University of California by Clark 

(2000). Subsequently, this method of retrofit was employed in more than 350 buildings in 

the USA (Kimberley and Cameron (2011). The application of BRB systems include bracing 

both steel and concrete frame structures, although the majority of the applications involved 

steel frames. One of the first research projects involving the application of BRB to non-

ductile concrete frames was conducted by Al-Sadoon et al. (2020). The researchers 

developed a new BRB system and showed its effectiveness in concrete frame buildings.  

In addition to the traditional steel braces, tension-only cables and pre-stressing strands 

have been used, often placed diagonally in frame bays to provide tension-only bracing 

against seismic forces. Pincheira José and Jirsa James (1995) conducted analytical 

investigations on use of tension cables for retrofitting non-ductile RC frames, focusing on a 

three-storey, a twelve-storey and a seven-storey building located in high seismic zones in 

the United States. They investigated the behaviour of buildings retrofitted by different 

patterns of post-tensioned braces and X braces compared to the same buildings retrofitted 

by infill structural walls. This was followed by an extensive research program at the 

University of Ottawa, consisting of large-scale frame tests and inelastic time history analysis 

of reinforced concrete frames to assess the significance of prestressing diagonal tension 

elements (Shalouf and Saatcioglu (2006), Carrière (2008), Molaei and Saatcioglu (2014). 

The researchers concluded that, while the steel cable braces provided effective drift control 

and strengthening against seismic forces, inelastic deformations that developed in tension 
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ties under high levels of seismic forces generated excessive pinching of hysteresis loops, 

limiting energy dissipation capacity. Zahrai et al. (2016), Zahrai and Mousavi (2016), 

Mousavi and Zahrai (2017) developed slack free connections to overcome problems 

associated with plastic deformations in tension ties. The use of pre-slacked cable braces to 

controlling tension and compression forces in the attached steel frames was also researched 

by Hou and Tagawa (2009). The researchers used loose cables as diagonal bracing elements, 

connected together at the crossing points by a steel cylindrical element that would delay the 

development of tension in the cables, thereby controlling the resulting tension and 

compression forces in the attached steel frame elements.    

The use of shape memory alloys (SMA) with flag-shaped hysteresis loops in earthquake 

resistant structures have recently been investigated by numerous researchers. The SMA can 

go through its plastic axial capacity to dissipate considerable energy without a permanent 

elongation after cyclic loading. This material also has self-centering properties, which make 

it a potential candidate for use in tenson braces. Krumme et al. (1995) and Clark et al. (1995) 

investigated the application of SMA in building seismic design. They concluded that SMA 

wires could reduce lateral drift and response accelerations, leading to reduced base shear 

when used as dampers. Ohi K. (2001) tested the use of SMA braces in steel frames and 

reported that the structure could go back to zero deflection after reaching 5% of strain in 

tension. The European Union started a multi-year research program in late 1990s named 

MANSIDE to investigate the use of SMA in seismic isolators and energy dissipation 

devices. Analytical modelling and experimental testing of SMA wires and SMA bars were 

considered by others (Dolce et al. (2000); Dolce and Cardone (2001)a and 2001b). The 

results suggested that super-elastic properties are difficult to achieve for large diameter 

SMA bars. Cortés-Puentes and Palermo (2018) used 12.7 mm SMA bars in tension braces 

for seismic retrofit of reinforced concrete squat shear walls.  

The current project is intended to demonstrate the effectiveness of using steel cable-SMA 

assembly as tension only braces to seismically deficient reinforced concrete frame buildings 

in Canada.  
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3.2 Research Significance 

The review of previous research on seismic retrofit of non-ductile reinforced concrete 

frame buildings indicates that new seismic retrofit techniques with superior structural 

performance as well as ease and speed of construction are needed for enhanced seismic risk 

mitigation strategies for existing non-ductile frames. The current investigation has the 

objective of demonstrating the effectiveness of steel-cable-SMA assemblies as a viable 

technique, fulfilling these requirements. The scope involves a comparative performance 

assessment of buildings retrofitted with three types of cable braces consisting of i) high-

strength prestressing strands, ii) mild steel cables, and iii) high-strength-strand-SMA 

assemblies. A 6-storey office building and a 2-storey residential building, designed based 

on the 1965 NBC (NRCC (1965)), were used as representatives of pre-1970s design practice 

in Canada. The reference buildings were designed for Vancouver, a region of high 

seismicity in western Canada. The buildings were analyzed using dynamic inelastic 

response time history analysis under code-compatible earthquake records. The results are 

compared with un-retrofitted buildings to illustrate the effectiveness of tension cable braces 

and the superior performance of the steel-cable-SMA system for use in practice as a viable 

seismic risk mitigation technique. 

3.3 Building design and dynamic analysis 

Two reinforced concrete frame buildings, representing pre-1970s construction practices 

in Canada were designed by using the 1965 NBC (NRCC (1965)) with 6-storey and 2-storey 

building heights. The design internal forces were governed through the analysis of the 

frames carried out by using ETABS software ((CSI 2015)), and the frames were designed 

according to ACI (1963). The floor plan was selected as a modified version of the frame 

building designed in the Canadian Concrete Design Handbook (CAC 2016). Fig. 3-1 

illustrates the floor plan and the 3-dimensional computer models used for design and 

analysis. The buildings were designed using gravity loads that consisted of dead and live 

loads, and lateral loads that consisted of wind and seismic loads. The gravity loads included 

superimposed dead loads of 1 kPa for partitions, 1 kPa for roofing and mechanical, and 1.6 

kPa mechanical in the middle 5.7 m span. The design live loads included 4.9 kPa for the 
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first floor and 2.4 kPa for others with 1.3 kPa snow load on the roof, 25% of which was 

included in the seismic mass. The wind load was selected as 1.05 kPa and seismic forces 

were calculated as per the 1965 NBC (NRCC (1965)). Concrete compressive strength of f’c 

= 30 MPa, and reinforcement yield strength of fy = 400 MPa were used in both building 

designs. This resulted in 450 mm square exterior columns and 500 mm square interior 

columns with 400 mm x 600 mm beams for the 6-storey building; and 400 mm square 

columns and 400 mm x 500 mm beams for the 2-storey building. The periods of the 6-storey 

and 2-storey buildings were 1.65 sec and 0.84 sec, respectively, based on the eigen value 

analysis and cracked section stiffnesses (60% and 40% of gross section properties for 

columns and beams). 

The buildings were analyzed using “SeismoStruct (2016)” software, which is a powerful 

finite element tool for non-linear dynamic response history analysis. The software has 

element models for beams and columns with capabilities for geometric and material non-

linearities. The flexural behaviour of beam and column sections is obtained through the 

integration of stresses and strains in individual fibers with nonlinear uniaxial material 

models assigned to each fiber. The member response is obtained by fully accounting for the 

spread of inelasticity along the member length by integrating individual sectional responses. 

This type of modelling is considered to be an accurate representation for flexural behaviour 

since it can consider inelastic behaviour along the entire length of a structural member. It is 

recommended to have at least 200 fibers in each cross section (SeismoStruct (2016)). In 

addition to the section fibers, up to 7 integration sections may be needed to accurately model 

the hardening response of members; 4 or 5 integration sections being recommended by 

Seismostruct Manual to assure that the element reaches its softening response range. 

Seismostruct also considers plastic-hinging within a fixed length of the element (Scott and 

Fenves (2006)). The modelling technique used requires the specification of the potential 

plastic hinge length. The plastic hinge length was calculated according to Paulay and 

Priestley (1992) formulation. The buildings and the materials were modelled as described 

in the next section.  

The frame deformations are calculated considering inelastic behaviour of elements. P-
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Delta effects are incorporated into the analysis by calculating large displacements through 

the total chord rotational formulation developed and implemented by Correia and Virtuoso 

(2006). The chord rotation formulation is based on an exact description of the kinematic 

transformations associated with large displacements and three-dimensional rotations of 

beam-column members. This leads to the correct definition of element deformations and 

forces, as well as to the effects of geometrical non-linearities on the stiffness matrix. The 

implementation of this formulation considers small deformations relative to the element’s 

chord, notwithstanding the presence of large nodal displacements and rotations. In the local 

chord system of the beam-column element, six basic displacement degrees-of-freedom and 

corresponding element internal forces are defined, as shown in Fig. 3-2. The internal forces 

developed by inelastic frame elements are computed by the software. These values are 

correlated with axial forces, shear forces and moments (caused by flexural or torsional) at 

the end of each node. By finding both forces and deformations (rotations) at the ends of 

each element, the hysteretic behaviour can be obtained in the form of a force-displacement 

relationship. 

Dynamic analysis was conducted using 12 different seismic records generated for 

western Canada (Atkinson and Macias (2009)). The records consisted of 4 short records 

(S1-S4) with a maximum PGA of 0.44g, 4 long records (L1-L4) with a maximum PGA 

equal to 0.4g, and 4 Cascadia records (C1-C4) with a maximum PGA of 0.25g. The time 

histories of the records are shown in Fig. 3-3. The comparisons of response spectra with the 

design spectrum by using “SeismoMatch” program (Seismosoft 2016) are shown in Fig. 3-

4. The damping considered in all the analyses was 5% of critical damping  

3.3.1 Un-retrofitted buildings 

Fig. 3-5 illustrates the analytical models for the 6-storey and 2-storey un-retrofitted 

buildings. The floor slabs were considered as rigid diaphragms and the columns were 

considered to be fully restrained at the foundation level against all rotations and 

displacements in all directions. All the structural members were modelled using inelastic 

material models for concrete and reinforcing steel. The concrete model used was developed 

by Madas (1993) following the stress strain relationship for confined concrete proposed by 
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Mander et al. (1988). The cyclic behaviour of concrete, as proposed by Martínez-Rueda and 

Elnashai (1997) and illustrated in Fig. 3-6(a), was adopted for all frame elements. The 

reinforcing steel was modelled using a uniaxial stress-strain model for mild steel. It is based 

on the stress-strain relationship proposed by Menegotto (1973), Menegotto and Pinto 

(1973), followed by the isotropic hardening rules proposed by Filippou et al. (1983). The 

cyclic seismic loading rules were recommended by Fragiadakis et al. (2008). The model is 

illustrated in Fig. 3-6(b). It was indicated to be suitable for modeling the behaviour of 

reinforced concrete elements under reversed cyclic loading, especially for buildings 

subjected to seismic loading where significant load reversals might occur.          

The un-retrofitted frame buildings were subjected to the 12 different seismic records 

indicated in the preceding section. The results indicate that the 6-storey un-retrofitted 

building exceeded the code specified storey drift limit of 2.5% (NBCC (2015)) and reached 

collapse by exceeding the crushing limit of concrete and becoming unstable after the 5% 

lateral drift level under the Cascadia Seismic Record, CW3. This is consistent with the 

response spectra given in Fig. 3-4, in which the spectral values for the 6-storey building 

with initial period of 1.65 sec. show the highest response accelerations for Record CW3. 

The corresponding maximum base shear force for the building was 7,226 kN. The first yield 

in the longitudinal column reinforcement occurred at 0.8% of the first-storey drift at 5,150 

kN of base shear force. The crushing of cover concrete occurred at 1.33% lateral drift and 

the crushing of column core took place at 2.5% storey drift. The 2-storey building also 

developed highest response under the same earthquake record (Cascadia – CW3) with a 

maximum inter-storey drift of 3.69% and a maximum base shear of 3,029 kN. These 

response quantities are excessive for non-ductile older buildings and indicate high level of 

damage. Table 3-1 provides a summary of analysis results for both mid-rise and low-rise 

un-retrofitted buildings.  Fig. 3-7 shows the first-storey base shear versus lateral drift 

hysteretic relationships. Also shown are the hysteretic behaviour of the critical first storey 

column next to a tension brace, which is subjected to the additional axial forces induced by 

the brace.  
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3.3.2 Buildings retrofitted with cable tension braces 

The same two frame buildings were retrofitted with steel cables as tension braces. Two 

types of steel cables were used for two types of tension braces in both buildings. The first 

tension cable consisted of 7-wire high-strength prestressing strands with 1860 MPa ultimate 

strength, placed diagonally in selected bays. The second type consisted of Grade 400 MPa 

mild-steel cables, also placed diagonally. Fig. 3-8 illustrates the models used for the analysis 

of buildings. The 6-storey building was retrofitted by bracing 4 bays in the critical short 

direction and the 2-storey building had two braces because of the lower seismic base shear 

observed in this building. The length of each strand was set to fit the diagonals between the 

lower and upper opposite corners, snug-tight, without any prestressing. The number and 

size of the strands were established through preliminary analyses using 2-dimensional plane 

frame analyses to save computational time, by subjecting them to the critical Cascadia CW3 

record. The criterion used to establish the brace size was to reduce the maximum inter-storey 

drift to a level lower than the upper limit of 2.5% indicated in the 2015 NBC (NBCC 

(2015)). This resulted in the use of three different size cables for the 6-storey building, 

consisting of bundled or multiple strands to form steel areas that correspond to cables having 

a diameter of; i) 56 mm for the first floor, ii) 40 mm for the second and third floors, and iii) 

10 mm for the upper floors. The use of multiple cables was validated in the experimental 

component of the same research program with anchors that permit the connection of 

multiple strands to the frame corners (Khosravi and Saatcioglu (2021)a). The 2-storey 

building was retrofitted with two cable sizes corresponding to a total nominal diameter of, 

i) 30 mm for the first floor and ii) 15mm for the second floor.  

The buildings were modelled using the same material models used for the unretrofitted 

buildings, except for the addition of the cable material models. The steel model shown in 

Fig. 3-6 (b) was used for both types of steel, except that the stress-strain model used for the 

1860 MPa 7-wire strands followed the stress-strain relationship obtained through coupon 

tests (Khosravi and Saatcioglu (2021)a) shown in Fig. 3-9. The models for the 6-storey 

and 2-storey buildings were constructed for response history analysis under the critical 

Cascadia CW3 record. The steel braces were defined as flexural elements with near zero 

flexural stiffness at both ends. They were modelled to be released under compression forces 
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so that they would resist only axial tension forces. The results for the first two stories are 

tabulated in Table 3-2 in terms of maximum storey drift, maximum axial tension in cable 

braces, and maximum axial force in Column C1. Hysteretic relationships obtained for the 

critical first-storey are plotted in Fig. 3-10. The results indicate that the total base shear 

resistance was increased when tension braces were used. The 6-storey buildings with 1860 

MPa and 400 MPa cable braces developed maximum base shear resistances of 15,363 kN 

and 10,238 kN, respectively, in comparison with the total base shear capacity of 7,226 kN 

for the unretrofitted building, indicating significant increases in seismic force resistance due 

to retrofitting. Similar strength enhancements were observed in the 2-storey buildings with 

1860 MPa and 400 MPa cable braces, with maximum base shear resistances of 5,599 kN 

and 3,935 kN, respectively, compared with the total base shear capacity of 3,029 kN for the 

unretrofitted building.  

In addition to the strength increase, drift control was also achieved in the retrofitted 

buildings. The maximum first-storey drift in the 6-storey building was limited to 1.36% and 

2.20% when 1860 MPa and 400 MPa steel braces were used, respectively, in comparison 

with over 5% drift attained in the companion unretrofitted building, which suffered from 

the failure of non-ductile frames. Similar observation could be made for the 2-storey low-

rise building. In this case the maximum storey drift was reduced to 1.94% and 2.52% in 

when 1860 MPa and 400 MPa steel cable braces were used, respectively, as opposed to 

3.69% lateral drift recorded in the unretrofitted building. It is clear from the foregoing 

discussion that both the strength improvement and drift control objectives were met in the 

retrofitted buildings. The buildings with 1860 MPa cables barley yielded during response, 

showing essentially elastic behaviour, while the buildings with 400 MPa cables developed 

yielding and energy dissipation but building failure was detected during deformation 

reversals beyond the first cycle at approximately 2% drift. 

An important aspect of retrofitting buildings through lateral bracing is the effect of braces 

on nearby columns. Axial tension developed in the braces result in axial tension force 

components in nearby columns, which may offset gravity loads, causing potential uplift and 

further needs for column and foundation retrofits. Tables 3-1 and 3-2 lists maximum axial 
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forces experienced in Column C1, next to one of the braces. The computed column axial 

forces are shown in Table 3-2 for brace Arrangement 1, which is the X-brace arrangement 

that involves connections to the corners of the frame elements, as shown in Fig. 3-8, 

indicating substantial levels of axial tension in columns. Fig. 3-11 shows the variation of 

axial force in Column C1 during response for retrofitted and unretrfoitted buildings. While 

the negative effects of bracing can be minimized by spreading the braces over a larger 

number of bays, hence reducing forces per cable, additional options were considered and 

addressed in the following sections. These include the incorporation of SMA elements in 

cables and/or providing footings for the cables at the base, and supporting them from their 

own footings (Arrangement 2), thereby removing the burden on the adjacent columns. 

3.3.3 Buildings retrofitted with steel-SMA assembly as cable tension braces 

The cable brace system described in the preceding section resulted in strength 

enhancement and drift control with limited energy dissipation, though the mild steel cables 

yielded and dissipated energy, but developed early strength decay resulting in building 

failure during the 2% drift cycles. Both types of braces resulted in permanent deflections of 

the buildings upon yielding of the braces. Furthermore, there was a substantial increase in 

axial tension in the columns supporting the braces. To minimize these deficiencies of the 

retrofit system, shape memory alloy (NiTiCo) rods were included as part of the bracing 

system with flag-shaped hysteresis behaviour. Fig. 3-12 shows the analytical models used 

for the retrofitted buildings. Using SMA as a part of the steel cable braces has advantages, 

such as giving the brace the ability to undergo very large strains and returning back to zero 

deflection after unloading (self-centering capability). Also, it can reduce the base shear 

through inelastic behaviour.  

Software “Seismostruct,” adopted as the dynamic analysis tool in the current research 

project, has a pre-defined model for cyclic behaviour of shape memory alloys, which makes 

modelling of the buildings relatively straight forward. The SMA model for cyclic behaviour 

is defined in the software to match the mechanical properties of the SMA rods tested by 

Mirzaeifar et al. (2011). The observed test results and the hysteretic model for SMA are 

shown in Fig. 3-13. This model was implemented in tension braces that consisted of a 
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combination of 1860 MPa strands and SMA where the SMA was modelled as a truss 

element with links at the ends that release resistance to compression and bending moment. 

The key point in modelling the steel-SMA combination is to find an optimum length and 

size for the steel cable and the SMA. The high price of SMA rod is a consideration in 

selecting its size. The tension force in the steel cable is required to remain elastic during 

seismic response in order to force the SMA bar to yield and behave in the plastic mode to 

fulfil its functions. If the length of SMA is more than the optimum length, the strain in SMA 

becomes less than what is needed to fully utilize its strain capacity. If the length is too short, 

then the SMA may exceed its maximum strain capacity, which was established to be 8% in 

the current application. The safe strain for SMA in tension is considered to be 6%. 

Preliminary 2-D analysis was conducted to establish the lengths and sizes of brace 

components. Accordingly, the length of SMA rod was established to be 1.2 m and 1.0 m for 

6-storey and 2-storey buildings with 70 mm and 30 mm diameters, respectively. The 1860 

MPa steel cables had 56 mm and 30 mm diameters for the first floors of 6-storey and 2-

storey buildings, respectively. The size of the other floor braces is the same as the snug-

tight cable braces mentioned in the previous section. The other option for the steel cable 

component could be mild steel, to be used as mild-steel – SMA combination. However, care 

should be exercised to ensure that the SMA can develop its yield capacity prior to the 

yielding of the mild steel, as mild steel typically has lower yield strength than SMA.  

The hysteretic responses of buildings retrofitted by cable braces having 1860 MPa steel-

SMA combination, and their comparisons with those without the SMA rods are presented 

in Fig. 3-14.  The incorporation of SMA rods in tension braces resulted in reduced base 

shear demands and increased energy dissipation while maintaining drift control. 

Furthermore, the presence of SMA promoted self-centering of the building after having 

experienced inelastic deformations. It further eliminated pinching of hysteresis loops 

associated with permanent plastic displacements of steel cables, which was more evidenced 

in yielding 400 MPa mild-steel cables. The same pinching is likely to appear in buildings 

with 1860 MPa cables without the SMA if the seismic force demands exceeded the yield 

capacity of the cables as it was observed during the frame tests (Molaei and Saatcioglu 
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(2014)). 

Further assessment of braces with SMA is provided by inspecting the response of the 

steel and the SMA in retrofitted buildings. Fig. 3-15 shows the axial force-axial strain 

relationships for the 1860 MPA steel and the SMA rods. As can be seen, the steel strands 

remained elastic during response, while the SMA developed yielding and flag-shaped 

hysteretic relationship, dissipating significant energy and returning back to zero 

displacement upon unloading, promoting self-centering capabilities for the retrofitted 

buildings. For the 6-storey building, the maximum strain in steel strands was 0.0036, all 

remaining elastic. The maximum strain in the SMA rods was 5.6%, which lead to higher 

storey drifts and energy dissipation while maintaining the required drift control to protect 

non-ductile gravity frames in the building. When brace axial forces are compared, it can be 

observed that the use of SMA resulted in reduced brace forces with forces reducing from a 

maximum axial force of 2,839 kN to 1,943 kN. This is significant as the brace forces have 

direct implications on increased base shear and column axial forces. Although the use of 

SMA resulted in reduced base shear and axial force demands in braces and first-storey 

columns, further reduction of force demands may be necessary for buildings that have fewer 

high-capacity braces than larger number of smaller size braces sharing total seismic 

resistance. Therefore, further investigation of the tension brace system with SMA was 

investigated by considering a different arrangement of braces, as discussed in the next 

section. 

