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ABSTRACT 
The fundamental objective of this thesis is to facilitate the use of a self-centring damper 

called Resilient Slip Friction Joint (RSFJ) in steel structures of seismically active regions 

for providing low-damage structural solutions. To achieve this purpose, real-scale 

experimental tests should verify the performance of the damper under simulated 

earthquake conditions and design guidelines should be developed so that engineers can 

incorporate the damper in building design.  

The RSFJ was developed previously to provide energy dissipation, self-centring, and 

response repeatability characteristics in one package. Three different structural systems 

common to steel frame construction have been investigated in this work where the RSFJ 

has been adopted deliberately for each of these systems to enhance their seismic 

performance by adding energy-dissipation and self-centring characteristics while keeping 

the initial seismic functionality of those systems. These systems are RSFJ Tension-Only 

Brace (RSFJ TO-Brace), RSFJ Tension-Compression Brace (RSFJ TC-Brace), and RSFJ 

Moment Resisting Frame (RSFJ MRF).  

The contributions of this thesis are therefore encapsulated in the next paragraphs. 

First, the RSFJ TO-Brace was developed and tested at the component level and then in a 

full-scale system level. RSFJs were added to the end of the bracing members and due to 

the type of connections devised, no compression force exists on bracing members and 

their connections. Therefore, bracing members are rods or similar components due to the 

absence of buckling issue. RSFJs and frame were designed to undergo displacements and 

forces which may happen under a Maximum Considered Earthquake (MCE). Quasi-static 

and dynamic loadings were applied to the frame. The results showed that the performance 

of the frame under different loading regimes is self-centring, energy dissipative, and 

repeatable. Moreover, suitability of the system for retrofitting purposes was probed by 

numerical analyses. 

Second, the RSFJ TO-Brace was investigated under earthquake conditions which would 

expand the RSFJ beyond its ultimate level. Loading of the RSFJ beyond its ultimate level 

may be allowed at the discretion of the design engineer or can be triggered by 

unexpectedly large earthquakes. Therefore, it is important to encourage a ductile failure 
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mode. Three RSFJs were designed to have a ductile failure mode and were tested beyond 

their ultimate capacity up to the rupture. RSFJs with the same characteristics were then 

used in a full-scale steel frame and the frame was pushed quasi-statically beyond the 

ultimate level. The results showed that the failure mechanism is ductile as intended, the 

self-centring characteristic is still maintained, while the response is not fully repeatable 

due to the reduction in the pre-stressing force of the bolts. Equations were proposed to 

predict the elongation and over-strength of the joints and frame, which were verified with 

the test results. The observed elongation and over-strength of the joints and frame were 

reported as well. 

Third, a full-scale three-story three-dimensional steel structure was designed to include 

three structural systems using the RSFJ, RSFJ TO-Brace, RSFJ TC-Brace, and RSFJ 

MRF. A three-dimensional shaking table test can capture the dynamic effects on the 

performance of the RSFJ systems and the whole structure. The studied structure was two 

bays by one bay in plan and with an inter