3.3.4 Buildings retrofitted with steel-SMA assembly under different cable 

arrangements 

The bracing arrangement used in previous applications involved connecting tension 

braces to column ends (Arrangement 1 shown in Fig. 3-8). This type of connection resulted 

in high shear forces and axial tension in the first-storey columns. Though the use of SMA 

rods reduced these force demands, further reduction may be necessary if the resulting forces 

exceed the column and column footing capacities. Therefore, a second set of analyses were 

conducted on the 6-storey building using the brace arrangement illustrated in Fig. 3-16 

(Arrangement 2). This arrangement involved transferring the additional lateral force 
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resistance provided by the braces to the ground by anchoring braces to their own footings. 

A similar connection was provided for the second-storey braces. In this case the braces were 

extended to their foundation. By doing this, the length of the brace increased, developing 

smaller strains, tensile force and lateral stiffness. The same bracing mechanism may be 

considered for the third-story columns if tensile forces are experienced at this level of 

building. But usually, because of the relatively low seismic forces imposed at this level, it 

may not be necessary to apply the same strategy to the third-floor braces, or to the floors 

above.   

The maximum response quantities obtained from Arrangements 1 and 2 are compared in 

Table 3-2. The results show the effectiveness of Arrangement 2, by eliminating tension 

forces in Columns C1 and C2, and by reducing the base shear at column C1 and the total 

base shear of the system.  

3.4 Conclusions 

The following conclusions can be drawn from the analytical investigation conducted 

on the use of tension cable systems involving the use of high-strength 7-wire strands and 

mild steel cables, as well as 7-wire strand-SMA combinations as seismic retrofit systems. 

• Pre-1971 non-ductile reinforced concrete frame buildings located in regions of high 

seismicity in Canada lack seismic force and deformation capacities required by 

modern buildings codes based on the current seismicity, as well as the current design 

and detailing requirements. These buildings, when subjected to current code level 

seismic forces, suffer from excessive inelastic storey drifts and associated damage.  

• Seismically deficient older buildings can be retrofitted by means of tension cable 

braces provided in selected bays in two diagonal directions. Tension cables may 

consist of 7-wire 1860 MPa prestressing strands, or 400 MPa mild steel cables.  

• When 7-wire strand are used as tension braces, they provide effective drift control and 

increased lateral shear resistance. However, when attached to the corners of the 

frames, they may induce excessive axial tension and compression on the adjacent 

columns, potentially resulting in uplift and/or early crushing of column concrete. They 
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may dissipate limited energy but develop permanent deformations. 

• When Grade 400 MPa mild steel is employed as tension braces, significant yielding 

and energy dissipation may occur in the cable, while drift control and increased lateral 

force resistance may be realized. However, because Grade 400 MPa steel may 

experience early yielding due to its relatively low yield strength, they must be 

designed with care so that the non-ductile frames in the system do not experience 

failures as the cables yield and develop higher drift demands. 

• An alternative to steel cable braces is the use of the combination of steel cables with 

SMA bars. The flag-shaped hysteretic response of SMA results in significant 

dissipation of energy, self-centering capabilities that enable the recovery of plastic 

deformations, minimizing pinching of hysteresis loops. This system can also generate 

drift control and increase seismic force resistance. 

• While the use of tension cable systems is easier to construct with less interference 

with the existing structure, it may cause significant axial tension and compression in 

the attached columns. This can be minimized by using smaller number of cables in 

larger number of bays, or by anchoring the cables to newly created footings at the 

ground level, transferring cable forces directly to their foundation, rather than 

imposing them on the nearby columns. 
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3.6 Tables and Figures 

Table 3-1 Summary of dynamic analysis results for un-retrofitted buildings 
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Table 3-2 Maximum response quantities in retrofitted buildings 
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(a) Plan view of Selected building (b) ETABS Model for the 6-storey building 

 

 
(c) ETABS Model for the 2-storey building 

Figure 3-1 Floor and elevation view of selected buildings 

 
Figure 3-2 Degrees of freedom at both ends of an elements 
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(a) Short records 

 

 
(b) Long records 

 

 
(c) Cascadia records 

Figure 3-3 Artificial seismic time history records for Vancouver used in the 
analysis 
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(a) Short records 

 

 
(b) Long records 

 

 
(c) Cascadia records 

Figure 3-4 Comparisons of response spectra with target design spectrum of NBC 
2015 for Vancouver 
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                        (a) 6-storey building model                              (b) 2-storey model 

Figure 3-5 Analytical models of un-retrofitted buildings 

 
(a) Concrete model (Martinez-Rueda and 

Elnashai 1997) 

 
(b) Mild steel model (Fragiadakis et al. 

(2008) 

Figure 3-6 Material models used for frame elements 

 

 
(a) 6-Storey building first storey drift 

 
(b) 6-Storey column C1 hysteretic 

relationship 
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(c) 2-Storey building first storey drift 

 

 

 

(d) 2-Storey column C1 hysteretic 
relationship 

Figure 3-7 Hysteretic response of un-retrofitted buildings 

 
(a) Retrofitted 6-storey building 
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(b) Retrofitted 2-storey building 

Figure 3-8 Buildings retrofitted with steel cables 

 
Figure 3-9 Stress-strain relationship of 7-wire strands 
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(a) 1860 MPa cable braces; 6-storey 
building 

 

(b) 400 MPa cable braces; 6-storey 
building 

 

(c) 1860 MPa cable braces; 2-storey 
building 

 

(d) 400 MPa cable braces; 2-storey 
building 

Figure 3-10 Base-shear versus first-storey drift hysteretic relationships for steel cable 
retrofitted buildings 
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(a) 6-Storey building 
 
 

 
 

(b) 2-Storey buildings 

Figure 3-11 Time history of axial force variation in Column C1 at the base 
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                 (a) 6-Storey building                                      (b) 2-Storey building 

Figure 3-12 1860 MPa cables with SMA 

 
             (a) Hysteretic model in Seismostruct                     (b) Test performance 

Figure 3-13 Hysteretic behaviour of the SMA 

 
 
 
 
 
 
 

  



 
 

 

100 

 
 

(a) 6-Storey building retrofitted with 
1860 MPa-SMA combination 

 
 

(b) 2-Storey building retrofitted with 1860 
MPa-SMA combination 

 

 
 

(c) Comparisons of 6-Storey buildings 
retrofitted by steel cables with and 

without SMA rods 

 
 

(d) Comparisons of 2-Storey buildings 
retrofitted by steel cables with and without 

SMA rods 

Figure 3-14 Base-shear versus first-storey drift hysteretic relationships for buildings 
retrofitted by steel cables with and without SMA rods 

 
 

 



 
 

 

101 

 
1860 MPa steel strands  

 
SMA 

(a) 6 Storey building brace components 
 

 

 
1860 MPa steel strands  

 

 
SMA 

(b) Storey building brace components 

Figure 3-15 Axial force-axial strain hysteretic relationships for a first storey brace 
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Figure 3-16 Brace Arrangement 2 for 6-storey building retrofitted by 1860 MPa cables 

with SMA 
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4 Progressively Engaging Cables as Tension Braces for Seismic Retrofit of 

Non-Ductile Concrete Frames 

Abstract: 

Older reinforced concrete frame buildings, designed prior to the implementation of 

modern seismic codes are often seismically deficient in lateral force capacity and inelastic 

deformability. A common seismic risk mitigation strategy for such buildings involves the 

addition of bracing elements to improve lateral strength and stiffness. This results in reduced 

lateral drift, thereby controlling damage to non-ductile frames and non-structural elements 

as the existing frames continue fulfilling their gravity load carrying functions within their 

ductility capacities. Conventional lateral bracing systems include adding new reinforced 

concrete shear walls or steel braces of different types in selected bays. However, the increase 

in structural stiffness results in the shortening of the building period and associated potential 

increase in seismic force demands. Therefore, the bracing elements are designed to provide 

resistance to increased seismic force demands while also possessing inelastic deformability. 

Although this is a common practice to mitigate risk against design level earthquakes with 

long return periods, the structures in seismic regions are often subjected to more frequent 

lower intensity seismic excitations. A new system of lateral bracing was developed in the 

current paper, consisting of tension cable braces that controls the increase in seismic force 

demands. This is done by progressively engaging in lateral load resistance, thereby 

minimizing the increase in seismic force demands until the frame capacity is approached. 

Combined experimental and analytical research is presented based on a large-scale 

reinforced concrete frame, selected to represent pre-1970’s North American seismic design 

practices. Frame tests were conducted to prove the concept, complemented by inelastic 

frame analysis. 

Keyword: Concrete frames, bracing, cables, ductility, drift control, earthquake engineering, 

reinforced concrete, seismic design, seismic retrofit. 
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4.1 Introduction 

Older reinforced concrete buildings designed and built prior to 1970s often lack sufficient 

strength and deformability against strong earthquakes. These buildings were essentially 

designed to resist gravity and wind loads without much emphasis placed on seismic design 

and detailing. Hence, they exhibit non-ductile or partially ductile response when subjected 

to strong earthquakes. A viable seismic risk mitigation strategy for such buildings is to 

implement seismic retrofit schemes to improve their seismic performance. Seismic retrofit 

techniques are implemented either at the element level, improving strength and ductility of 

seismically deficient elements, or at the system level, improving overall seismic force 

resistance of the entire structure while dissipating seismic energy and controlling lateral 

drift to minimize damage. The former approach is employed if few elements show lack of 

seismic design, and the latter is employed if the entire lateral force resisting system is 

deficient. 

Conventional system level retrofit methodologies for reinforced concrete frame 

buildings involve lateral bracing of buildings by adding new bracing elements. Adding 

reinforced concrete shear walls in selected bays, well integrated with existing frame 

elements, is a common retrofit strategy. These walls serve as bracing elements, attracting a 

large proportion of seismic forces, controlling lateral drift because of their high rigidity. The 

addition of concrete structural walls has been researched extensively in the past and was 

shown to be an effective seismic retrofit methodology (e.g. Altin et al. (1992); Arslan et al. 

(2010); Canbay et al. (2003); Frosch et al. (1996). Similarly, structural steel braces can be 

added to existing frames to resist seismic forces and to control lateral drift. Many numerical 

and experimental research projects have been undertaken in the past, dating back to 1970s. 

Among the early researchers, Higashi and Kokusho (1975), Higashi et al. (1977), Higashi 

et al. (1980), Kawamata and Ohnuma (1981), and Sugano et al. (1980, 1981, 1983) showed 

proper repair and strengthening techniques for concrete structures. Other researchers who 

showed the effectiveness of steel braces in reinforced concrete frames include Badoux and 

Jirsa (1990), Bartera and Giacchetti (2004), Bush et al. (1991), Fukuyama and Sugano 

(2000); Ghobarah and Abou-Elfath (2001) and Ozcelik and Binici (2008).  
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Another type of lateral bracing that gained popularity in recent years is the Buckling-

Restrained Brace (BRB). BRB is a special type of concentric bracing, providing resistance 

in tension and compression with restraints provided against buckling in compression. This 

system was initially developed by Watanabe et al. (1988) and subsequently researched by 

others (Tremblay et al. 1999, 2006, 2011; Uang and Nakashima (2004); López et al. (2004), 

and Al-Sadoon et al. (2020)).  

Researchers in the past also investigated compression only and tension only braces. 

Compression braces were investigated by Caron (2010) by testing a single storey-single bay 

frame. The objective was to avoid tension connections of X braces to older concrete joints. 

The use of tension only braces involved the use of diagonal steel cables or strands placed 

symmetrically in two directions so that they develop tension resistance under load reversals. 

Pincheira José and Jirsa James (1995) investigated the effectiveness of tension braces in 

buildings. This technique was researched and used in a limited manner after the 1985 

Mexico City Earthquake. It has since been further investigated at the University of Ottawa 

through experimental and analytical research by Shalouf and Saatcioglu (2006), Carrière 

(2008) and Molaei and Saatcioglu (2014). The use of tension braces consisting of 1860 MPa 

strands, with and without prestressing, were shown to be effective in increasing strength and 

stiffness of concrete frame buildings.  

One of the consequences of stiffening buildings with lateral bracing is to change the 

dynamic properties of buildings, resulting in the shortening of their periods. Buildings in 

the short period range often attract higher seismic forces. The increase in seismic force 

demands is offset by the increase in lateral load capacity through the added bracing 

elements, which are preferably designed with inelastic deformation capacity to contribute 

towards the energy dissipation of the retrofitted building. Another effect of lateral bracing 

is to increase the axial force in the attached columns. Axial tension in columns can be high 

enough to offset gravity loads, resulting in net tension. This requires further strengthening 

of the columns and their foundations, which may suffer from uplift, requiring foundation 

retrofits. Compression on the columns reduce column deformability, while promoting early 

concrete crushing. Controlling the increase in column axial load through the use of shape 
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memory alloys (SMA) and providing separate footings for the tension cables at the ground 

level has been addressed by the authors in an earlier phase of the current investigation 

Khosravi and Saatcioglu (2021)b. The objective of the current research project is to develop 

a new technique for the use of tension cable bracing systems to minimize seismic force 

demands and associated increase in column axial forces. This is done by introducing the 

concept of progressively engaging cables (PEC). Accordingly, multiple 1860 MPa high-

strength prestressing strands are placed loosely as tension elements such that each strand 

engages in resisting lateral forces progressively when needed. The strands initially remain 

unstressed and do not participate in seismic response until the lateral drift becomes 

sufficiently high and the frame requires further lateral resistance. At this stage of loading 

the frame responds based on their original stiffness and period, without increasing seismic 

force demands. This stage of loading corresponds to more frequent low to medium intensity 

seismic excitations. If the seismic intensity becomes higher, the cables start engaging in 

lateral force resistance. The first of multiple strands is designed to engage at a prescribed 

drift level, depending on the available ductility of the building. As the first strand yields and 

dissipates energy, the second and possibly the third strands start engaging in lateral load 

resistance at different drift levels, while some strands possibly remain elastic, recovering 

some of the inelastic deformations, promoting self centering capabilities. The strands are 

designed to limit lateral drift so that the frames continue fulfilling their gravity load 

functions, even if they experience some controlled level of strength decay as the tension 

braces gradually take over lateral load resistance and provide increasingly higher bracing 

action to resist higher proportion of seismic forces.  

A similar concept of delayed participation of tension braces were developed by Hou and 

Tagawa (2009), and Mousavi and Zahrai (2017) for steel frames. The former group of 

researchers used a cylindrical steel element in a central location of the X arrangement of 

tension cables, which allowed an initial slack in the system, delaying the development of 

tension forces in cables as illustrated in Fig. 4-1(a). The latter group used additional steel 

extenders tied to the cables at frame corners to leave slackness in the cables, equipped with 

turnbuckles for the adjustment of the cable slackness as illustrated in Fig. 4-1(b). Both 

groups of researchers applied the concept to scaled structural steel test frames and 
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demonstrated their effectiveness.  

The concept of PEC for reinforced concrete frames was developed and illustrated in this 

paper through combined analytical and experimental research. A single bay-single storey 

frame, representing pre-1970s North American design practice, was selected for the 

investigation. Tests of the frame with different arrangements of PEC were conducted under 

simulated seismic loading. Non-linear analyses of the frames were conducted to illustrate 

the use of different PEC arrangements. 

4.2 Selection of a reference frame 

A 6-storey reinforced concrete frame building, designed and used by Al-Sadoon (2016) 

in his PhD research at the University of Ottawa as part of the same overall research program 

on seismic retrofit of concrete frame building, has been adopted in the current investigation. 

The building was designed using the 1965 edition of the National Building Code of Canada 

((NBCC) (NRCC (1965)) as representative of seismically deficient buildings in Canada. 

Design and detailing of the frame elements followed the requirements of ACI 318-63, which 

was referenced in the 1965 NBC (NRCC (1965)) for designing reinforced concrete 

structures. A test frame was designed as a 2/3rd scaled model of one of the middle bays in 

the critical short direction of the prototype building (Al-Sadoon (2016)). The design was 

based on scaled load combinations, including dead load, live load, wind load and seismic 

load for Vancouver, Canada. The seismic base shear was calculated using the importance 

factor of 1.0 as a building with normal importance, and non-ductile construction type with 

factor C = 1.25. The foundation factor F was assumed to be 1.0, implying that the building 

was built on a soil condition that was not highly compressible. A plane frame model was 

built in computer software SAP 2000 (CSI 2010) and the design was carried out using the 

software. The resulting geometry and reinforcement detailing of the frame are illustrated in 

Fig. 4-2. The columns were supported by an I shaped foundation to ensure full fixity to the 

laboratory strong floor during testing. It is noteworthy that the beam-column joints did not 

have transverse reinforcement since it was not a requirement in the NBC 1965 (NRCC 

(1965)). The transverse reinforcement for columns consisted of 10M (11.3 mm diameter) 

ties spaces at 200 mm c/c as per the design code. 
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4.3 Dynamic inelastic analysis of test frames 

A series of non-linear dynamic analyses of the test frame was conducted to establish the 

parameters of the experimental program. A number of available software packages were 

considered first for the analyses. Among the software considered, SeismoStruct (2016) was 

selected for the analyses, as it was used in the previous phase of the same research program 

due to the suitability of its hysteresis models Khosravi and Saatcioglu (2021)b. 

4.3.1 Software and frame data specified for dynamic inelastic analysis  

SeismoStruct (2016) is a fibre-based structural analysis program with emphasis on 

nonlinear behaviour. It is a powerful structural finite element software that can simulate 

structural behaviour under static and dynamic loads while considering both geometric and 

material nonlinearities. In addition to dynamic and static time history analysis options, this 

software is capable of running conventional and adaptive pushover analysis, response 

spectrum analysis, incremental dynamic analysis, eigenvalue analysis and variable static 

loading.  

The software has element models suitable for beams and columns with geometric and 

material non-linearities. The flexural behaviour of structural sections is obtained through 

the integration of stresses and strains in individual fibers with nonlinear uniaxial material 

models assigned to each fiber.  For the frame analyses, the concrete model was defined as a 

nonlinear element stress-strain relationship as defined by Madas (1993), also incorporating 

the effect of confinement as proposed by Mander et al. (1988). The cyclic behaviour of 

concrete was modelled as proposed by Martínez-Rueda and Elnashai (1997). Fig. 4-3(a) 

shows the concrete model. The confinement effect was calculated based on the size and 

spacing of stirrups with constant confining pressure throughout the entire stress-strain range. 

Strain corresponding to the peak stress of unconfined concrete (f’c) was considered to be 

equal to 0.002 mm/mm. The tensile strength of concrete was specified for tension generated 

under different stress conditions such as flexural (0.6�𝑓𝑓′𝑐𝑐) or direct tension (0.33�𝑓𝑓′𝑐𝑐). 

When maximum tension resistance was reached, the concrete was assumed to lose its tensile 

resistance without any tension softening. The modulus of elasticity of concrete was defined 

as the initial elastic stiffness of the material and set to 25,743 MPa for the 30MPa concrete 

mk:@MSITStore:C:%5CProgram%20Files%20(x86)%5CSeismosoft%5CSeismoStruct%5C2018%5CSeismoStruct.chm::/Materials/index.htm
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used for the modeling of the test frame. The mass density of concrete was considered to be 

2400 kg/m3. The reinforcing steel followed a uniaxial stress-strain model for mild steel. It 

was based on the stress-strain relationship proposed by Menegotto and Pinto (1973), 

followed by the isotropic hardening rules proposed by Filippou et al. (1983). The cyclic 

seismic loading rules recommended by Fragiadakis et al. (2008) was incorporated as 

illustrated in Fig. 4-3(b). The parameters that defined the mild steel model included the 

initial elastic modulus of elasticity, yield strength, the strain hardening parameter, (Esp) and 

the initial elastic stiffness (Es). The yield strengths for 20M (19.6 mm diameter), 15M (16 

mm diameter) and 10M (11.3 mm diameter) reinforcing bars were established through 

coupon tests and were specified as 430 MPa, 450 MPa and 481 MPa, respectively. The 

Baushinger effect (R) was introduced through the transition curve initial shape parameter 

which controls the shape of the transition curve between the initial and post-yield stiffnesses 

necessary to simulate the Baushinger effect and the pinching of hysteresis loops. In addition, 

the fracture strain in tension and buckling strain in compression needed to be specified. The 

mass density of steel was taken to be 7,800 kg/m3. The beam and column cross sections 

were meshed using 600 mesh per member. Fig. 4-4 illustrates a typical discretization of a 

column and a beam element.  

The member response was obtained by fully accounting for the spread of inelasticity 

along the member length by integrating individual sectional response. This type of 

modelling is considered to be an accurate representation of flexural behaviour since it can 

consider inelastic behaviour along the entire length of a structural member. In order to have 

the maximum accuracy of the analyses it is recommended to have at least 200 fibers in each 

cross section. In addition to the section fibers, up to 7 integration sections may be needed to 

accurately model the hardening response for members. The Siemostruct (Seismosoft 

(2016)) Manual recommends 4 to 5 integration sections to ensure that the element reaches 

its softening response range. The software also considers plastic-hinging within a fixed 

length of the element (Scott and Fenves (2006)). The plastic hinge length should be defined 

by the user. Frame deformations are calculated considering inelastic behaviour of elements. 

P-Delta effects are incorporated into the analysis by calculating large displacements through 

the total chord rotational formulation developed and implemented by Correia and Virtuoso 
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(2006). The chord rotation formulation is based on an exact description of the kinematic 

transformations associated with large displacements and three-dimensional rotations of the 

beam-column member. This leads to the correct definition of element deformations and 

forces, as well as to the effects of geometrical non-linearities on the stiffness matrix. The 

implementation of this formulation considers, small deformations relative to the element’s 

chord, notwithstanding the presence of large nodal displacements and rotations. In the local 

coordinate system of the beam-column element, six basic displacement degrees-of-freedom 

and corresponding element internal forces are defined, as shown in Fig. 4-5. 

The tension braces were modelled as truss elements without any resistance in 

compression using a bi-linear stress-strain relationship. For the 1860 MPa 7-wire strands, 

the stress-strain relationship obtained by coupon tests was used. Accordingly, the yield point 

was defined as 1650 MPa at 0.9% of strain and the stress at ultimate strength was set at 1860 

MPa corresponding to a strain of 2.1%.  

The internal forces developed by inelastic frame elements are computed by the software. 

These values are correlated with axial forces, shear forces and moments (caused by flexural 

or torsional) at the end of each node. By finding both forces and deformations (rotations) at 

the ends of each element, the hysteretic behaviour is obtained in the form of force-

displacement relationship. 

4.3.2 Analysis results 

Inelastic analysis of the test frame was conducted following the same loading protocol 

intended to be used during the experiments. The loading protocol, shown in Fig. 4-6, 

consisted of incrementally increasing lateral drift reversals with three cycles applied at each 

deformation level. The first analysis was conducted on the unretrofitted frame using the 

model shown in Fig. 4-7(a). The results of this analysis provide reference values for 

comparison with retrofitted frames. The subsequent analyses consisted of retrofitted frames. 

The analytical model for retrofitted frames is shown in Fig. 4-7(b). The tension braces were 

attached to the foundation to simulate the support condition of the test frames. The frames 

were first loaded with vertical point loads to simulate gravity loads. Two-point loads were 
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applied on two columns, 800 kN each, representing scaled gravity column loads applied on 

the prototype building. Two additional point loads were applied on the girder, each at 0.85 

m from the face of each column with a magnitude of 62 kN representing scaled dead and 

live loads acting over the tributary area for the transverse beams that transfer the loads to 

the girder, simulating the experimental loading condition. The analyses were conducted 

under imposed lateral displacement conditions, following the loading protocol illustrated in 

Fig. 4-6. The lateral displacements were applied horizontally in the X direction.  

The first retrofitted frame had a single snug-tight strand in each diagonal direction, which 

was design to engage in lateral load resistance as soon as the frame was loaded laterally. 

The length of the strands was set to fit the length from the top corners to the foundation with 

an appropriate angle with the horizontal to match the anchor locations in the foundation. 

The strand size was established to result in approximately a factor of 2.0 increase in seismic 

resistance. The strands in the analytical model were attached to the joints through gap link 

elements. Gap link was defined in a way that the strands worked only in tension, without 

resisting compression.  

The hysteretic relationships obtained from the analyses of unretrofitted and retrofitted 

frames are shown in Fig. 4-8. The results indicate about a factor of 2.0 increase in seismic 

resistance with the use of snug-tight tension braces. The maximum lateral load capacity of 

the frame increased from 201 kN at 1.85% drift ratio to 397 kN at 2% lateral drift. The 

crushing of column core concrete in the retrofitted frame initiated at 2.3% drift ratio, 

followed by a rapid strength deterioration and collapse of the building at 3% lateral drift. 

Concrete crushing, which triggered collapse, was attributed to increased column axial 

compression due to the presence of diagonal braces. It was also observed that the tension 

cables yielded during response as depicted in Fig. 4-9, dissipating seismic energy but also 

developing permanent elongation, which led to the pinching of hysteresis curves.  

The use of high-strength strands as tension-only braces resulted in a significant increase 

in seismic force resistance. However, the deformability of the frame did not improve. 

Furthermore, the increase in stiffness of the frame during seismic excitations is expected to 

shorten the period of the overall system, potentially attracting higher seismic forces in the 
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short period range as indicated by seismic response spectra. A seismically deficient frame 

may not need seismic retrofitting during moderate to low magnitude earthquakes in high 

seismic zones. Increasing the stiffness through bracing for such events may be more harmful 

than helpful because of the associated increase in seismic force demands. Furthermore, even 

under strong earthquakes, the interference of the braces in structural response can be delayed 

until the frame has developed significant softening upon cracking and initial yielding, 

reaching a critical drift level beyond which it requires lateral bracing. Therefore, 

progressively engaging cable (PEC) system as tension-only braces was explored as a new 

bracing system for reinforced concrete frames. This requires the use of loose strands that 

will engage in response at different drift levels. The strands could be a single strand in each 

direction, or multiple strands where each strand engages in response at different level of 

lateral drift. The mechanism of the method was explored through inelastic analyses of the 

test frame prior to conducting tests as proof of concept. This was done by modelling the 

strands with a gap link defining the initial slack. The frames were subjected to the same 

loading protocol used in the earlier analyses up to 4% lateral drift as illustrated in Fig. 4-6. 

The initial set of analyses involved the use of 15 mm diameter single loose strands engaging 

at different drift levels. Three different scenarios were considered with three different target 

drift ratios to activate the braces at; i) 1% drift with a cable gap of 21.5 mm, ii) 1.5% drift 

with a cable gap of 32.4 mm, and iii) 2% drift with a cable gap of 43.3 mm. Fig. 4-10 shows 

the analysis results in terms of hysteretic responses. The results indicate that all the frames 

with loose strands developed improved strength. Those that engaged in lateral force 

resistance at higher drifts showed higher deformabilities. The peak resistance of 367 kN was 

attained at 2.7% drift when the strand was activated at 1% drift (as opposed to 201 kN at 

1.85% drift for the unretrofitted frame). The increase in strength was somewhat less when 

the activation of the strands was delayed, but the increase in deformability was higher (343 

kN at 3.2% drift and 310 kN at 4% drift for cables that were activated at 1.5% and 2.0% 

drifts, respectively). The rate of strength decay beyond the peak was reduced as the 

activation of the strands were delayed. The hysteresis loops reflect the increase in stiffness 

at drift levels at which the lateral resistance of the strands was activated. It is also observed 

that the decay in lateral load resistance of the concrete frame beyond its capacity is offset 
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by the participation of the braces, thereby maintain a high level of resistance up to 4% lateral 

drift. This is illustrated in Fig. 4-11. 

The next phase of analyses included multiple progressively engaging loose strands, with 

different percentages of activation drifts assigned. The same test frame was retrofitted with 

three 15 mm diameter high-strength 7-wire strands in each direction. The same modelling 

techniques as the previous models were employed. The first application was designed to 

have one strand engage in load resistance at 1% drift and the other two at 1.5%. The second 

and third applications had one of the three strands engage in 1.5% and 2.0% drift ratios, 

while the other two engaging at 2% and 3% drifts, respectively. This technique led to 

initially low seismic force demands and reduced brace contributions, followed by increased 

resistance, while stiffening the frame and potentially increasing seismic force demands at a 

later stage of load when the frame has already experienced some level of softening. The 

hysteretic relationships obtained from all three analyses are shown in Fig. 4-12. The results 

are consistent with the observations made for the use of single loose strands earlier, except 

for the increased level of force resistance because of the use of multiple strands. The 

deformability of retrofitted frames improved as the engagement of the cables was delayed 

at the expense of developing lower resistance. The number of strands and their activation 

drift levels need to be decided in practical applications based on the nature of the existing 

non-ductile frames and the required enhancements in strength and deformability. In the test 

frame analyzed in this section, the strength decay in the unretrofitted frame began at about 

2% lateral drift. Therefore, it may be feasible to delay the engagement of the first strand to 

1.5% or 2% drift. This decision will depend on the level of strength and ductility 

enhancement expected from the frame to be retrofitted. It was observed in the analyses that 

the first cable that was engaged in lateral load resistance always yielded, while the others 

remained elastic, though some did approach yielding. The axial force-axial deformation 

relationships for the strands are shown in Fig. 4-13 for all of the multi-strand braces.  

The objective of the analyses of the test frame prior to experimental research was to 

decide on the parameters of the test program. Based on the analyses presented, it was 

decided to have two frame tests, one with a single 15 mm diameter 7-wire strand engaging 
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at 1% lateral drift and the other with three strands of the same size, first the first strand 

engaging at 1.5% drift and the other two engaging at 2% lateral drift. The details of the 

experimental research are presented in the following section. 

4.4 Experimental Research 

The 2/3 scale single bay-single span test frame, described earlier with geometric details 

shown in Fig. 4-2, was used in the experimental phase of research. The frame was cast using 

ready-mixed concrete with 10 mm aggregate size. Standard cylinders were cast and tested 

to establish the average concrete strength as 31 MPa. Standard tension coupon tests were 

conducted to establish the mechanical properties of deformed reinforcing bars used in the 

frame specimen. The average yield strengths for 10M, 15M, and 20M reinforcing bars were 

established to be 481 MPa, 450 MPa, and 430 MPa, respectively. Fig. 4-14(a) provides 

typical stress-strain relationships for each type of reinforcing bar used. Coupon tests were 

also conducted on the seven-wire high-strength prestressing strands used to apply the 

gravity loads, as well as forming the PEC elements as tension only X bracings. The strands 

were #15 7-wire prestressing steel with a nominal dimeter of 15.24 mm and a nominal cross-

sectional area of 142 mm2. The ultimate strength of the strands was specified to be 1860 

MPa by the manufacturer. The yield strength, as established by 0.2% offset method was 

1650 MPa. The tensile rupturing strength was observed to be 1857 MPa. Fig. 4-14(b) shows 

the average stress-strain relationship of 7-wire strands.  

The details of the experimental research, including specimen preparation, 

instrumentation, test setup and test procedure are presented in the following sections. 

4.4.1 Preparation of the test frame for testing 

Fig. 4-15(a) shows the frame shortly after it was cast. The frame was first loaded by 

gravity loads by means of vertical prestressing strands. Six high strength steel strands were 

used to apply 800 kN of axial compression on each column with each strand stressed to 133 

kN. This represented about 25% of the nominal column concentric load capacity. Two 

additional point loads, 62 kN each, were applied on the beam by means of two prestressing 
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strands (each stressed to 31 kN), representing the slab loads transferred by two transverse 

beams. The point loads were applied at 850 mm from the face of each column. The 

prestressing was done between two HSS (102mm x102mm x 9.5mm) sections, one placed 

at the top of the beam and the other underneath the foundation. Fig. 4-14(b) shows the 

gravity loads applied.  

Retrofitting the frames required the placement of diagonal strands with a mechanism that 

would allow progressive engagement. This necessitated access to the underside of the 

foundation of the test frame, though the top corners of the frame provided convenient 

locations to place the other ends of the strands. In actual frame buildings this would be done 

by accessing to the underside of the footing resting on the soil at desired locations, or by 

providing a sperate footing for the cables. In the laboratory, where an existing frame was to 

be retrofitted and tested, a new foundation had to be built with appropriate allowance for 

the prestressing strands to support the frame and the cables. The frame was then placed on 

top of the new foundation. The new foundation was designed to support the frame, including 

the gravity and lateral load effects. An important aspect of the new foundation was to allow 

access for the installation of the strands. Two openings were provided and shaped such that 

they had inclined surfaces perpendicular to the strand directions so that the strands would 

be stressed against these inclined concrete surfaces when engaged in lateral load resistance. 

The new foundation was heavily reinforced. It was designed to withstand the anticipated 

cable forces. Ready mixed concrete with 30 MPa strength was used to cast the new 

foundation. Fig. 4-16 shows the position of the new foundation relative to the foundation of 

the existing frame and the laboratory strong floor while illustrating the stages of 

construction. The new foundation was fixed to the laboratory strong floor by means of 8-75 

mm diameter steel bolts to avoid horizontal and vertical movements. Four of these bolts 

were also used to fix the existing foundation of the frame to the new foundation. The next 

step in the implementation of the retrofit strategy was to provide holes in concrete at the top 

beam-column joints, as well as at two corresponding locations in the foundation to connect 

the cables to have X-bracing. The holes were drilled by a professional concrete 

drilling/cutting company such that the angle of inclination of the holes would align with the 

orientation of the strands. The size of the holes was calculated to avoid bearing of the strands 
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on the sides of the holes during the test when the frame is deformed to a maximum possible 

lateral drift of 4%. The first test had a single 15 mm diameter 7-wire strands and a 1.0 inch 

(25 mm) diameter was deemed to satisfy this requirement.  Fig. 4-17(a) illustrates the 

location of one of the holes. The size of the hole was subsequently increased to 2.5 inches 

(63 mm) for the second tests for which 3-15 mm strands were used along each diagonal. 

During the drilling of top joints, two longitudinal column bars were cut unintentionally on 

the right side of the east column.  However, this was not expected to affect the test as this 

region of the column was not critical.  None of the column reinforcement was cut in the 

west column joint located on the actuator side. Two inclined holes were drilled in the 

original foundation with a 1-1/4 inch (32 mm) diameter bit to pass the strands through for 

the first test, which was increased to 2.5 in (63 mm) for the second test. Once again, extreme 

care was exercised to ensure that the cables would not have contact with the concrete edges 

of the holes to avoid cable damage during the test. Fig. 4-17(b) shows the drilling process 

for the bottom holes in the existing foundation.  

Connections for the strands were designed to secure them on top of the beam-column 

joints at the top, and at the bottom of the new foundation that was cast specifically to allow 

for such connections. Different types of strand connections were considered. At the end, it 

was decided to use threaded cone wedge locker system for fixing the strands. This involved 

the use of BBR VT CONA CMM Two/Four mono-strand post-tensioning system after some 

modifications. This post tensioning system locker included wedges, thick wedge retaining 

plates (anchor heads), thick plates as base plates to support the wedge retaining plates, a 

flexible galvanized trumpet duck to gather mono-strands in a smaller area with a specified 

slope, which avoids local stress concentration on strands at sharp edges. 15M (16 mm 

diameter) spirals were embedded in the concrete of the new foundation to provide 

reinforcement for the bursting zone. Anchor heads were designed to support a maximum of 

four high-strength strands under their maximum tensile capacity. They were placed on the 

support plates. The anchor heads could accommodate strands with a maximum diameter of 

15.2 mm. The strands could be locked in using the appropriate size wedges. These cone 

shape wedges had threaded inside surfaces to grab the strands and lock them in under high 

tensile forces expected to be developed when the strands fulfill their functions as tension 
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braces. Fig. 4-18 shows the details of the end anchors. Two L shape plates with triangle 

stiffeners were designed for each of the two top anchors. They provided support to the 

anchor head and the plate as shown in Fig. 4-19(a). The size of the hole between the two 

stiffeners was of the same size as the hole at the tip of the trumpet. This design satisfies the 

slope needed to avoid local stresses on strands because of the excessive bending expected 

during the test. They were placed in the outside corner of the beam-column joints, as 

illustrated in Fig. 4-19(b), with a layer of grout to distribute the load perfectly on the joint 

surface. The overall schematics of the strand anchorage system is shown in Fig. 4-19(c).  

4.4.2 Test set-up and instrumentation 

The frames were first secured on the laboratory strong floor with vertical strands 

applying gravity loads and diagonal PEC strands in place between the diagonal corners with 

appropriate lengths.  Lateral displacement reversals were applied by means of a 1000 kN 

double acting MTS actuator in deformation control mode. One side of the actuator was 

connected to a mechano set, consisting of two rigid A-frames and a steel cross beam fixed 

on the strong floor. The other end of the actuator was attached to one end of the beam by 

means of a plate assembly. This ensured the application of horizontal force during the push 

phase. Pulling was done by pulling a plate placed on the other side of the beam, which was 

attached to the plate at the actuator side by means of 4-25 mm diameter high-strength 

Dywidag prestressing bars. Fig. 4-20 illustrates the lateral loading system. The frame was 

subjected to incrementally increasing lateral drift reversals in the plane of the frame. This 

necessitated the stability of the frame in the transverse direction to simulate the actual frame 

behaviour in multi-bay multi-story buildings. Therefore, a lateral bracing system was 

designed to support the frame in the out-of-plane direction.  

The frame was instrumented to measure displacements and strains at critical locations. 

A total of 8 linear variable displacement transducers (LVDT) and 8 cable transducers were 

used for displacement measurements. Fig. 4-21 shows the locations of all the transducers. 

In addition to the primary measurements by CT 7 and CT 8 for horizontal frame 

displacements, the displacement measurements included lateral and vertical movements of 

foundations and vertical measurements near the column hinging region for anchorage slip 
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and column rotations. CT5 and CT6 were placed to control the horizontal movement of the 

original foundation and the new foundation underneath. In addition, a total of 40 strain 

gauges were placed on reinforcement and prestressing strands. 

4.5 Frame tests, data analysis and results 

The test frame was retrofitted with two arrangements of PEC strands and tested twice. 

Arrangement 1 consisted of a single strand in each diagonal, designed to engage in lateral 

force resistance at 1% drift ratio. Arrangement 2 had multiple strands along the diagonals 

with one strand engaging at 1.5% drift and the other two at 2% drift ratio.   

PEC Arrangement 1 and Test 1:  

The first test was for the frame retrofitted with single loose strands placed along two 

diagonals. The strands were designed and placed on the frame such that each strand would 

engage in lateral force resistance by developing axial tension at 1% lateral drift in each 

direction. Each strand was first passed through the opening in the foundation and the pre-

drilled hole. It was locked by the wedge in the bottom anchor. Each strand was then pulled 

from the top corner by a small force, enough to lock the bottom wedge, while also checking 

for the strand length when it is snug-tight. The strands were then released and locked at their 

design lengths, which was the length that would allow them to start engaging in lateral force 

resistance by overcoming the initial slack and starting to stretch. The maximum anticipated 

lateral frame displacement corresponded to 2.5% drift ratio. Fig. 4-20 shows the frame 

retrofitted by a single strand in each direction prior to testing. 

The frame resistance at 1% drift was 120 kN. After the 1% drift level, the brace provided 

additional resistance with increased strength and stiffness. The test continued up to 2.5% 

lateral drifts. The first three deformation cycles were applied at 0.5% drift when the 

horizontal displacement reached 15 mm. The frame did not develop any new crack during 

these cycles. The cycles at 1% drift level generated cracks at the bottom 1/3 of the columns 

and at the ends of the beams at column faces. The deformation reversals at 1.5% and 2.0% 

drift increased the number of cracks as well as the crack widths. There was no joint cracking 

observed during these stages of loading. The cycles at 2.5% lateral drift (79 mm lateral 
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displacement) generated additional flexural cracks. Diagonal cracks were observed on the 

side faces of columns, as well as at beam column joints. Fig. 4-22 shows the crack patterns 

at this stage of loading. There was no crushing of concrete observed at this stage of loading. 

The target drift level was achieved and the test was terminated without inducing significant 

inelasticity and damage to the frame so that it could be tested once again with the three 

strands implemented for PEC Arrangement 2 as Test 2.  

Experimentally obtained hysteretic lateral force-top horizontal displacement relationship 

is plotted in Fig. 4-23(a). The relationship clearly shows the intended effect of the retrofit 

strategy. It initially showed flexible behaviour based on the frame stiffness alone with the 

strands remaining loose, followed by an increase in stiffness as the strands engaged in force 

resistance at 1% drift (at 32 mm horizontal displacement and corresponding force resistance 

of 112 kN).  The overall system resistance increased to 288 kN at 2.5% lateral drift.  

The frame with PEC Arrangement 1 was modelled and analyzed under the same load 

reversals using software Seismostruct (Seismosoft 2016) described earlier. The hysteretic 

response obtained by the numerical analysis is compared with that recorded during the test 

in Fig. 4-23(b). The comparison shows good agreement between the experimental and 

numerical responses. Of significance is the proof of the concept developed earlier through 

analytical research by testing a large-scale reinforced concrete frame with the engagement 

of the strands at desired level of lateral drift. Further assessment of the comparison indicates 

slightly softer response of the test frame, which is attributed to the prior cracking of the 

frame during its previous test. As was indicated earlier, the frame had been tested in an 

earlier investigation at the University of Ottawa, though the maximum drift imposed was 

limited to 1.13%, having developed cracking but not yielding of reinforcement. However, 

the fame strength and the overall hysteretic response is in almost perfect agreement with the 

numerical response. Other factors that may have contributed to the minor differences 

observed between the experimental and numerical results can be attributed to the frame 

fixity and the manner in which the gravity loads were applied. The columns were fully fixed 

in the analysis, whereas they may have experienced some flexibility during the experiment. 

Furthermore, the gravity load was applied as constant vertical forces in the numerical 
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simulation. However, during the test, they were applied by means of prestressing strands, 

which showed variations in stress during loading. The strands on the loading side developed 

higher forces as they were stretched more, whereas the strands at the other end started 

unloading themselves, a phenomenon that was not simulated in the numerical analysis. 

Furthermore, the horizontal components of prestressing strands, opposing the horizontal 

actuator were not subtracted from the experimental horizontal actuator force, plotted in Fig. 

4-23. Although this effect was believed to be small, due to the low levels of axial forces and 

the limited nature of the lateral drift imposed, it may be a factor explaining some of the 

minor differences in the hysteretic relationships.  

An important aspect of the test program was to validate the performance of the tension 

braces. Therefore, strain gauges were placed on the strands. The variation in strand stresses 

is plotted in Fig. 4-24 for each of the two diagonal PEC braces. It can be observed that the 

strands started developing strains as the applied load approached 112 kN at about 1% lateral 

drift. The strains in the strands continue increasing until the end of the test with a maximum 

recorded strain of 0.0039. This level of strain, which is higher than the yield strain of mild 

steel, is below the yield strain of 1860 MPa prestressing strands. The maximum stress at this 

stage was recorded to be 780 MPa with a corresponding tension force of 110 kN. Remaining 

within the elastic range of deformations is one of the benefits of using high strength strands 

as braces. Elastic response of tension braces promotes self-centering behaviour with reduced 

permanent deformations in the retrofitted frame. 

PEC Arrangement 2 and Test 2:  

PEC Arrangement 2 involved testing of the frame with 3 high-strength strands used as 

tension elements in each direction, where the strands would progressively engage in lateral 

load resistance. The first strand was designed to engage at 1.5% lateral drift. The remaining 

two strands were placed with sufficient slack to start developing tension at 2% drift. Fig. 4-

25 shows the PEC Arrangement 2 prior to conducting Test 2. Test 2 was performed on the 

same frame, after replacing the single tension brace in each direction with three 7-wire 

strands. Having validated the concept with Test 1, the intent was to increase the contribution 

of lateral load resistance provided by the strands. This time the test was intended to continue 
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until failure.   

The frame initially showed almost the same behaviour as that observed during Test 1 

before reaching 2.0% of lateral drift. Cycles at 2.5% generated additional flexural and 

inclined shear cracks. The presence of higher axial compression in columns, because of the 

higher diagonal tension forces in the strands, resulted in the onset of concrete cover crushing 

near the base. The damage observed in the columns, as well as the crack patterns marked 

on the frame are illustrated in Fig. 4-26. Increase in lateral deformation levels to 3.0% and 

3.5% drifts resulted in increased crushing of cover concrete at the ends of the columns. The 

flexural and diagonal tension cracks in frame elements became wider. The retrofitted frame 

continued increasing its lateral force resistance because of the contributions of the braces. 

The damage induced at the end of 3.0% and 3.5% drift cycles are illustrated in Fig. 4-27 

and 4-28, respectively. The flexural and diagonal tension cracks in frame elements became 

wider. The retrofitted frame continued increasing its lateral force resistance during the 

subsequent deformation cycles because of the contributions of the braces. However, the 

frame suffered significant damage during 4% drift cycles as shown in Fig. 4-29  and 4-30 

could not sustain the third cycle at this deformation level. Significant crushing of concrete 

occurred in the columns. Furthermore, the buckling of column reinforcement was observed 

both at the base and at the beam-column join regions. The frame became unstable in the out-

of-plane direction and the test was terminated after two cycles at 4% drift. Fig. 4-30 shows 

the frame at the end of the test. 

Hysteretic response of the retrofitted frame during Test 2 is depicted in Fig. 4-31(a). The 

frame indicates initially softer response provided by the frame alone, followed by a gradual 

increase in stiffness and strength as the strands start engaging in force resistance at 1.5 % 

and 2.0% drift levels. The test exhibited the anticipated behaviour with the frame developing 

higher lateral force resistance at 4% drift, prior to reaching failure at 588 kN.   

The frame with PEC Arrangement 2 was modelled and analyzed under the same load 

reversals using software Seismostruct (Seismosooft 2016) described earlier. The hysteretic 

response obtained by the numerical analysis is compared with that recorded during the test 

in Fig. 4-31(b). The comparison shows reasonably good agreement, with experimental 
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response indicating stiffer response. The strain gauge data on the strands indicate that the 

strands were engaged in response about 0.5% drift sooner than what had been intended, 

resulting in stiffer response sooner that what had been anticipated. Fig. 4-32 illustrates 

measured forces in strands. As can be seen, the first set of strands were engaged at 

approximately 30 mm and 40 mm in the push and pull directions, respectively, which 

correspond to 1% and 1.3% drift ratios. The second set of strands were engaged at lateral 

displacements of approximately 45 mm and 50 mm, corresponding to 1.5% and 1.7% lateral 

drift ratios. However, the overall response prediction was deemed to be satisfactory to 

provide proof of the concept of progressively engaging strands. 

The strain data on the strands indicated a maximum strain of 0.0078, which occurred 

when the frame was pushed to 4.5% and base shear force reached 557kN shortly before the 

frame became unstable. The maximum strain was recorded in the first strand of the brace 

between the top east corner and the bottom west corner, developing 1560 MPa stress and 

221kN tensile force. The second set of strands (double strands) in the same diagonal 

direction developed a maximum strain of 0.0071 and the corresponding stress of 1420MPa. 

The total force in this double-strand brace was 402kN. The braces in the other diagonal 

direction (between top west corner and bottom east corner) developed similarly high strains, 

with recorded values of 0.0072 in the first brace and 0.0063 average strain in the double-

strand second brace at the maximum lateral drift of 4% with corresponding tensile forces of 

204 kN and 358 kN, respectively. 

4.6 Conclusions 

The following conclusions can be drawn from the combined experimental and 

analytical investigation conducted for developing progressively engaging cable (PEC) 

system of seismic retrofitting for non-ductile reinforced concrete frame structures. 

• The new tension-only bracing system that was developed for reinforced concrete frame 

structures, consisting of progressively engaging cables (PEC), demonstrated the 

desired features of seismic strengthening when needed during response, lateral drift 

control and improved deformability. Tests of large-scale frames retrofitted with the 

PEC system, designed to engage in lateral force resistance at higher drift levels proved 
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the concept of controlled participation in response thereby increasing seismic resistance 

when needed at higher drift levels without increasing seismic force demands during 

initial response when the frames alone have sufficient resistance.  

• Delayed participation of the PEC system in seismic response results in increased 

deformability of retrofitted frames. Seismic force resistance of the PEC braces 

gradually increase as seismic forces are transferred from the decaying response of the 

non-ductile frame to the brace system, which assumes a higher role in the overall 

seismic force resisting mechanism of the structure. 

• Tightly connected tension-only braces, unlike the PEC system, start resisting seismic 

forces as soon as the frame is subjected seismic excitations, stiffening the structure, and 

shortening its period with potentials for increasing seismic force demands. This results 

in increased axial tension and compression in the attached columns, potentially having 

detrimental effects at small lateral drift ratios in terms of net column tension, potentials 

for foundation lift-up and/or column concrete crushing, thereby limiting frame 

deformability. However, these systems may be effective for increased seismic force 

resistance and drift control, so long as other detrimental effects are controlled through 

precautionary measures. 

• Multi-cable PEC systems may result in self centering of the frame through elastic 

response of some of the cables.  The use of high-strength 7-wire strands enables the 

development of elastic response in some of the cable, while other may yield and 

dissipate energy. 
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4.8 Tables and Figures 
 

 
Figure 4-1Loose cables used for steel frames 

 

 
(a) Front elevation view 
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Figure 4-2 Test frame section details 

 

 

 

Figure 4-3 Material models for concrete and reinforcing steel 
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Figure 4-4 Cross-sectional discretization pattern for beams and columns 

 
Figure 4-5 Degrees of freedom of both ends of an elements 

 

 

Figure 4-6 Loading protocol used for tests and analyses 
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Figure 4-7 Analytical models for the test frames 

 

Figure 4-8 Hysteretic relationships for unretrofitted and retrofitted frames 

  
Figure 4-9 Hysteretic relationship of a snug-tight steel brace 
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Figure 4-10 Hysteretic relationships of buildings with strands engaging at different 
drift levels 

 

 
Figure 4-11 Distribution of total base shear between the frame and the tension braces 

under progressively increasing lateral deformation cycles 
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Figure 4-12 Hysteretic relationships of buildings with multiple strands engaging at 
different drift levels 

 
 
 

 

(a) Strand 1 engaged at 1% drift; Strands 2 

 

(b) Strand 1 engaged at 1.5% drift; Strands 2 
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& 3 engaged at 1.5% drift and 3 engaged at 2% drift 

 

 

(c) Strand 1 engaged at 2% drift; Strands 2 and 3 engaged at 3.0% drift 

Figure 4-13 Hysteretic relationships of buildings with multiple strands engaging at 
different drift levels 

 
(a) Reinforcing bars 

 
(b) 7-wire strands 

Figure 4-14 Stress-strain relationship for steel used in the test frame 
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Figure 4-15 Test frame 

 

(a) Schematics of the new foundation location 

 

(b) Preparation of the new foundation 

 

 

(c) Strand end surface 

Figure 4-16 Preparation of the new foundation to facilitate the placement of diagonal 
strands 
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Figure 4-17 Preparation of the new foundation to facilitate the placement of diagonal 
strands 

 
(a) Spiral transverse reinforcement, trumpet and support plate 

 

 
(b) Anchor head that can accommodate up to 4 strands 
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(c) Threaded cone shaped wedges to fix seven wire strands 

Figure 4-18 Anchorage details for diagonal PEC strands 

  
                  (a) Top corner L-shaped bearing plates                  (b) Grouting the surface 

 

 
(c) Schematic of retrofitted frame showing strand anchors 

 
Figure 4-19 Top bearing plates and anchorage locations 
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Figure 4-20 Test setup 

 
Figure 4-21 Instrumentation 
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(a) West beam-column joint 

 
 

(b) East beam-column joint 

 
(c)  West column 

 
(d) East column 

Figure 4-22 Crack patters at the end of the test after completing 2.5% lateral drift cycles 

 
(a) Experimental results 

 
(b) Experimental versus numerical results 

Figure 4-23 Comparisons of hysteretic relationships for Test 1 with PEC Arrangement 1 
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(a) Strand 1: bottom west to top north corner 

 
(b) Strand 2: bottom east to top west corner 

Figure 4-24 Variation of forces in strands during the first test with PEC Arrangement 1 

    

Figure 4-25 PEC Arrangement 2 

 
(a) East column  

 
(b) West column  

 
(c) East top joint 

 Figure 4-26 Damage observed at 2.5% drift - PEC Arrangement 2 
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(a) West column  

 
(b) East column  

 
(c) West top joint 

Figure 4-27 Damage observed at 3.0% drift - PEC Arrangement 2 

 
(a) West column  

 
(b) East column  

 
(c) West top joint 

  
Figure 4-28 Damage observed at 3.5% drift - PEC Arrangement 2 
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(a) West column  

 
(b) East column  

 
(c) East top joint 

Figure 4-29 Damage observed at 4.0% drift - PEC Arrangement 2 

 

 
 

 

 
 

Figure 4-30 Test frame at the end of the test - PEC Arrangement 2 
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(a) Experimental results 

 
(b) Experimental versus numerical results 

 
Figure 4-31 Comparisons of hysteretic relationships for Test 2 with PEC Arrangement 2 

 
(a) Strand 1: bottom west to top north corner 

 
(b) Strand 2: bottom east to top west corner 

 
Figure 4-32 Variation of forces in strands during the second test with PEC Arrangement 

2
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5 Development of Progressively Engaging Tension Braces for Seismic 
Retrofit of Reinforced Concrete Frames  

Abstract: 

Reinforced concrete buildings built prior to the enactment of modern seismic codes often 

have deficient strength and/or ductility to withstand strong earthquakes. A common seismic 

risk mitigation strategy is to implement seismic retrofits to improve their performance. For 

non-ductile frame buildings, conventional retrofit techniques include lateral bracing by 

adding reinforced concrete shear walls or structural steel bracing systems to increase 

strength and stiffness, while also aiming for improved deformability and drift control. After 

the 1985 Mexico City Earthquake, tension only cable braces have also been used and 

investigated as a seismic retrofit technique. In this approach, high-strength prestressing 

strands or cables are placed diagonally for lateral bracing.  

Lateral bracing of seismically deficient frames results in increased stiffness, reduced 

building period and increased seismic force demands. They also impose higher force 

demands in the attached columns and building foundation, increasing column axial tension 

and compression, potentially leading to foundation uplift and/or concrete crushing as they 

improve seismic shear resistance of the overall system. A new tension-only cable bracing 

system has been developed as part of the current research program through experimental 

and analytical research (Khosravi and Saatcioglu (2021)a), consisting of progressively 

engaging cable (PEC) system whereby high-strength cables are engaged in seismic force 

resistance in a controlled manner. In this system, the strands are placed loosely as tension 

elements to engage in force resistance progressively, elimination increases in seismic force 

demands during more frequent earthquakes of low to medium intensity and engaging in 

frame bracing when the earthquake intensity is increased. In this application, the strands 

initially remain unstressed until the lateral drift reaches a critical value, beyond which the 

frame requires additional lateral resistance. The application of the new system is 

demonstrated by selecting a medium-rise and a low-rise non-ductile reinforced concrete 

frame buildings as representatives of pre-1970s design practice, located in a region of high 

seismicity. The buildings are retrofitted with either snug-tight tension cable braces or with 

the PEC system that engage at different levels of pre-determined drift levels. The results are 
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compared in terms of hysteretic responses, indicating seismic force and deformation 

demands. The superior performance of the PEC system in terms of improved seismic force 

and deformation resistance is demonstrated. 

Keyword: Concrete frames, bracing, cables, ductility, drift control, earthquake engineering, 

reinforced concrete, seismic design, seismic retrofit. 

5.1 Introduction  

Performance of buildings during past earthquakes has demonstrated poor performance 

of non-ductile reinforced concrete frame building when subjected to strong earthquakes 

(Saatcioglu et al. 2013, Saatcioglu et al. 2006, Mitchell et al. 1995). Because it is not 

economically feasible to replace these buildings with new buildings designed using strength 

and ductility requirements of current building codes, seismic retrofit remains to be a viable 

seismic risk mitigation strategy. Seismic retrofit of existing frame buildings is implemented 

either at the element level, as retrofitting of columns, beams, beam-column joints or walls; 

or globally affecting the entire lateral load resisting system either by adding lateral bracing 

for strength, stiffness and drift control, or by changing the dynamic characteristics of 

buildings through the use of supplementary damping or base isolation devices. Element 

level seismic retrofit techniques are intended to improve seismic force-deformation 

characteristics of individual elements or components. System level seismic retrofit 

techniques are implemented to affect the global structural behaviour of the lateral load 

resisting system. Global retrofit techniques often involve introducing lateral braces to the 

structure or enhancing the existing structural or non-structural bracing elements to improve 

their behaviour under seismic excitations. Conventional bracing systems involve adding 

new concrete structural walls (e.g. Altin et al. (1992), Arslan et al. (2010), (Canbay et al. 

2003), (Frosch et al. 1996)) or structural steel braces (e.g. Badoux and Jirsa (1990), Bartera 

and Giacchetti (2004), Bush et al. (1991), Fukuyama and Sugano (2000)). Additional 

bracing systems have been developed in recent years in the form of enhancing existing non-

structural infill walls with fibre-reinforced polymer composites (FRP) (e.g. Arifuzzaman 

and Saatcioglu (2012), Saatcioglu (2019)) and using buckling restrained braces (e.g. 

Tremblay et al.  1999, 2006, 2011; Uang and Nakashima (2004), López et al. (2004), and 
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Al-Sadoon et al. (2020)). The bracing systems also include compression-only (Caron 

(2010)) and tension-only braces (Pincheira José and Jirsa James (1995), Shalouf and 

Saatcioglu (2006), Carrière (2008), Molaei and Saatcioglu (2014)). 

Previous research demonstrated the effectiveness of structural bracing systems. They 

provide retrofit solutions to existing non-ductile frames, which typically have lower lateral 

force capacities. These systems have different degrees of interference with existing 

buildings, some highly intrusive, affecting the cost of construction as well as the building 

down time.  Lateral bracing results in increased stiffness, reduced building period and 

increased seismic shear demands. They also impose higher force demands in the attached 

columns and building foundations, increasing column axial tension, potentially leading to 

foundation uplift, while they improve seismic shear resistance of the overall system. A new 

tension-only cable bracing system has been developed as part of the current research 

program through experimental and analytical research ((Khosravi and Saatcioglu (2021)a), 

comprising of progressively engaging cables (PEC). The system consists of high-strength 

cables/strands, developing seismic force resistance in a controlled manner, each cable 

becoming active at a different level of lateral drift. In this system, the strands are placed 

loosely as tension elements to engage in force resistance progressively, without increasing 

seismic force demands during more frequent earthquakes of low to medium intensity and 

engaging in frame bracing when the earthquake intensity is increased, becoming a threat to 

building safety. The strands initially remain unstressed until the lateral drift reaches a critical 

value, beyond which the frame requires additional lateral resistance to be provided by the 

tension cables. The system has been validated by testing large-scale reinforced concrete 

frames under simulated seismic loading. Fig. 5-1 shows two frame tests with initially loose 

strands. The frame during Test 1 had single strands in each direction, designed to engage in 

lateral force resistance at a pre-determined drift ratio of 1%. Fig. 5-1(b) shows the hysteretic 

response obtained during the test, exhibiting initially softer response, followed by increased 

stiffness beyond the 1% drift level upon the engagement of the strands in lateral load 

resistance. The frame during Test 2 was equipped with three strands in each diagonal, 

designed such that the first strand would begin resisting lateral forces at 1.5% drift and the 

remaining two strands would begin resisting lateral loads at 2% lateral drift. Fig. 5-1(d) 
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shows the hysteretic response obtained during the test, once again showing the participation 

of strands gradually at pre-established drift levels. An analytical study was also conducted 

on the test frame with three different PEC strands subjected to the same incrementally 

increasing later deformation reversals employed in the experimental research. The analysis 

was conducted using software Seismostruct (Seismosoft 2016) with the analytical model 

shown in Fig. 5-2. These analyses consisted of three scenarios with three cables in each case 

((Khosravi and Saatcioglu (2021)a). The first scenario has the first cable activated at 1% 

drift and the other two cables activated at 1.5%. The second scenario has the first cable 

activated at 1.5% and the other two activated at 2.0% drift, and finally the third scenario has 

the first cable activated at 2% and the other two activated at 3.0%. The hysteretic 

relationships obtained are shown in Fig. 5-3 with the slopes of hysteresis loop becoming 

stiffer after the engagement of each cable. This provides additional results for the proof of 

concept of PEC cables. 

The concept of delayed participation of tension braces were also developed by Hou and 

Tagawa (2009), and Mousavi and Zahrai (2017) for steel frames. The former group of 

researchers used a cylindrical steel element in a central location of the X arrangement of 

tension cables, which allowed an initial slack in the system, delaying the development of 

tension forces in cables. The latter group used additional steel extenders tied to the cables 

at frame corners to leave slackness in the cables, equipped with turnbuckles for the 

adjustment of the cable slackness. Both groups of researchers applied the concept to scaled 

structural steel test frames and demonstrated their effectiveness.  

The objective of the current phase of research is to demonstrate the application of the 

PEC system of seismic retrofit to two prototype buildings located in a high seismic region 

of Canada. The buildings consist of a medium-rise and a low-rise non-ductile reinforced 

concrete frame building, representative of pre-1970s design practices. The buildings are 

retrofitted with snug-tight tension cable braces and PEC system that engages in lateral force 

resistance at different levels of pre-determined drift levels. The results are compared with 

those obtained from the analysis of unretrofitted buildings to illustrate the significance of 

the seismic retrofit strategies employed.  
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5.2 Selection of prototype buildings and dynamic analysis 

Two reinforced concrete frame buildings with two different heights were selected for 

seismic retrofitting to demonstrate the effectiveness of the PEC system. The buildings either 

had a 6-storey or a 2-storey height, representing mid-rise and low-rise buildings. The floor 

plan was selected as a modified version of the frame building designed in the Canadian 

Concrete Design Handbook (CAC 2008). Fig. 5-4(a) illustrates the floor plan, which was 

common to both buildings. The buildings were designed for Vancouver, Canada, using the 

1965 edition of the National Building Code of Canada NBC ((NRCC 1965)). The design  

internal forces were governed through the analysis of the frames carried out by using 

ETABS software ((CSI 2015)), and the frames were designed according to ACI (1963). Fig. 

5-4(b) and Fig. 5-4(c) show the computer models used for design. The buildings were 

designed for gravity loads that consisted of dead and live loads, and lateral loads that 

consisted of wind and seismic loads. The gravity loads included superimposed dead loads 

of 1.0 kPa for partitions, 1.0 kPa for roofing and mechanical, and 1.6 kPa mechanical in the 

middle 5.7 m span. The design live loads included 4.9 kPa for the first floor and 2.4 kPa for 

the other floors with 1.3 kPa snow load on the roof, 25% of which was included in the 

seismic mass. The wind load was selected as 1.05 kPa and seismic forces were calculated 

as per the 1965 NBC ((NRCC 1965)). Concrete compressive strength of f’c = 30 MPa, and 

reinforcement yield strength of fy = 400 MPa were used in both building designs. This 

resulted in 450 mm square exterior columns and 500 mm square interior columns with 400 

mm x 600mm beams for the 6-storey building; and 400 mm square columns and 400 mm x 

500 mm beams for the 2-storey building. The fundamental periods of the 6-storey and 2-

storey buildings were 1.65 sec and 0.84 sec, respectively, based on cracked section 

stiffnesses (60% and 40% of gross section properties for columns and beams) and the 

empirical code expressions given in the (NBCC 2015). 

The buildings were analyzed using “Seismostruct” software (Seismosoft (2015)), which 

is a powerful finite element tool for non-linear dynamic response history analysis. The 

software has element models for beams and columns with capabilities for geometric and 

material non-linearities. The flexural behaviour of beam and column sections is obtained 
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through the integration of stresses and strains in individual fibers with nonlinear uniaxial 

material models assigned to each fiber. The member response is obtained by fully 

accounting for the spread of inelasticity along the member length by integrating individual 

sectional response. This type of modelling is considered to be an accurate representation for 

flexural behaviour since it can consider inelastic behaviour along the entire length of a 

structural member. It is recommended to have at least 200 fibers in each cross section 

(Seismosoft 2015). In addition to the section fibers, up to 7 integration sections may be 

needed to accurately model the hardening response of members, following 4 or 5 integration 

sections recommended by Seismostruct manual to ensure response in the softening range. 

Seismostruct also considers plastic-hinging within a fixed length of the element ((Scott and 

Fenves 2006)). The modelling technique used requires the specification of the potential 

plastic hinge length. The plastic hinge length was calculated according to Paulay and 

Priestley (1992) formulation. The buildings and the materials were modelled as described 

in the next section.  

Frame deformations were calculated considering inelastic behaviour of elements. P-

Delta effects were incorporated into the analysis by calculating large displacements through 

the total chord rotation formulation developed and implemented by (Correia and Virtuoso 

2006). The chord rotation formulation is based on an exact description of the kinematic 

transformations associated with large displacements and three-dimensional rotations of 

beam-column members. This leads to the correct definition of element deformations and 

forces, as well as to the effects of geometrical non-linearities on the stiffness matrix. The 

implementation of this formulation considers small deformations relative to the element’s 

chord, notwithstanding the presence of large nodal displacements and rotations. In the local 

chord system of the beam-column element, six basic displacement degrees-of-freedom and 

corresponding element internal forces are defined, as shown in Fig. 5-5. The internal forces 

developed by inelastic frame elements are computed by the software. These values are 

correlated with axial forces, shear forces and moments (caused by flexural or torsional) at 

the end of each node. By finding both forces and deformations (rotations) at the ends of 

each element, the hysteretic behaviour can be obtained in the form of a force-displacement 

relationship. 
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Dynamic analysis was conducted using 12 different seismic records generated for 

western Canada (Atkinson 2009). The records consisted of 4 short records (S1-S4) with a 

maximum PGA of 0.44g, 4 long records (L1-L4) with a maximum PGA equal to 0.4g, and 

4 Cascadia records (C1-C4) with a maximum PGA of 0.25g. The time histories of the 

records are shown in Fig. 5-6. The comparisons of response spectra with the design 

spectrum The comparisons of response spectra with the design spectrum by using 

“SeismoMatch” program (Seismosoft 2016) are shown in Fig. 5-7. The damping considered 

in all the analyses was 5% of critical damping. The analytical models shown in Fig. 5-4 

were used to conduct dynamic analyses. The floor slabs were considered as rigid 

diaphragms and the columns were considered to be fully restrained at the foundation level 

against all rotations and displacements in all directions. All the structural members were 

modelled using inelastic material models for concrete and reinforcing steel. The concrete 

model used was developed by (Madas 1993) following the stress strain relationship for 

confined concrete proposed by Mander et al. (1988). The cyclic behaviour of concrete as 

proposed by (Martínez-Rueda and Elnashai 1997) as illustrated in Fig. 5-8(a) was adopted 

for all frame elements. The reinforcing steel was modelled using a uniaxial stress-strain 

model for mild steel. It was based on the stress-strain relationship proposed by (Menegotto 

and Pinto 1973), followed by the isotropic hardening rules proposed by (Filippou et al. 

1983). The cyclic seismic loading rules were recommended by (Fragiadakis et al. 2008). 

The model is illustrated in Fig. 5-8(b). It was indicated to be suitable for modeling the 

behavior of reinforced concrete elements under reversed cyclic loading, especially for 

buildings subjected to seismic loading where significant load reversals might occur.       

5.3 Un-retrofitted buildings    

The un-retrofitted frame buildings were subjected to the 12 different seismic records 

indicated in the preceding section. The results indicate that the 6-storey un-retrofitted 

building exceeded the code specified storey drift limit of 2.5% (NRCC 2015) and reached 

collapse by exceeding the crushing limit of concrete and becoming unstable after 5% lateral 

drift under the Cascadia seismic record, CW3. This is consistent with the response spectra 

presented in Fig. 5-7, in which the spectral values for the 6-storey building with initial 

mk:@MSITStore:C:%5CProgram%20Files%20(x86)%5CSeismosoft%5CSeismoStruct%5C2018%5CSeismoStruct.chm::/About%20SeismoStruct/Bibliography.htm
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fundamental period of 1.65 sec show the highest response accelerations for Record CW3. 

The corresponding maximum base shear force for the building was 7226 kN. The first 

yielding in longitudinal column reinforcement occurred at 0.8% of the first-storey drift at 

5150 kN of base shear force. The crushing of cover concrete occurred at 1.33% lateral drift 

and the crushing of column core took place at 2.5% storey drift. The 2-storey building also 

developed highest response under the same earthquake record (Cascadia – CW3) with a 

maximum inter-storey drift of 3.69% and a maximum base shear of 3029 kN. These 

response quantities are excessive for non-ductile older buildings and indicate high level of 

damage. Table 5-1 provides a summary of analysis results for both mid-rise and low-rise 

un-retrofitted buildings.  Fig. 5-8 shows the first-storey base shear versus lateral drift 

hysteretic relationships.  

5.4 Retrofitted buildings    

The two prototype buildings selected were retrofitted with tension braces, consisting of 

1860 MPa high-strength prestressing strands. Two types of steel cables were used for two 

types of tension braces, where each type was implemented in both buildings. Fig. 5-9 

illustrates the models used for the analysis of buildings. The 6-storey building was 

retrofitted by bracing 4 bays in the critical short direction and the 2-storey building had two 

braces because of the lower seismic base shear observed in this building. The strands were 

modelled as tension elements with stress-strain relationships as established through coupon 

tests of the strands used, as illustrated in Fig. 5-10.  They were attached to the joints through 

gap elements. The gap links were defined in a way that the strands worked only in tension 

and no compression force was transferred to the braces. The first retrofit strategy involved 

the use of snug-tight strands with the length of each strand set to fit the diagonals between 

the lower and upper opposite corners of the selected bays, without any prestressing. The 

number and the size of the strands were established through preliminary analyses of 2-

dimensional plane frames to save computational time. The frames were subjected to the 

Cascadia CW3 record, which was found earlier to be critical for the unretrofitted buildings. 

The criterion used to establish the brace size was to reduce the maximum inter-storey drift 

to a level lower than the upper limit of 2.5% indicated in the 2015 NBC (NRCC 2015). This 
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resulted in the use of three different size cables for the 6-storey building, consisting of 

bundled or multiple strands to form steel areas that correspond to cables having a diameter 

of; i) 56 mm for the first floor, ii) 40 mm for the second and third floors, and iii) 10 mm for 

the upper floors. The 2-storey building was retrofitted with two 7-wire strands having a total 

nominal diameter of 30 mm for the first floor and a single strand with a nominal diameter 

of 15mm for the second floor.  

The second retrofit strategy comprised of progressively engaging, initially loose strands 

(PEC System). Since the most critical floor level was established to be the first floor in the 

response of the un-retrofitted building, the strands for the first floor were designed to have 

multi-stage of engagement in seismic resistance. Accordingly, two bundles of strands were 

used as tension braces for the first storey; i) strands with an equivalent nominal diameter of 

35 mm to engage in force resistance at 1.5% inter-storey drift, and ii) strands with an 

equivalent nominal diameter of 40 mm to engage in seismic response at 2.0 % inter-storey 

drift level. Second and third stories were braced with strands having an equivalent nominal 

diameter of 40 mm, while the fourth level braces had a nominal diameter of 20 mm. The 

top two stories, i.e., the fifth and sixth floor levels had strands having a nominal diameter of 

15 mm. The braces above the first-floor level had a single level of engagement in response, 

design to take forces when the inter-storey drift ration exceeded 1%. For the two-storey low-

rise building, the braces for the first and the second floors had a nominal diameter of 30 mm 

and 15 mm, respectively, both designed to engage in seismic response at 1% inter-storey 

drift.  

The 3-D models of both retrofitted buildings were developed and analyzed under the 12 

earthquake records selected for the region. The results are summarized in Table 5-2 and 

indicate that, just like the companion unretrofitted buildings the results of which are 

summarized in Table 5-1, the highest response was obtained from the Cascadia CW3 record. 

The maximum base shear under this record resulted in 15,363 kN when snug-tight cables 

were used in the 6-storey building. The use of PEC system resulted in about 25% reduction 

in base shear to 11,749 kN. Furthermore, the maximum axial tension in the snug-tight first-

storey cables was recorded to be 2,839 kN, corresponding to a maximum tensile strain of 
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0.0057. The maximum tension in PEC cables was 1,799 kN, representing a 36% reduction 

in cable tension. Similar observations were made for the 2-storey buildings. The snug-tight 

cables resulted in a maximum base shear of 5,599 kN, as opposed to the PEC system, which 

led to a maximum base shear of 4,919 kN. The maximum axial tension in the first-storey 

braces of the 2-storey building reduced from 1,301 kN for the snug-tight retrofit scheme to 

904 kN for the PEC system. Fig. 5-11 shows the cable forces developed at the first-storey 

level. The reduction in bracing forces resulted in reduced axial forces in the critical first 

storey columns to which the braces were attached, eliminating uplift in columns due to 

excessive tension and the crushing of column concrete under high axial compression. The 

time histories of the first-storey column (Column C1) shear and axial force demands are 

illustrated in Fig. 5-12.  The use of snug-tight cables in the 6-storey building resulted in very 

high column shear force demands in excess of 1500 kN during the first 53 sec. of response 

as opposed to the PEC system which showed about 200 kN column shear demand. This is 

the range of response when displacements were relatively low, as would be in the case of 

low to moderate seismic excitations. At maximum response, just prior to reaching 55 sec. 

in response, the snug-tight cables induced 2,648 kN of shear force on Column C1, whereas 

the maximum shear response due to the use of the PEC system was 1,618 kN. 

Corresponding reductions in column axial tension was observed; 2839 kN in Column C1 

when snug-tight cables were used down to 165 kN in the PEC system. Similar reductions in 

column axial tension was observed in the retrofitted 2-storey buildings. The snug-tight 

cables generated 646 kN of axial tension at bottom of Column C1 while in the same force 

was reduced to 326 kN when the PEC system was used. The maximum response quantities 

for both buildings are summarized in Table 5-2.  

The hysteretic response of the critical first storey of all the buildings analyzed are 

compared in Fig. 5-13. The results indicate that the retrofitted buildings have high seismic 

force resistances. The snug-tight cables led to more rigid buildings with reduced 

fundamental periods and increased seismic force demands. The cables remained elastic, and 

the building responded rigidly as soon as the seismic excitation has begun with reduced 

deformation demands and increased force demands. The PEC system engaged in seismic 

resistance gradually. In the case of 6-storey building, the first set of cables were engaged at 



 
 

 

156 

1.5% drift, followed by the second set of cables at 2.5% drift. The earthquake excitation 

was such that the deformation demand was higher in the negative direction, resulting in the 

failure of the unretrofitted building, whereas the PEC retrofitted building showed stable 

hysteretic response, resisting higher forces while remaining within the maximum drift limit 

of 2.5%.  The PEC system of retrofit also showed that the seismic force demands would not 

be increased up to 1.5% drift ratio within the boundaries of seismic response to moderate to 

low levels of earthquakes. Similar comparison is made for the 2-storey building. While both 

retrofit systems resulted in increased seismic force resistance, the PEC system showed 

delayed increase in force demands when needed by strong ground shaking beyond 1% 

lateral drift. 

5.5 Use of separate footings for first-storey cables    

The buildings considered in preceding sections had tension cables connected to frame 

corners, transferring brace forcing to the columns, increasing column axial compression 

during response and creating the possibility of developing net tension in the columns. The 

use of PEC system resulted in significant reductions in column axial forces, as well as 

column shear force demands. Further reductions can be obtained if the first storey cables 

are attached to separate footings, rather than the first storey columns (Khosravi and 

Saatcioglu (2021)b). The 6-storey building was further analyzed with the PEC braces 

anchored to the ground through their own foundations.  Table 5-3 shows the comparisons 

of column shear and axial forces at the lowest two floors resulting from two analyses of the 

6-storey building; i) with the first storey PEC braces attached to the first storey columns and 

ii) with the PEC braces anchored to their own footings in the ground. The latter arrangement 

reduced base shear on the column adjacent to the brace significantly (from 1618 kN to 227 

kN) while eliminated column axial tension completely. 

5.6. Conclusions    

The following conclusions can be drawn from the analytical investigation reported 

in the preceding sections on the use of PEC system of seismic retrofitting of non-ductile 

reinforced concrete frame buildings in seismically active regions. 

• Non-ductile frame buildings located in seismically active regions of Canada, designed 
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prior to 1970s, may show excessive deformation demands that exceed the current drift 

limits outlined in the NBC 2015 (NRCC 2015), potentially suffering from significant 

damage. The 6-storey mid-rise building designed for Vancouver, Canada, using the 

1965 NBC (NRCC 1965) reached collapse by exceeding the crushing limit of first-

storey column concrete and became unstable after 5% lateral drift under the Cascadia 

Earthquake Record scaled to match the design response spectrum of the NBC 2015 

(NRCC 2015). The 2-storey low-rise building designed using the 1965 NBC (NRCC 

1965) for the same location developed a maximum inter-storey drift of 3.69% and also 

showed significant damage under the same earthquake record.  

• Seismically deficient reinforced concrete frame building can be retrofitted with the 

use of tension only braces that consist of high-strength steel cables placed 

diagonally, snug-tight, between the opposite corners of selected frame bays. The 

braces can be designed for the required increase in lateral strength and stiffness of 

the building. This results in the shortening of the building period, attracting higher 

seismic forces, accompanied by higher base shear demands. The braces may 

develop significant axial tension and/or compression in the attached columns, 

potentially resulting in net tension and foundation up-lift, or concrete crushing 

under excessive axial compression. Hence, when implemented, the lower-storey 

columns and foundations should be assessed for additional retrofit needs. 

• The use of progressively engaging cables (PEC system of retrofit), where the cables 

remain loose until they participate at pre-selected design drift levels, showed stable 

hysteretic response, fulfilling the retrofit objectives without increasing seismic force 

demands until they are needed to control lateral drift. The cables do not engage in 

seismic resistance during frequent seismic events of low to intermediate intensity, and 

do not increase seismic force demands in this range of seismicity until the earthquake 

intensity is increased and additional lateral force resistance is needed. The delay in 

seismic force resistance results in increased building deformability with reduced base 

shear, as lateral force resistance is transferred from decaying frame elements to the 

braces. The PEC system of retrofit also develops reduced brace forces, controlling 
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additional axial forces applied on the adjacent columns. Both the 6-storey mid-rise and 

the 2-storey low-rise buildings considered for investigation developed significant 

seismic force resistance at maximum drift demands of 2% to 2.5% when analyzed 

under the NBC 2015 (NRCC 2015) compatible seismic excitation. The PEC braces 

remained elastic, contributing towards self centering of the building after the 

earthquake. 

• Additional axial forces induced by tension braces on adjacent columns can be 

eliminated if the braces at the first-storey level are anchored to separate footings 

provided to support the braces. This method of anchoring the braces also reduce 

column base shear significantly. 
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Table 5-1 Summary of dynamic analysis results for un-retrofitted buildings 
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Cascadia 

CW1 142 3.15 7170 147 3.26 2932 
CW2 98 2.17 6734 77 1.72 2725 
CW3 220> >5 7226 166 3.69 3029 
CW4 83 1.84 7003 81 1.81 2769 

Long Records 

LW1 47 1.04 5906 59 1.3 2641 
LW2 72 1.59 6518 59 1.3 2645 
LW3 63 1.4 6391 59 1.3 2692 
LW4 68 1.5 6640 56 1.25 2644 

Short Records 

SW1 62 1.38 6757 43 0.95 2110 
SW2 27 0.6 4240 73 1.62 2801 
SW3 26 0.57 4031 60 1.34 2572 
SW4 41 0.9 5752 50 1.11 2264 

Table 5-2 Maximum response quantities in retrofitted buildings 

Building 
Type 

Tension 
Cable 
Braces 

Brace 
Arrangement 

Max. 
Base 

Shear 
(kN) 

Max. 
Column 

C1 
Axial 

Tension 
Force 
(kN)* 

Max. Cable 
Stress (MPa) 

Max. Storey 
Drift (%) 

1st 
Floor 

2nd 
Floor 

1st 
Floor 

2nd 
Floor 

6 Storey 
1860 
MPa 

Strands 

Arrangement 
1 15363 2839 1052 1001 1.36 1.59 

6 Storey PEC Arrangement 
1 11749 165 730 534 2.58 2.05 

6 Storey PEC Arrangement 
2 11749 -950 730 534 2.58 2.05 

2 Storey 
1860 
MPa 

Strand 

Arrangement 
1 5599 646 1858 770 1.91 1.06 

2 Storey PEC Arrangement 
1 4919 326 1279 186 2.3 1.19 

* Positive value for axial load indicates tension. 
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** For unretrofitted six storey and two storey buildings, the maximum axial tensile force 
are -1030 and -294 Respectively. 
 

Table 5-3 Base shear and column axial forces resulting from two different PEC 
arrangements. 

PEC Braces connected to 
first-storey column base 

PEC Braces anchored to 
ground through their own 

footings 
 Base Shear 

force (kN) 
Max Axial Force 

 on Columns (kN) 
Base Shear 
force (kN) 

Max Axial Force 
 on Columns (kN) 

Total 

at 
Colum

n  
(C1) 

1st Floor 
(C1) 

2nd Floor 
(C2) Total 

at 
Colum

n  
(C1) 

1st Floor 
(C1) 

2nd Floor 
(C2) 

1174
9 1618 165 

(T)* 
-330 
(C)* 

1174
9 227 -867 

(C)* 
-1721 
(C)* 

*(T) indicates tension force ; (C) indicates compression force. 
 

 
(a) Test 1 with single cables 

 
(b) Hysteretic relationship from Test 1 

 

 
(c) Test 2 with single cables 

 
(d) Hysteretic relationship from Test 2 
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Figure 5-1 Frame tests and hysteretic response 

 
Figure 5-2 Analytical model for test frame 
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Figure 5-3 Analyses of test frame and hysteretic responses 
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(a) Plan view 

 
(b) ETABS Model for 6-storey building 

 
(c) ETABS Model for 2-storey building 

Figure 5-4 Floor and elevation views of buildings selected for analysis 
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Figure 5-5 Degrees of freedom at both ends of an element 

 
(a) Short records 

 
(b) Long records 

 
(a) Cascadia records 

 
Figure 5-6 Artificial seismic time history records for Vancouver used in the analysis 
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(a) Short records 

 

 
(b) Long records 

 

 
(a) Cascadia records 

 
Figure 5-7 Comparisons of response spectra with target design spectrum of NBC 2015 

for Vancouver 
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(a) 6-Storey mid-rise building 

 
(b) 2-Storey low-rise building 

Figure 5-8 Total base shear versus first-story drift hysteretic responses of unretrofitted 
buildings 

 
 

 
(a) Retrofitted 6-storey building 
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(b) Retrofitted 2-storey building. 

 
Figure 5-9 Buildings retrofitted with steel cables 

 
 

 
Figure 5-10 Stress-strain relationship of 7-wire strands 
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(a) Snug-tight cable brace; 6-storey 

building 
 

(b) PEC system braces; 6-storey building 

 
(c) Snug-tight cable brace; 2-storey 

building 
 

(d) PEC system brace; 2-storey building 

Figure 5-11 Axial tension-axial strain relationships for tension braces at the first-floor 
level 
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(a) 6-Storey buildings 

 

 
(b) 2-Storey buildings 

Figure 5-12 Time histories of shear force and axial force demands in Column C1 at the 
base 

 

 
(a) 6-Storey building 

 
(b) 2-Storey building 

 
Figure 5-13 Comparisons of total base shear versus first-storey drift hysteretic 

relationships for the buildings analyzed 
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6 Summary and Conclusion 

6.1 Summary 
 

The research project reported in this thesis has the objective of investigating the 

feasibility of tension-only braces for seismic retrofitting of non-ductile reinforced 

concrete frame buildings, while exploring the use of two innovative versions of tension 

braces. These include the use of shape memory alloys (SMA) with flag-shaped hysteresis 

loops as part of the braces, and the development and application of progressively 

engaging cables (PEC). The scope includes dynamic analyses of prototype buildings, 

selected and designed for a seismically active region in Canada to investigate the 

feasibility of these two retrofit strategies. It also includes an extensive experimental 

program to develop the PEC system of seismic retrofitting. The experimental phase of 

research involves two tests of a large-scale reinforced concrete frames retrofitted with 

different arrangement of PEC system under slowly applied lateral load reversals in the 

Structures Laboratory. The research findings are presented in three technical papers, 

included as Chapters 3, 4 and 5. The conclusions found in each phase of research are 

provided in the next section. 

6.2 Conclusions 

The following conclusions can be drawn from the analytical investigation conducted 

on the use of tension cable systems involving the use of high-strength 7-wire strands and 

mild steel cables, as well as 7-wire strand-SMA combinations as seismic retrofit systems, 

reported in Chapter 3. 

• Pre-1971 non-ductile reinforced concrete frame buildings located in regions of high 

seismicity in Canada lack seismic force and deformation capacities required by 

modern buildings codes based on the current seismicity, as well as the current design 

and detailing requirements. These buildings, when subjected to current code level 

seismic forces, suffer from excessive inelastic storey drifts and associated damage.  

• Seismically deficient older buildings can be retrofitted by means of tension cable 

braces provided in selected bays in two diagonal directions. Tension cables may 
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consist of 7-wire 1860 MPa prestressing strands, or 400 MPa mild steel cables.  

• When 7-wire strand are used as tension braces, they provide effective drift control and 

increased lateral shear resistance. However, when attached to the corners of the 

frames, they may induce excessive axial tension and compression on the adjacent 

columns, potentially resulting in uplift and/or early crushing of column concrete. They 

may dissipate limited energy but develop permanent deformations. 

• When Grade 400 MPa mild steel is employed as tension braces, significant yielding 

and energy dissipation may occur in the cable, while drift control and increased lateral 

force resistance may be realized. However, because Grade 400 MPa steel may 

experience early yielding due to its relatively low yield strength, they must be 

designed with care so that the non-ductile frames in the system do not experience 

failures as the cables yield and develop higher drift demands. 

• An alternative to steel cable braces is the use of the combination of steel cables with 

SMA bars. The flag-shaped hysteretic response of SMA results in significant 

dissipation of energy, self-centering capabilities that enable the recovery of plastic 

deformations, minimizing pinching of hysteresis loops. This system can also generate 

drift control and increase seismic force resistance. 

• While the use of tension cable systems is easier to construct with less interference 

with the existing structure, it may cause significant axial tension and compression in 

the attached columns. This can be minimized by using smaller number of cables in 

larger number of bays, or by anchoring the cables to newly created footings at the 

ground level, transferring cable forces directly to their foundation, rather than 

imposing them on the nearby columns. 

The following conclusions can be drawn from the combined experimental and 

analytical investigation conducted for developing progressively engaging cable (PEC) 

system of seismic retrofitting for non-ductile reinforced concrete frame structures, 

reported in Chapter 4. 

• The new tension-only bracing system that was developed for reinforced concrete frame 
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structures, consisting of progressively engaging cables (PEC), demonstrated the 

desired features of seismic strengthening when needed during response, lateral drift 

control and improved deformability. Tests of large-scale frames retrofitted with the 

PEC system, designed to engage in lateral force resistance at higher drift levels proved 

the concept of controlled participation in response thereby increasing seismic resistance 

when needed at higher drift levels without increasing seismic force demands during 

initial response when the frames alone have sufficient resistance.  

• Delayed participation of the PEC system in seismic response results in increased 

deformability of retrofitted frames. Seismic force resistance of the PEC braces 

gradually increase as seismic forces are transferred from the decaying response of the 

non-ductile frame to the brace system, which assumes a higher role in the overall 

seismic force resisting mechanism of the structure. 

• Tightly connected tension-only braces, unlike the PEC system, start resisting seismic 

forces as soon as the frame is subjected seismic excitations, stiffening the structure, and 

shortening its period with potentials for increasing seismic force demands. This results 

in increased axial tension and compression in the attached columns, potentially having 

detrimental effects at small lateral drift ratios in terms of net column tension, potentials 

for foundation lift-up and/or column concrete crushing, thereby limiting frame 

deformability. However, these systems may be effective for increased seismic force 

resistance and drift control, so long as other detrimental effects are controlled through 

precautionary measures. 

• Multi-cable PEC systems may result in self centering of the frame through elastic 

response of some of the cables.  The use of high-strength 7-wire strands enables the 

development of elastic response in some of the cable, while other may yield and 

dissipate energy. 

The following conclusions can be drawn from the analytical investigation reported 

in the Chapter 5 on the use of PEC system of seismic retrofitting of non-ductile 

reinforced concrete frame buildings in seismically active regions. 
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• Non-ductile frame buildings located in seismically active regions of Canada, designed 

prior to 1970s, may show excessive deformation demands that exceed the current drift 

limits outlined in the NBC 2015 (NRCC 2015), potentially suffering from significant 

damage. The 6-storey mid-rise building designed for Vancouver, Canada, using the 

1965 NBC (NRCC 1965) reached collapse by exceeding the crushing limit of first-

storey column concrete and became unstable after 5% lateral drift under the Cascadia 

Earthquake Record scaled to match the design response spectrum of the NBC 2015 

(NRCC 2015). The 2-storey low-rise building designed using the 1965 NBC (NRCC 

1965) for the same location developed a maximum inter-storey drift of 3.69% and also 

showed significant damage under the same earthquake record.  

• Seismically deficient reinforced concrete frame building can be retrofitted with the 

use of tension only braces that consist of high-strength steel cables placed 

diagonally, snug-tight, between the opposite corners of selected frame bays. The 

braces can be designed for the required increase in lateral strength and stiffness of 

the building. This results in the shortening of the building period, attracting higher 

seismic forces, accompanied by higher base shear demands. The braces may 

develop significant axial tension and/or compression in the attached columns, 

potentially resulting in net tension and foundation up-lift, or concrete crushing 

under excessive axial compression. Hence, when implemented, the lower-storey 

columns and foundations should be assessed for additional retrofit needs. 

• The use of progressively engaging cables (PEC system of retrofit), where the cables 

remain loose until they participate at pre-selected design drift levels, showed stable 

hysteretic response, fulfilling the retrofit objectives without increasing seismic force 

demands until they are needed to control lateral drift. The cables do not engage in 

seismic resistance during frequent seismic events of low to intermediate intensity, and 

do not increase seismic force demands in this range of seismicity until the earthquake 

intensity is increased and additional lateral force resistance is needed. The delay in 

seismic force resistance results in increased building deformability with reduced base 

shear, as lateral force resistance is transferred from decaying frame elements to the 
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braces. The PEC system of retrofit also develops reduced brace forces, controlling 

additional axial forces applied on the adjacent columns. Both the 6-storey mid-rise and 

the 2-storey low-rise buildings considered for investigation developed significant 

seismic force resistance at maximum drift demands of 2% to 2.5% when analyzed 

under the NBC 2015 (NRCC 2015) compatible seismic excitation. The PEC braces 

remained elastic, contributing towards self centering of the building after the 

earthquake. 

• Additional axial forces induced by tension braces on adjacent columns can be 

eliminated if the braces at the first-storey level are anchored to separate footings 

provided to support the braces. This method of anchoring the braces also reduce 

column base shear significantly. 

 
6.3 Significance of research and contributions to the field of earthquake engineering 

The review of previous research on seismic retrofit of non-ductile reinforced concrete frame 

buildings indicates that new seismic retrofit techniques with superior structural performance 

as well as ease and speed of construction are needed for enhanced seismic risk mitigation 

strategies for existing non-ductile concrete frames. The current investigation has the 

objective of developing improved tension-only steel cable braces. The shortcomings of the 

existing tension braces include increased lateral stiffness and associated increase in seismic 

force demands, while also resulting in reduced deformability. The first phase of research 

addresses the effectiveness of steel-cable-SMA assemblies with flag-shaped hysteretic 

behaviour, promoting improved energy dissipation and self centering capabilities. The 

application of the system is demonstrated in Chapter 3 through non-linear time history 

analyses and comparisons with the existing tension cable brace systems.  

 The second phase of research focuses on the development of a new tension bracing 

system consisting of progressively engaging cables (PEC). The system is developed through 

combined experimental and analytical research involving tests of large-scale reinforced 

concrete frames and inelastic analysis of frames under simulated seismic loading. This 

system has the advantage of fulfilling seismic retrofit objectives in term of increased 
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strength, drift control and improved inelastic deformability without increasing seismic force 

demands associated with lateral bracing. The system provides delayed resistance to seismic 

forces and engages in force resistance only when the capacity of the non-ductile frames is 

approached, without increasing seismic force demands prematurely. The effectiveness of 

the new system (PEC system of retrofitting) is demonstrated in Chapter 4. The PEC system 

is then applied to prototype buildings designed by following the pre-1970 era of design 

practice in a high seismic intensity region. The effectiveness of the system is field 

applications is demonstrated through dynamic inelastic response history analyses presented 

in Chapter 5.  

 In summary, the research program resulted in the development of two new tension cable 

systems with the feasibility of their applications to practice demonstrated through design 

and analysis of selected buildings.  

6.4 Recommendation for future research: 

The research program reported in this thesis involved two new applications, which 

requires further future research. The following tasks are recommended for future research. 

• The newly developed PEC system of seismic retrofitting was developed with limited 

experimental research. Further testing of reinforced concrete frames with different 

arrangements of cables is recommended. 

• Experimental and analytical investigations should be conducted using the PEC system 

as K, V, and inverted V braces. The effect of different brace patterns on strength and 

stiffness of reinforced concrete frames should be investigated with the focus on 

minimizing additional forces generated in the adjacent columns and foundations.  

• Development of a design strategy for the use of the PEC system in new buildings. This 

involves further experimental and analytical research involving ductile concrete 

frames, braced with the PEC system.  

• Research on generating design information on PEC design parameters for use in new 

buildings, including the quantification of design period, as well as design force 

modification factors (ductility related force modification factor Rd and overstrength 
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related force modification factor Ro).  

• Experimental and analytical research to explore the possibilities of using other 

materials with different strength and elongation characteristics for the PEC system. 

• Connection research for tension cables for use in both existing and new buildings for 

improved performance and constructability. 

• Experimental research on the use of SMA materials in combination with steel tension 

cables, with emphasis placed on their connection to steel cables.  

• Optimization of SMA materials for use in seismic retrofit applications with research 

involving cost-reduction methods for SMA because of the current prohibitably high 

cost of the material.  

 



 
 

 

183 

Appendices 
Appendix I Design Loads 

This Appendix presents the loads used in the design of the prototype building. The details 

of design loads, including the load combinations (NBCC 1965) for 6-storey buildings in 

Vancouver and Ottawa are given below. These loading are used to calculate the gravity 

load on the 2/3rd scaled test frame. The calculations of scaled loads on the frame are 

represented here.  

 

 
Figure I-1Proposed prototype building plan and elevation views, located in Vancouver 

Location: 

Vancouver (Canada West) 

Properties of Materials: 



 
 

 

184 

Compression strength of concrete f’c = 30MPa 

Yield stress of steel rods fy = 400MPa 

Concrete density: 24 𝐾𝐾𝐾𝐾/𝑚𝑚3 

Geometry of Building: 

Slab thickness: 110 mm 

Interior columns: 500x500 mm 

Exterior columns: 450x450 mm 

Secondary beams: 300x350 mm 

Main beams: 400x600 mm 

Geometry of scaled Building: 

1st story height: 2/3*4500mm = 3000mm 

Middle span length: 2/3 *5700 = 3800mm 

Main beam dimension: (400mm x 600mm) x 2/3 = 300mm x 350mm (these dimensions 

are not exactly equal to what is calculated. The width is increased to match the column 

sizes) 

Column dimension: (450mm x 450mm) x 2/3 = 300mm x 300mm 

Design loads and load combinations (NBCC 1965): 

1) U=1.5 D + 1.8 L 

2) U = 1.35 (D+L+W or E) 

3) U= 0.9 D + 1.35 W 

Where: 

D, L, W and E represent Dead load, Live load, Wind load and Earthquake load 

respectively. 

Summary of loads: 

• Dead Loads (D): 

Mechanical: 1.6 𝐾𝐾𝐾𝐾/𝑚𝑚2distributed on central span of 5.7 m 

Partitions: 1 𝐾𝐾𝐾𝐾/𝑚𝑚2 

Roofing and mechanical: 1 𝐾𝐾𝐾𝐾/𝑚𝑚2 
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• Live Loads (L): 

First floor: 4.9 𝐾𝐾𝐾𝐾/𝑚𝑚2 

Other floors: 2.4 𝐾𝐾𝐾𝐾/𝑚𝑚2 

• Snow Loads:  

Vancouver: 1.3 𝐾𝐾𝐾𝐾/𝑚𝑚2 

Note that a portion of snow load is considered as a dead load to calculate the seismic load 

based on NBCC 1965. 

• Wind Loads (W): 

Vancouver: 1.04 𝐾𝐾𝐾𝐾/𝑚𝑚2 

Ottawa: 0.708 𝐾𝐾𝐾𝐾/𝑚𝑚2 

• Earthquake Loads (E): 

Based on NBCC code (1965) 

 

Load calculation: 

I. Beam loads 

Loads Calculation in detail: 

• Dead Loads on E-W beams:  

Secondary Beams on 5.7 m span:  

tributary area for a rib = 6 * (5.7/3) = 11.4 𝑚𝑚2 

Mechanical and roofing: 1 * 11.4 = 11.4 KN 

Self weight of slab with 110 mm thickness: 0.11 * 24 * 11.4 = 30 KN 

Partitions: 1 * 11.4 = 11.4 KN 

Beams: 0.3 * (0.35 - 0.11) * 24 * 6 = 11 KN 

• Live Loads on E-W beams: 

According to NBCC code and considering to the usage of stories: 

4.9 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 11.4 = 56 KN (First floor) 

2.4 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 11.4 = 28 KN (Other floors) 
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II.Columns  

Tributary areas: 

Tributary area (interior 2 columns) = (5.7+8) x 6 = 83 𝑚𝑚2 

Corridor tributary area = 6 * 5.7 = 34.2 𝑚𝑚2 

Dead Loads: 

Mechanical loads on corridor: 34.2 x 1.6 kN/𝑚𝑚2 = 54.72 kN 

Mechanical and roofing: 1 kN/𝑚𝑚2 x 83 = 83 kN 

Slab self weight and partitions = (24 x 0.11 + 1 kN/𝑚𝑚2) x 83 = 219 kN 

Beam lengths and weights per unit length: 

Total beam lengths on each floor = 23.7m  

Total Secondary beam lengths on each floor = 22.4 m 

Secondary beams weight per unit length = 24 x 0.3 x (0.35-0.11) = 1.73 kN/m 

Main beams weight per unit length= 24 x0.4 x (0.6-0.11) = 4.7 kN/m 

Column’s weight 

Interior column self weigh per unit length = 24 x (0.45 x 0.45) = 4.86 kN/m 

Exterior column self weight per unit length = 24 x (0.5 x 0.5) = 6 kN/m 

column self weight per unit length = (20 x 4.86 + 12 x 6) / 32 = 5.28 kN/m 

Wight of Secondary beams: 22.4 x 1.73 = 39 kN 

Weight of Main beams: 23.7 x 4.7 = 112 kN 

1st floor column self weight = 2 Columns x 5.28 x (4.5- 0.11) = 46 kN 

Other floors column self weight = 2 Columns x 4.86 x (3.5- 0.11) = 36 kN 

Average of columns self weight for first floor = (46+36)/2 = 41 kN 
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Table I-1 Summary of dead load on column #2 

Loads (KN) on Column #2 
Grid line (7 / B to C) 

St
or

ey
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rt
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ow
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Ro
of

 

Be
am
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Sl
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on
 c

ol
um

n 
#2

 

6 0 191 55 292 151 18 219 707 
5 83 0 0 219 151 36 219 560 
4 83 0 0 219 151 36 219 560 
3 83 0 0 219 151 36 219 560 
2 83 0 0 219 151 36 219 560 
1 83 0 0 219 151 36 219 560 
       Sum 3582 

 

Table I-2 Summary of dead loads on column #1 

Dead load (KN) on column #1  

Storey total load  
on column #1 Cumulative load cumulative factored  

load 

6 359 359 538.5 
5 286 645 967.5 
4 286 931 1396.5 
3 286 1217 1825.5 
2 286 1503 2254.5 
1 286 1789 2683.5 

Sum 1791  4478 
 

Live Loads: 

First floor live load: 83 x 4.8 kN/m2 = 398 kN/𝑚𝑚2 

Other Floors: 83 x 2.4 kN/𝑚𝑚2 = 199 KN 

Here is a tabulated service live load result on the columns. 
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Table I-3 Live load results on the columns 

Live Load 
(KN)  

column #2  
 on grid line (7 / B to C) 

column #1 
on gird line (8 /B to C) 

Storey Live Load  cumulative  Live Load  cumulative  
6 0 0 0 0 
5 199 199 100 100 
4 199 398 100 200 
3 199 597 100 300 
2 199 796 100 400 
1 199 1194 199 599 

 

Table I-4 Cumulative load results on the columns 

Cumulative load on column #1 in an interior frame 

Column on grid line 7B or 7C 

Floor 
Dead 
Load  
(KN) 

Live Load 
(KN)  

2/3rd scaled load 
(DL+LL) (KN) 

2/3rd Scaled factored 
load 

(1.5DL+1.8LL)  
(KN) 

6 359 0 160 239 
5 645 100 331 510 
4 931 200 503 781 
3 1217 300 674 1051 
2 1503 400 846 1322 
1 1791 597 1061 1672 

The load on the exterior column will be half of the factored scaled calculated load on the 

interior column since the tributary area on those columns are half of interior one.  

III. Earthquake Loads: 

Dead Loads of Floors: 

Static earthquake load can be calculated by using the formula below: 

𝐹𝐹𝑥𝑥 = (V.𝑊𝑊𝑥𝑥. ℎ𝑥𝑥)/�(𝑊𝑊𝑖𝑖ℎ𝑖𝑖)
𝑛𝑛

1

 

The weight of the floors in this formula includes 25% of snow load on the roof based on 

the 1965 NBCC code. 
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Floor area: 912 m2 

Corridor area: 240 m2 

Mechanical and roofing: 912 * 1 kN/𝑚𝑚2= 912 kN 

Slab self weight: 24 * 0.11 * 912 = 2408 kN 

Partitions: 912 * 1 kN/𝑚𝑚2 = 912 kN 

Mechanical corridor:  240 * 1.6 kN/𝑚𝑚2= 384 kN 

Beams unit weight: 

Main beams = 0.4 * (0.6-0.11) x 24 = 4.7 KN/m 

Secondary beams = 0.3 * (0.35-0.11) * 24 = 1.73 KN/m 

Total self weight of beams: 

Secondary beams = 1.73 KN/m * 238 m = 412 KN 

Main beams = 4.7 KN/m * 313 = 1471 KN 

Total 1883 KN 

Columns unit weight: 

Interior columns unit self weight = (0.45 * 0.45) * 24 = 4.86 KN/m 

Exterior column unit self weight = (0.5 * 0.5) * 24 = 6 KN/m 

Average unit weight of all columns = (4.86 * 20 + 6 * 12) / 32 = 5.28 KN/m 

Total self weight of columns: 

1st floor = 5.28 KN/m * (4.5- 0.11) * 32 Columns = 742 KN 

Other floors = 5.28 KN/m * (3.5- 0.11) * 32 Columns = 573 KN 

Summation of half weight of 1st and 2nd floor columns = (742+573)/2= 658 KN 

Total weight of each floor calculated is summarized here: 
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Table I-5 Total weight of each floor for Vancouver 

Wight of stories 

Storey 
Mechanical 
(KN) (Seible 

et al.) 

Roofing, 
mechanical and 
partitions (KN) 

Column 
(KN)  

Beam 
(KN)  

Slab 
(KN)  

Snow  
(KN) 

Weight of each 
storey 

6 384 1824 286.5 1883 2408 Code 6785.5+0.25*Snow 
5 0 1824 573 1883 2408 0 6688 
4 0 1824 573 1883 2408 0 6688 
3 0 1824 573 1883 2408 0 6688 
2 0 1824 573 1883 2408 0 6688 
1 0 1824 657 1883 2408 0 6772 

      Sum 40309.5+Snow 
• Earthquake Loads (E): 

Base Shear (V) based on equivalent static forces NRCC (1965): 

V = RCIFSW 

Where; 

R = Ductility factor 

C = Type of Construction 

I = Importance Factor 

F = Soil Compressibility 

S = 0.25/(9+N) in which N is number of stories 

W = D + 0.25 S 

Snow Loads for Ottawa and Vancouver: 

1.3 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 912 = 1185.6 KN Vancouver 

W = 40606 KN Vancouver (include 25% of snow) 

R = 4 for Vancouver:  

C = 1.25  

I = 1 All other buildings not designed for post disaster 

F= 1 depends on the type of the soil 

N (Number of stories) = 6 

S= 0.25 / (9+6) = 0.017 
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V = 3265 KN Vancouver 

𝐹𝐹𝑥𝑥 = (V.𝑊𝑊𝑥𝑥. ℎ𝑥𝑥)/�(𝑊𝑊𝑖𝑖ℎ𝑖𝑖)
𝑛𝑛

1

 

Table I-6 Seismic base shear force calculations for 6 storey building in Vancouver 

Floor Height (m) 𝑊𝑊𝑊𝑊 (KN) Wx.hx (KN.m) Fx (KN) V (KN) 

6 22 7082 155801 940 940 

5 18.5 6688 123728 773.07 1688 

4 15 6688 100320 626.813 2294 

3 11.5 6688 76912 480.557 2785 

2 8 6688 53504 334.3 3081 

1 4.5 6773 30478.5 190.434 3265 

  Sum 40835 540739 3265  

IV. Wind Loads: 

Tributary areas of: 

Interior frame tributary area of 1st floor (Axis 2-2 to 7-7): (4.5/2 + 3.5) x 6 = 24 𝑚𝑚2 

Other floors (Axis 2-2 to 7-7): 6 x 3.5 = 21 𝑚𝑚2 

Roof (2-2 to 7-7): 6 x 3.5/2 = 10.5 𝑚𝑚2 

Table I-7 Wind load calculations 

Wind Loads 
Floor 1 2 3 4 5 6 
Height from ground level (m) 4.5 8 11.5 15 18.5 22 
Height Factor  1 1 1 1 1 1 
Wind Pressure (KN/m2) 1 1 1 1 1 1 
Tributary Area (m2) 10.5 21 21 21 21 24 
Wind Force (KN) 18 15 15 17 17 9 
Cumulative Shear Force (KN) 91 73 58 43 26 9 
Moment about ground level (KN.m) 81 120 173 255 314.5 198 
Cumulative moment about ground level 
(KN.m) 1141 1060 940 768 512.5 198 

cumulative shear per column (KN) 22.8 18.3 14.5 10.8 6.5 2.3 
2/3rd Scaled cumulative shear (KN) 10.1 8.1 6.4 4.8 2.9 1.0 

 
A) 2nd Storey Interior Frame 7 (B to C) Columns  
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Summary of Loadings: 
DL + LL = 668 + 177 = 845 kN _ 800 kN (Applied load on the lab frame column) OK. 
(Considering no live load reduction applied in the analysis) 
B) 1st Storey Exterior Frame 8 (B to C) Columns 
Summary of Loadings: 
DL + LL = 398 + 133 = 531 kN < 800 kN (Applied load on the lab frame column) OK. 



 
 

 

193 

Appendix II Seismic design loads, artificial seismic records and 
dynamic analysis result of the buildings in Ottawa  

 

 

 
Figure II-1 Proposed prototype building plan and elevation views, located in Ottawa 

Load calculation: 

Beam loads 

Loads Calculation in detail: 

• Dead Loads on E-W beams:  

Secondary Beams on 5.7 m span:  

tributary area for a rib = 6 * (5.7/3) = 11.4 𝑚𝑚2 

Mechanical and roofing: 1 * 11.4 = 11.4 KN 

Self weight of slab with 110 mm thickness: 0.11 * 24 * 11.4 = 30 KN 
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Partitions: 1 * 11.4 = 11.4 KN 

Beams: 0.3 * (0.35 - 0.11) * 24 * 6 = 11 KN 

• Live Loads on E-W beams: 

According to NBCC code and considering to the usage of stories: 

4.9 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 11.4 = 56 KN (First floor) 

2.4 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 11.4 = 28 KN (Other floors) 

Tributary areas: 

Tributary area (interior 2 columns) = (5.7+8) x 6 = 83 𝑚𝑚2 

Corridor tributary area = 6 * 5.7 = 34.2 𝑚𝑚2 

Dead Loads: 

Mechanical loads on corridor: 34.2 x 1.6 kN/𝑚𝑚2 = 54.72 kN 

Mechanical and roofing: 1 kN/𝑚𝑚2 x 83 = 83 kN 

Slab self weight and partitions = (24 x 0.11 + 1 kN/𝑚𝑚2) x 83 = 219 kN 

Beam lengths and weights per unit length: 

Total beam lengths on each floor = 23.7m  

Total Secondary beam lengths on each floor = 22.4 m 

Secondary beams weight per unit length = 24 x 0.3 x (0.35-0.11) = 1.73 kN/m 

Main beams weight per unit length= 24 x0.4 x (0.6-0.11) = 4.7 kN/m 

Column’s weight 

Interior column self weigh per unit length = 24 x (0.45 x 0.45) = 4.86 kN/m 

Exterior column self weight per unit length = 24 x (0.5 x 0.5) = 6 kN/m 

column self weight per unit length = (20 x 4.86 + 12 x 6) / 32 = 5.28 kN/m 

Wight of Secondary beams: 22.4 x 1.73 = 39 kN 

Weight of Main beams: 23.7 x 4.7 = 112 kN 

1st floor column self weight = 2 Columns x 5.28 x (4.5- 0.11) = 46 kN 

Other floors column self weight = 2 Columns x 4.86 x (3.5- 0.11) = 36 kN 

Average of columns self weight for first floor = (46+36)/2 = 41 kN 
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Live Loads: 

First floor live load: 83 x 4.8 kN/m2 = 398 kN/𝑚𝑚2 

Other Floors: 83 x 2.4 kN/𝑚𝑚2 = 199 KN 

 

Earthquake Loads: 

Dead Loads of Floors: 

Static earthquake load can be calculated by using the formula below: 

𝐹𝐹𝑥𝑥 = (V.𝑊𝑊𝑥𝑥. ℎ𝑥𝑥)/�(𝑊𝑊𝑖𝑖ℎ𝑖𝑖)
𝑛𝑛

1

 

The weight of the floors in this formula includes 25% of snow load on the roof based on 

the 1965 NBCC code. 

Floor area: 912 m2 

Corridor area: 240 m2 

Mechanical and roofing: 912 * 1 kN/𝑚𝑚2= 912 kN 

Slab self weight: 24 * 0.11 * 912 = 2408 kN 

Partitions: 912 * 1 kN/𝑚𝑚2 = 912 kN 

Mechanical corridor:  240 * 1.6 kN/𝑚𝑚2= 384 kN 

Beams unit weight: 

Main beams = 0.4 * (0.6-0.11) x 24 = 4.7 KN/m 

Secondary beams = 0.3 * (0.35-0.11) * 24 = 1.73 KN/m 

Total self weight of beams: 

Secondary beams = 1.73 KN/m * 238 m = 412 KN 

Main beams = 4.7 KN/m * 313 = 1471 KN 

Total 1883 KN 

Columns unit weight: 

Interior columns unit self weight = (0.45 * 0.45) * 24 = 4.86 KN/m 

Exterior column unit self weight = (0.5 * 0.5) * 24 = 6 KN/m 
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Average unit weight of all columns = (4.86 * 20 + 6 * 12) / 32 = 5.28 KN/m 

Total self weight of columns: 

1st floor = 5.28 KN/m * (4.5- 0.11) * 32 Columns = 742 KN 

Other floors = 5.28 KN/m * (3.5- 0.11) * 32 Columns = 573 KN 

Summation of half weight of 1st and 2nd floor columns = (742+573)/2= 658 KN 

Total weight of each floor calculated is summarized here: 

Table II-1 Total weight of each floor for Ottawa 

Wight of stories 

Storey 
Mechanical 
(KN) (Seible 

et al.) 

Roofing, 
mechanical and 
partitions (KN) 

Column 
(KN)  

Beam 
(KN)  

Slab 
(KN)  

Snow  
(KN) 

Weight of each 
storey 

6 384 1824 286.5 1883 2408 Code 6785.5+0.25*Snow 
5 0 1824 573 1883 2408 0 6688 
4 0 1824 573 1883 2408 0 6688 
3 0 1824 573 1883 2408 0 6688 
2 0 1824 573 1883 2408 0 6688 
1 0 1824 657 1883 2408 0 6772 

      Sum 40309.5+Snow 
• Earthquake Loads (E): 

Base Shear (V) based on equivalent static forces NRCC (1965): 

V = RCIFSW 

Where; 

R = Ductility factor 

C = Type of Construction 

I = Importance Factor 

F = Soil Compressibility 

S = 0.25/(9+N) in which N is number of stories 

W = D + 0.25 S 

Snow Loads for Ottawa: 

2.3 𝐾𝐾𝐾𝐾/𝑚𝑚2 * 912 = 2097.6 KN 

W = 40835 KN (include 25% of snow) 
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R = 4 for Ottawa  

C = 1.25  

I = 1 All other buildings not designed for post disaster 

F= 1 depends on the type of the soil 

N (Number of stories) = 6 

S= 0.25 / (9+6) = 0.017 

V = 3410 KN for Ottawa  

Table II-2 Seismic base shear force calculations for 6 storey building in Ottawa 

Floor Height (m) 𝑊𝑊𝑊𝑊 (KN) Wx.hx (KN.m) Fx (KN) V (KN) 

6 22 7310 160820 1004.83 1004.83 

5 18.5 6688 123728 773.07 1777.9 

4 15 6688 100320 626.813 2404.71 

3 11.5 6688 76912 480.557 2885.27 

2 8 6688 53504 334.3 3219.57 

1 4.5 6773 30478.5 190.434 3410 

  Sum 40835 545762.5 3410  
 

• Artificial dynamic time history records and response specra for Ottawa: 

 
a) Short records 
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b) Long records 

Figure II-2 Artificial seismic time history records for Ottawa used in the analysis 

 

 
a) Short records 

 
b) Long records 

 
Figure II-3 Comparisons of response spectra with target design spectrum of NBC 2015 

for Ottawa 
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Table II-3 Dynamic Analysis results for mid-rise and low-rise building in Ottawa 

  Unretrofitted buildings located in Ottawa 
  Mid-rise Low-rise 
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 LE1 17 0.38 3617 30 0.65 1797 

LE2 16 0.36 3342 22 0.50 1674 

LE3 13 0.29 4094 28 0.62 2045 

LE4 19.8 0.44 3914 19 0.42 1690 
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 SE1 14 0.31 2997 38 0.84 2079 

SE2 9.5 0.21 2702 22 0.48 1658 

SE3 8.7 0.21 2110 20 0.44 1655 

SE4 7 0.20 1846 28 0.62 2033 
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Appendix III Damage observations in Test 1 and 2 
In this appendix additional observations of progressive damages in the frames during the 

experimental tests 1 and 2, are represented.  

• Test 1 observations: 

   

(a) East column                        (b) West column                (c) Beam-column joint 

Figure III-1 Cracks at the end of 1% drift cycles 

      

 
Figure III-2 Crack pattern during Test 1 after 2% drift cycles 
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Figure III-3 Crack patterns at the end of 2.5% drift cycles 

• Observations in test 2: 

 

   
Figure III-4 crack pattern at the end of 2% drift cycles 
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Figure III-5 Beginning of cover concrete crushing and crack pattern at 2.5% drift during 

Test 2 

 
Figure III-6 Increased cover concrete crushing and crack pattern at 3.0 % drift during 

Test 2 

 
Figure III-7 Increased cover concrete crushing and crack pattern at 3.5 % drift during 
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Test 2 

 
Figure III-8 Crushing of concrete and buckling of column reinforcement at 4.0 % drift 

during Test 2 

 
Figure III-9 Frame at the end of Test 2 
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Appendix IV Instrumentation Data  

The data recorded from instrumentation for test 1 and test 2, is provided here: 

• Instrumentation Data of Test 1  
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Figure IV-1 Frame lateral displacement vs. vertical displacement recorded by LVDTs in 
Test 1 

 
Figure IV-2 Frame lateral displacement vs. vertical displacement recorded by LVDTs in 

Test 1 
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Figure IV-3 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at outer face of base of the East column. 
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Figure IV-4 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at outer face of base of the West column. 
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Figure IV-5 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at inner face of base of the right column. 

 
 

 
Figure IV-6 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at outer and inner face of the top of the left column 

 
 

 
Figure IV-7 Frame lateral displacement vs. strains recorded by strain gauges on the top 

and bottom reinforcing bars at left side of the beam 
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Figure IV-8 Frame lateral displacement vs. strains recorded by strain gauges on the top 

and bottom reinforcing bars at right side of the beam. 

• Instrumentation Data of Test 2 
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Figure IV-9 Frame lateral displacement vs. vertical displacement recorded by LVDTs in 

test 2 

 
Figure IV-10 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at inner face of base of the left column. 
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Figure IV-11 Frame lateral displacement vs. strains recorded by strain gauges on the 
reinforcing bars at outer face of base of left the column. 
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Figure IV-12 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at outer face of base of the right column. 
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Figure IV-13 Frame lateral displacement vs. strains recorded by strain gauges on the 

reinforcing bars at inner face of base of the right column. 
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Figure IV-14 Frame lateral displacement vs. strains recorded by strain gauges on the top 

and bottom reinforcing bars at right side of the beam. 



 
 

 

215 

7 REFERENCES 
A23.3, C. (2008). CAC Concrete Design Hanbook, Cement Association of Canada. 

ACI-318-02 (2002). "building code requirements for structural concrete and commentary." 

ACI Committee 318. 

ACI-374.1-05 "Acceptance Criteria for Special Unbonded Post-Tensioned Precast 

Structural Walls Based on Validation Testing." Standard by American Concrete Institute. 

ACI 318-63 (1963). "Commentary on Building Code Requirements for Reinforced 

Concrete." ACI Committee Report,(American Concrete institute): 91p. 

ACI 318 (1967). "Commentary on Building Code Requirements for Reinforced Concrete." 

ACI Committee Report(American Concrete institute). 

Adachi, Y. and S. Unjoh (1999). Development of shape memory alloy damper for 

intelligent bridge systems, SPIE. 

Aiello, M. A. and S. M. Sciolti (2006). "Bond analysis of masonry structures strengthened 

with CFRP sheets." Construction and Building Materials 20(1): 90-100. 

Aiken, I., S. A. Mahin and P. Uriz (2002). "Large-scale testing of buckling restrained 

braced frames." Proceedings, Japan Passive Control Symposium. 

Al-Sadoon, Z. (2016). "Seismic Retrofitting of Conventional Reinforced Concrete Moment 

Resisting Frames Using Buckling Restrained Braces." PhD thesis, department of Civil 

Engineering, University of Ottawa. 

Al-Sadoon, Z. A., M. Saatcioglu and D. Palermo (2020). "New Buckling-Restrained Brace 

for Seismically Deficient Reinforced Concrete Frames." Journal of Structural Engineering 

146(6): 04020082. 

Altin, S., U. Ersoy and T. Tamkut (1992). "Hysteretic Response of Reinforced-Concrete 

Infilled Frames." Journal of Structural Engineering-asce - J Struct Eng-ASCE 118. 



 
 

 

216 

Arifuzzaman, S. and M. Saatcioglu (2012). Seismic Retrofit of Load Bearing Masonry 

Walls by FRP sheets and Anchors Sheets and Anchors. 15th World Conference on 

Earthquake Engineering. 

Arslan, M. H., I. Yuksel and M. Y. Kaltakci (2010). "An investigation on global ductility 

of strengthened RC frames." Proceedings of the Institution of Civil Engineers - Structures 

and Buildings 163(3): 177-194. 

Atkinson, G. M. and M. Macias (2009). "Predicted Ground Motions for Great Interface 

Earthquakes in the Cascadia Subduction Zone." Bulletin of the Seismological Society of 

America 99(3): 1552-1578. 

Badoux, M. and J. Jirsa (1990). "Steel Bracing of RC Frames for Seismic Retrofitting." 

Journal of Structural Engineering-asce - J Struct Eng-ASCE 116. 

Bartera, F. and R. Giacchetti (2004). "Steel dissipating braces for upgrading existing 

building frames." Journal of Constructional Steel Research 60(3): 751-769. 

Binici, B., G. Ozcebe and R. Ozcelik (2007). "Analysis and design of FRP composites for 

seismic retrofit of infill walls in reinforced concrete frames." Composites Part B: 

Engineering 38: 575-583. 

Bush, D. T., A. E. Jones and O. J. Jirsa (1991). "Behavior of RC Frame Strengthened Using 

Structural Steel Bracing." Journal of Structural Engineering-asce - J Struct Eng-ASCE 117. 

Bush, T. D., E. A. Jones and J. O. Jirsa (1991). "Behavior of RC Frame Strengthened Using 

Structural Steel Bracing." Journal of Structural Engineering 117(4): 1115-1126. 

Canbay, E., U. Ersoy and G. Ozcebe (2003). "Contribution of Reinforced Concrete Infills 

to Seismic Behavior of Structural Systems." ACI Structural Journal 100: 637-643. 

Caron, F. (2010). Repair and Retrofit of Non-Ductile Reinforced Concrete Frames with 

Diagonal Steel Compression Struts, University of Ottawa. 



 
 

 

217 

Carrière, J.-M. (2008). Seismic retrofit of existing reinforced concrete moment resisting 

frame structures using diagonal prestressing, Thesis (M.A.Sc.)-University of Ottawa, 2007. 

Chai, Y. H. (1996). "An Analysis of the Seismic Characteristic of Steel-Jacketed Circular 

Bridge Columns." Earthquake Engineering & Structural Dynamics 25(2): 149-161. 

Chai, Y. H., M. Priestley and F. Seible (1991). "Seismic Retrofit of Circular Bridge 

Columns for Enhanced Flecural Performance." Aci Structural Journal 88: 572-584. 

Chai, Y. H., M. J. N. Priestley and F. Seible (1994). "Analytical Model for Steel Jacketed 

RC Circular Bridge Columns." Journal of Structural Engineering 120(8): 2358-2376. 

Cheung, M., S. Foo and G. McClure (1999). Guideline for seismic risk reduction of 

functional and operational components of buildings. 8th Canadian Conference on 

Earthquake Engineering,. Vancouver, B.C., Canada: pp. 167–172. 

Clark, P. W., I. D. Aiken, J. M. Kelly, M. Higashino and R. Krumme (1995). Experimental 

and analytical studies of shape-memory alloy dampers for structural control, SPIE. 

Clark, W., Kasai, K., Aiken, I. D., Kimura, I. (2000). Evaluation of design methodologies 

for structures incorporating steel unbonded braces for energy dissipation. Proceedings of 

the 12 th World Conference on Earthquake Engineering. Auckland, New Zealand. 

Correia, A. and F. Virtuoso (2006). "Nonlinear Analysis of Space Frames." 

Correia, A. A. and F. B. E. Virtuoso (2006). Nonlinear Analysis of Space Frames, 

Dordrecht, Springer Netherlands. 

Cortés-Puentes, W. L. and D. Palermo (2018). "Seismic Retrofit of Concrete Shear Walls 

with SMA Tension Braces." Journal of Structural Engineering 144(2): 04017200. 

CSI (2015). “ETABS Software for Structural Analysis and Design,” Computers and 

Structures Inc., Berkeley, California. 

D'Aniello, M., G. Della Corte and F. Mazzolani (2009). “All-steel buckling-restrained 



 
 

 

218 

braces for seismic upgrading of existing reinforced concrete buildings.” Behaviour of Steel 

Structures in Seismic Areas, 1st Edition, CRC Press, ISBN 9780429206566. 

DesRoches, R., J. McCormick and M. Delemont (2004). "Cyclic Properties of Superelastic 

Shape Memory Alloy Wires and Bars." Journal of Structural Engineering 130(1): 38-46. 

Di Sarno, L. and G. Manfredi (2009). Seismic Retrofitting of Existing RC Frames with 

Buckling Restrained Braces. Seismic Retrofitting of Existing RC Frames with Buckling 

Restrained Braces. Improving the Seismic Performance of Existing Buildings and Other 

Structures. 

Dinu, F. (2011). Experimental and Numerical Investigation of Non-Seismic Reinforced 

Concrete Frames Strengthened with Concentric Steel Braces. Compdyn 2011 - 3rd 

International Thematic Conference. Athene, Greece, National Technical University of 

Athens. 

Dolce, M. and D. Cardone (2001). "Mechanical behaviour of shape memory alloys for 

seismic applications 1. Martensite and austenite NiTi bars subjected to torsion." 

International Journal of Mechanical Sciences 43(11): 2631-2656. 

Dolce, M., D. Cardone and R. Marnetto (2000). "Implementation and testing of passive 

control devices based on shape memory alloys." Earthquake Engineering & Structural 

Dynamics 29(7): 945-968. 

Ehsani, M. R., H. Saadatmanesh and A. Al-Saidy (1997). "Shear Behavior of URM 

Retrofitted with FRP Overlays." Journal of Composites for Construction 1(1): 17-25. 

ElGawady Mohamed, A., P. Lestuzzi and M. Badoux (2007). "Static Cyclic Response of 

Masonry Walls Retrofitted with Fiber-Reinforced Polymers." Journal of Composites for 

Construction 11(1): 50-61. 

Elnabelsy, G. and M. Saatcioglu (2004). "Design of FRP jackets for seismic retrofit of 

circular concrete columns." Emirates Journal for Engineering Research, 9 (2), 65-69 



 
 

 

219 

(2004). 

Elnabelsy, G. and M. Saatcioglu (2017). "Seismic behavior of concrete bridge columns 

confined with fiber-reinforced polymer stay-in-place formwork." Advances in Structural 

Engineering 21: 136943321773267. 

Erdem, I., U. Akyuz, U. Ersoy and G. Ozcebe (2006). "An experimental study on two 

different strengthening techniques for RC frames." Engineering Structures 28: 1843-1851. 

FEMA-P695 (2009). Quantification of Building Seismic Performance Factors. A. T. 

Council, Federal Emergency Management Agency. 

Filippou, F. C., E. P. Popov and V. V. Bertero (1983). "Modeling of R/C Joints under 

Cyclic Excitations." Journal of Structural Engineering 109(11): 2666-2684. 

Fragiadakis, M., R. Pinho and S. Antoniou (2008). Modelling inelastic buckling of 

reinforcing bars under earthquake loading. 

Friend, C. M. and N. Morgan (1999). Fatigue/cyclic stability of shapememory alloys. 1st 

European Conf. on Shape Memory and Superelasticity. Atwerp Zoo, Belgium,: 115–128. 

Frosch, R. J., W. Li, J. O. Jirsa and M. E. Kreger (1996). "Retrofit of Non-Ductile Moment-

Resisting Frames Using Precast Infill Wall Panels." Earthquake Spectra 12(4): 741-760. 

Fukuyama, H. and S. Sugano (2000). "Japanese seismic rehabilitation of concrete buildings 

after the Hyogoken-Nanbu Earthquake." Cement & Concrete Composites - Cement 

Concrete Composites 22: 59-79. 

Gergely, J., C. Pantelides, R. Nuismer and L. Reaveeley (1998). "Bridge Pier Retrofit 

Using Fiber-Reinforced Plastic Composites." Journal of Composites for Construction - J 

Compos Constr 2. 

Ghobarah, A. and H. Abou-Elfath (2001). "Rehabilitation of a reinforced concrete frame 

using eccentric steel bracing." Engineering Structures - Eng Struct 23: 745-755. 



 
 

 

220 

Graesser, E. J. and F. A. Cozzarelli (1991). "Shape Memory Alloys as New Materials for 

Aseismic Isolation." Journal of Engineering Mechanics 117(11): 2590-2608. 

Higashi, Y., T. Endo, M. Ohkubo and Y. Shimizu (1980). Experimental study on 

strengthening reinforced concrete structures by adding shear wall. . 7th World Conf. on 

Earthquake Engrg., Istanbul, Turkey, 7, 173-180. 

Higashi, Y. and S. Kokusho (1975). "The Strengthening Method of Existing Reinforced 

Concrete Buildings." U.S.-Japan Cooperative Research Program in Earthquake 

Engineering, Honolulu, Hawaii. 

Higashi, Y., M. Ohkubo and K. Fugimata (1977). “Behavior of reinforced concrete 

columns and frames strengthened by adding precast concrete walls,”. Proceedings of the 

6th World Conference on Earthquake Engineering, . New Delhi,: Vol. 3, pp. 2505-2510. 

Hou, X. and H. Tagawa (2009). "Displacement-restraint bracing for seismic retrofit of steel 

moment frames." Journal of Constructional Steel Research 65(5): 1096-1104. 

Inaudi, J. and J. Kelly (1994). Experiments on tuned mass dampers using viscoelastic, 

frictional and shape-memory alloy materials. 1st World Conf. on Structural Control, Los 

Angeles, : 127–136. 

Kawaguchi, M., Y. Ohashi and H. Tobushi (1991). "Cyclic Characteristics of 

Pseudoelasticity of Ti-Ni Alloys : Effect of Maximum Strain, Test Temperature and Shape 

Memory Processing Temperature." JSME international journal. Ser. 1, Solid mechanics, 

strength of materials 34(1): 76-82. 

Kawamata, S. and M. Ohnuma (1981). "Strengthening effect of eccentric steel braces to 

existing reinforced concrete frames." 2nd Seminar on Repair and Retrofit of Structures, 

Ann Arbor, Michigan,National Sciences Foundation,: 226-269. 

Khosravi, S. and M. Saatcioglu (2021)a. " Progressively Engaging Cables as Tension 

Braces for Seismic Retrofit of Non-Ductile Concrete Frames." To be submitted to the 



 
 

 

221 

ASCE Journal of Structural Engineering. 

Khosravi, S. and Saatcioglu, M. (2021)b. " Seismic Retrofit of Non-Ductile Concrete 

Frames with Cable-SMA Assembly." To be submitted to Earthquake Spectra, the Journal 

of EERI. 

Khosravi, S. and Saatcioglu, M. (2021)c. " Seismic Retrofit of Reinforced Concrete Frames 

by Progressively Engaging Tension Cable (PEC) Braces." To be submitted to the. Canadian 

Journal of Civil Engineering 

Kimberley, R. and B. Cameron (2011). Getting the Most Out of Buckling Restrained 

Braces. NASCC, Modern Steel Construction. 

Krumme, R., J. Hayes and S. Sweeney (1995). Structural damping with shape-memory 

alloys: one class of devices, SPIE. 

Laursen, P. and J. Ingham (2001). Seismic Resistance of Prestressed Concrete Masonry 

Shear Walls. 

Lee, K. S. (2015). "An Experimental Study on Non-Compression X-Bracing Systems 

Using Carbon Fiber Composite Cable for Seismic Strengthening of RC Buildings." 

Polymers 7(9): 1716-1731. 

Levy, M. and E. Spira (1973). "Prestressed concrete hollow-block masonry." Building 

Science 8(2): 187-199. 

Li, Y. F., S. H. Chen, K. C. Chang and K. Y. Liu (2005). "A constitutive model of concrete 

confined by steel reinforcements and steel jackets." Canadian Journal of Civil Engineering 

32(1): 279-288. 

López, W., A. Rutherford, C. And and R. Sabelli (2004). "Seismic design of buckling-

restrained braced frames." Steel Tips. 

Madas, P. J. (1993). Advanced modelling of composite frames subject to earthquake 



 
 

 

222 

loading. Doctor of Philosophy (PhD). 

Maheri, M. R. and H. Ghaffarzadeh (2008). "Connection overstrength in steel-braced RC 

frames." Engineering Structures 30(7): 1938-1948. 

Maheri, M. R. and A. Hadjipour (2003). "Experimental investigation and design of steel 

brace connection to RC frame." Engineering Structures 25(13): 1707-1714. 

Maheri, M. R. and A. Sahebi (1997). "Use of steel bracing in reinforced concrete frames." 

Engineering Structures 19: 1018-1024. 

Mahmood, H. and J. M. Ingham (2011). "Diagonal Compression Testing of FRP-

Retrofitted Unreinforced Clay Brick Masonry Wallettes." Journal of Composites for 

Construction 15(5): 810-820. 

Mander, J. B., M. J. N. Priestley and R. Park (1988). "Observed Stress‐Strain Behavior of 

Confined Concrete." Journal of Structural Engineering 114(8): 1827-1849. 

Martínez-Rueda, J. E. and A. S. Elnashai (1997). "Confined concrete model under cyclic 

load." Materials and Structures 30(3): 139-147. 

Masri, A. C. and S. C. Goel (1996). "Seismic Design and Testing of an RC Slab-Column 

Frame Strengthened by Steel Bracing." Earthquake Spectra 12(4): 645-666. 

Mazzolani, F. M. (2008). "Innovative metal systems for seismic upgrading of RC 

structures." Journal of Constructional Steel Research 64(7): 882-895. 

Mazzolani, F. M. (2009). "Steel bracing systems for the seismic upgrading of RC 

structures." Steel Construction 2(4): 235-242. 

Menegotto, M. (1973). Method of analysis of cyclically loaded RC plane frames including 

changes in geometry and non-elastic behavior of elements under normal force and bending. 

Menegotto, M. and P. E. Pinto (1973). "Method of analysis for cyclically loaded reinforced 

concrete plane frames including changes in geometry and non-elastic behaviour of 



 
 

 

223 

elements under combined normal force and bending." IABSE symposium of resistance and 

ultimate deformability of structures acted on by well-defined repeated loads, vol. 13, 

International Association of Bridge and Structural Engineering, Lisbon, Portugal (1973), 

pp. 15-22. 

Mirzaeifar, R., R. DesRoches and A. Yavari (2011). "Analysis of the rate-dependent 

coupled thermo-mechanical response of shape memory alloy bars and wires in tension." 

Continuum Mechanics and Thermodynamics 23(4): 363-385. 

Miyazaki, S., T. Imai, Y. Igo and K. Otsuka (1986). "Effect of cyclic deformation on the 

pseudoelasticity characteristics of Ti-Ni alloys." Metallurgical Transactions A 17(1): 115-

120. 

Miyazaki, S. and K. Otsuka (1989). "Development of Shape Memory Alloys." ISIJ 

International 29(5): 353-377. 

Moehle, J. P. and S. A. Mahin (1991). "Observations on the Behavior of Reinforced 

Concrete Buildings During Earthquakes." Special Publication 127: 67-90. 

Molaei and Saatcioglu (2014). Seismic retrofit of reinforced concrete frames with diagonal 

prestressing cables, M.Sc. Thesis, University of Ottawa, Canada. 

Morgan, N., B. and C. Friend, M. (2001). "A review of shape memory stability in NiTi 

alloys." J. Phys. IV France 11(PR8): Pr8-325-Pr328-332. 

Mousavi, S. A. and S. M. Zahrai (2017). "Slack free connections to improve seismic 

behavior of tension-only braces: An experimental and analytical study." Engineering 

Structures 136: 54-67. 

NBCC (2005). "National building code of Canada 2005. National Research Council of 

Canada, Ottawa, ON, Canada." 

NBCC (2005). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 



 
 

 

224 

NBCC (2010). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NBCC (2015). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1941). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1953). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1965). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1970). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1975). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

NRCC (1980). National Building Code of Canada, Associate Committee on the National 

Building Code, National Research Council of Canada. Ottawa, ON. 

Ocel, J., R. DesRoches, R. T. Leon, W. G. Hess, R. Krumme, J. R. Hayes and S. Sweeney 

(2004). "Steel Beam-Column Connections Using Shape Memory Alloys." Journal of 

Structural Engineering 130(5): 732-740. 

Ohi K. (2001). Pseudo-dynamic earthquake response tests and cyclic loading tests on steel 

frames including pseudo-elastic elements. NSF–JSPS, U.S.–Japan Seminar on Advanced 

Stability and Seismicity Concepts for Performance -Based Design of Steel and Composite 

Structures. Kyoto, Japan. 

Ozcelik, R., U. Akpınar and B. Binici (2011). "Seismic Retrofit of Deficient RC Structures 



 
 

 

225 

with Internal Steel Frames." Advances in Structural Engineering 14(6): 1205-1222. 

Ozcelik, R., U. Akpınar and B. Binici (2012). Nonlinear Dynamic Analysis of Structural 

Steel Retrofitted Reinforced Concrete Test Frames. Mechanics and Properties of 

Composed Materials and Structures. A. Öchsner, L. F. M. da Silva and H. Altenbach. 

Berlin, Heidelberg, Springer Berlin Heidelberg: 71-81. 

Ozcelik, R. and B. Binici (2008). Use of internal V braces for strengthening deficient 

reinforced concrete frames. Proceedings of the 8th International Conference on Advances 

in Civil Engineering,. Eastern Mediterranean University, Famagusta, North Cyprus. 

Ozden, S. and U. Akguzel (2006). CFRP Overlays in Strengthening of Frame with Column 

Rebar Lap Splice Problem. In: Wasti ST, Ozcebe G, editors. Advances in Earthquake 

Engineering for Urban Risk Reduction. . NATO Science Series, Earth and Environmental 

Sciences, . vol. 66. Springer; 2006. p. 455–71. 

Pantelides, C. P., J. Gergely, L. D. Reaveley and V. A. Volnyy (1999). "Retrofit of RC 

Bridge Pier with CFRP Advanced Composites." Journal of Structural Engineering 125(10): 

1094-1099. 

Paulay, T. and M. J. N. Priestley (1992). Seismic Design of Reinforced Concrete and 

Masonry Buildings, John Wiley & Sons, Inc. 

Pincheira José, A. and O. Jirsa James (1995). "Seismic Response of RC Frames Retrofitted 

with Steel Braces or Walls." Journal of Structural Engineering 121(8): 1225-1235. 

Priestley, M., R. Verma and Y. Xiao (1994). "Seismic Shear Strength of Reinforced 

Concrete Columns." Journal of Structural Engineering-asce - J Struct Eng-ASCE 120. 

Priestley, M., R. Verma and Y. Xiao (1996). "Closure to “Seismic Shear Strength of 

Reinforced Concrete Columns” by M. J. Nigel Priestley, Ravindra Verma, and Yan Xiao." 

Journal of Structural Engineering-asce - J Struct Eng-ASCE 122. 

Priestley, M. J. N., F. Seible and E. Fyfe (1992). "Column seismic retrofit using 



 
 

 

226 

fibreglass/epoxy jackets, Proceedings of the 1st International Conference on Advanced 

Composite Materials in Bridges and Structures, ACMBS-I, Sherbrooke." Canada: 287-298. 

Rodriguez, M. and R. Park (1994). "Seismic Load Tests on Reinforced Concrete Columns 

Strengthened by Jacketing." ACI Structural Journal 91(2). 

Rosenboom, O. A. and M. J. Kowalsky (2004). "Reversed In-Plane Cyclic Behavior of 

Posttensioned Clay Brick Masonry Walls." Journal of Structural Engineering 130(5): 787-

798. 

Saadatmanesh, H. (1997). "Extending service life of concrete and masonry structures with 

fiber composites." Construction and Building Materials 11(5): 327-335. 

Saadatmanesh, H., M. Ehsani and M. Li (1994). "Strength and Ductility of Concrete 

Columns Externally Reinforced with Fiber Composite Straps." ACI Structural Journal 91. 

Saadatmanesh, H., M. R. Ehsani and L. Jin (1997). "Repair of Earthquake-Damaged RC 

Columns with FRP Wraps." ACI Structural Journal. 

Saadatmanesh, H., M. R. Ehsani and L. Jin (1997). "Seismic Retrofitting of Rectangular 

Bridge Columns with Composite Straps." Earthquake Spectra 13(2): 281-304. 

Saatcioglu, M. (2019). "Seismic Retrofit of Non-Ductile Reinforced Concrete Frame and 

Masonry Buildings." NED University Journal of Research 2: 143-164. 

Saatcioglu, M., P. Eng, S. Chakrabarti, R. Selby and D. Mes (2001). Improving Ductility 

and Shear Capacity of Reinforced Concrete Columns with Retro-Belt Retrofitting System. 

Saatcioglu, M., F. Serrato and S. Foo (2005). "Seismic Performance of Masonry Infill 

Walls Retrofitted With CFRP Sheets." 

Saatcioglu, M. and C. Yalcin (2003). "External Prestressing Concrete Columns for 

Improved Seismic Shear Resistance." Journal of Structural Engineering-asce - J Struct 

Eng-ASCE 129. 



 
 

 

227 

Sabri, A. (2013). Seismic Retrofit of Concrete Columns by Transverse Prestressing. Master 

of Applied Science, in Civil Engineering, University of Ottawa. 

Sabri, A. (2020). Seismic Retrofit of Load Bearing URM Walls with Internally Placed 

Reinforcement and Surface-Bonded FRP Sheets. PhD thesis, University of Ottawa. 

Sahoo, D. R. and D. C. Rai (2009). "A Novel Technique of Seismic Strengthening of 

Nonductile RC Frame using Steel Caging and Aluminum Shear Yielding Damper." 

Earthquake Spectra - Earthq Spectra 25. 

Said, A. M. and M. L. Nehdi (2004). "Use of FRP for RC Frames in Seismic Zones: Part 

I. Evaluation of FRP Beam-Column Joint Rehabilitation Techniques." Applied Composite 

Materials 11(4): 205-226. 

Scott, M. H. and G. L. Fenves (2006). "Plastic Hinge Integration Methods for Force-Based 

Beam & Column Elements." Journal of Structural Engineering 132(2): 244-252. 

Seible, F., G. Hegemier, F. Policelli, Karbhari, V., R. Randolph and F. Belknap (1995). 

"Earthquake retrofit of bridge columns with continuous carbon fiber jacket." Advanced 

Composite Technology Transfer Consortium/Bridge Infrastructure Renewal, Rep. No. 

ACTT-95/07, DARPA, Univ. of California at San Diego, La Jolla, Calif., I–IV. 

Seible, F., M. J. N. Priestley, G. A. Hegemier and D. Innamorato (1997). "Seismic Retrofit 

of RC Columns with Continuous Carbon Fiber Jackets." Journal of Composites for 

Construction 1(2): 52-62. 

Seismosoft (2016). Seismostruct manual. 

SeismoStruct (2016). Seismosoft. Italy, Seismosoft Ltd. 2020: a computer program for 

static and dynamic nonlinear analysis of framed structures. 

Serneels, A. (1999). Shape memory alloy characterisation and optimization. : . Proc. of the 

First European Conference on Shape Memory and Superelastic Technologies. . Belgium. 

pp.6–23. SMST Europe, Lubbeekpp. 



 
 

 

228 

Shalouf, F. and M. Saatcioglu (2006). "Seismic retrofit of non-ductile reinforced concrete 

frames with diagonal prestressing." 8th US National Conference on Earthquake 

Engineering 2006 1: 112-121. 

Strnadel, B., S. Ohashi, H. Ohtsuka, T. Ishihara and S. Miyazaki (1995). "Cyclic stress-

strain characteristics of TiNi and TiNiCu shape memory alloys." Materials Science 

and Engineering: A 202(1): 148-156. 

Sugano, S., T. Endo, A. Okifuji, T. Hayashi, T. Shimizu, K. Takahara, H. Saito and Y. 

Yoneyama (1980, 1981, 1983). "Practices of Seismic Retrofit of Existing Concrete 

Structures in Japan." Proceedings of 8th World Conference on Earthquake Engineering 1. 

Sugano, S. and M. Fujimura (1980). Seismic strengthening of existing reinforced concrete 

building in Proceedings of the 7th World Conference on Earthquake Engineering, vol. 4 of 

part 1, pp. 449–459, Istanbul, Turkey, 1980. 

Tagawa, Y., H. Aoki, T. Huang and Masuda H. (1992). Experimental study of new seismic 

strengthening method for existing RC structure. Tenth World Conference on Earthquake 

Engineering, Rotterdam (1992), pp. 5193-5198. 

Taghdi, M., M. Bruneau and M. Saatcioglu (2000). "Seismic Retrofitting of Low-Rise 

Masonry and Concrete Walls Using Steel Strips." Journal of Structural Engineering-asce - 

J STRUCT ENG-ASCE 126. 

Tobushi, H., Y. Shimeno, T. Hachisuka and K. Tanaka (1998). "Influence of strain rate on 

superelastic properties of TiNi shape memory alloy." Mechanics of Materials 30(2): 141-

150. 

Tobushi, H., K. Tanaka, K. Kimura, T. Hori and T. Sawada (1992). "Stress-Strain-

Temperature Relationship Associated with the R-Phase Transformation in TiNi Shape 

Memory Alloy." JSME international journal. Ser. 1, Solid mechanics, strength of materials 

35(3): 278-284. 



 
 

 

229 

Tremblay, R., P. Bolduc, R. Neville and R. DeVall (2006). "Seismic testing and 

performance of buckling-restrained bracing systems." Canadian Journal of Civil 

Engineering 33(2): 183-198. 

Tremblay, R., P. Bolduc, R. Neville and R. DeVall (2011). "Seismic testing and 

performance of buckling-restrained bracing systems." Canadian Journal of Civil 

Engineering 33: 183-198. 

Triantafillou Thanasis, C. (1998). "Strengthening of Masonry Structures Using Epoxy-

Bonded FRP Laminates." Journal of Composites for Construction 2(2): 96-104. 

Uang, C.-M. and M. Nakashima (2004). “Steel Buckling-Restrained Braced Frames.”, 

Steel Structure 4 (2004) 301-313 

Watanabe, A., Y. Hitomi, Saeki E., A. Wada and M. Fujimoto (1988). Properties of brace 

encased in buckling-restraining concrete and steel tube. Proceedings of 9 th World 

Conference on Earthquake Engineering. vol. IV. 

Wilde, K., P. Gardoni and Y. Fujino (2000). "Base isolation system with shape memory 

alloy device for elevated highway bridges." Engineering Structures 22(3): 222-229. 

Willis, C., Q. Yang, R. Seracino and M. Griffith (2009). "Bond behaviour of FRP-to-clay 

brick masonry joints." Engineering Structures 31: 2580-2587. 

Xiao, Y. and H. Wu (2003). "Retrofit of Reinforced Concrete Columns Using Partially 

Stiffened Steel Jackets." Journal of Structural Engineering 129(6): 725-732. 

Xiao, Y., H. Wu and B. OLSON (1997). Seismic Retrofit of Bridge Columns Using 

Prefabricated Composite Jackets. Practical Solutions for Bridge Strengthening and 

Rehabilitation BSAR II. Kansas City, Missouri: p. 45-54. 

Yamamoto, Y. and H. Umemura (1992). Analysis of reinforced concrete frames retrofitted 

with steel brace. 0th World Conference on Earthquake Engineering, . Madrid, Spain, July. 



 
 

 

230 

Youssef, M. A., H. Ghaffarzadeh and M. Nehdi (2007). "Seismic performance of RC 

frames with concentric internal steel bracing." Engineering Structures 29(7): 1561-1568. 

Zahrai, S. M. and S. A. Mousavi (2016). "Cable-Pulley brace to improve story drift 

distribution of MRFs with large openings." Steel and Composite Structures 21: 863-882. 

Zahrai, S. M., S. A. Mousavi and M. Saatcioglu (2016). "Analytical study on seismic 

behavior of proposed hybrid tension-only braced frames: Behavior of proposed hybrid 

tension-only braced frames." The Structural Design of Tall and Special Buildings. 

Zhao, J., B. Wu and J. Ou (2011). "A novel type of angle steel buckling-restrained brace: 

Cyclic behavior and failure mechanism." Earthquake Engineering & Structural Dynamics 

40(10): 1083-1102. 

 


	CHAPTER 1
	1 Introduction
	1.1 Background
	1.2 Research needs and significance of research
	1.3 Objectives
	1.4 Scope
	1.5 Presentation of Thesis format
	1.6 References:

	CHAPTER 2
	2 Literature Review
	2.1 Overview of seismic retrofit techniques
	2.2 Lateral bracing
	2.2.1 Use of shear walls as bracing elements
	2.2.2 Strengthening existing structural and non-structural walls with FRP and steel strips
	2.2.3 Steel braces in frame buildings
	2.2.3.1 Regular structural steel braces
	2.2.3.2 Buckling-Restrained braces (BRBs)
	2.2.3.3 Tension bracing (diagonal tension only) for seismic retrofitting
	2.2.3.3.1 Cables and prestressing strands as tension brace members
	2.2.3.3.2 Shape Memory Alloy (SMA) braces



	2.3 References

	CHAPTER 3
	3 Seismic Retrofit of Non-Ductile Concrete Frames with Cable-SMA Assembly
	3.1 Introduction
	3.2 Research Significance
	3.3 Building design and dynamic analysis
	3.3.1 Un-retrofitted buildings
	3.3.2 Buildings retrofitted with cable tension braces
	3.3.3 Buildings retrofitted with steel-SMA assembly as cable tension braces
	3.3.4 Buildings retrofitted with steel-SMA assembly under different cable arrangements

	3.4 Conclusions
	3.5 References
	3.6 Tables and Figures

	CHAPTER 4
	4 Progressively Engaging Cables as Tension Braces for Seismic Retrofit of Non-Ductile Concrete Frames
	4.1 Introduction
	4.2 Selection of a reference frame
	4.3 Dynamic inelastic analysis of test frames
	4.3.1 Software and frame data specified for dynamic inelastic analysis
	4.3.2 Analysis results

	4.4 Experimental Research
	4.4.1 Preparation of the test frame for testing
	4.4.2 Test set-up and instrumentation

	4.5 Frame tests, data analysis and results
	4.6 Conclusions
	4.7 References
	4.8 Tables and Figures

	CHAPTER 5
	5 Development of Progressively Engaging Tension Braces for Seismic Retrofit of Reinforced Concrete Frames
	5.1 Introduction
	5.2 Selection of prototype buildings and dynamic analysis
	5.3 Un-retrofitted buildings
	5.4 Retrofitted buildings
	5.5 Use of separate footings for first-storey cables
	5.6 References

	CHAPTER 6
	6 Summary and Conclusion
	6.3 Significance of research and contributions to the field of earthquake engineering

	Appendices
	Appendix I Design Loads
	Appendix II Seismic design loads, artificial seismic records and dynamic analysis result of the buildings in Ottawa
	Appendix III Damage observations in Test 1 and 2
	Appendix IV Instrumentation Data
	7 REFERENCES



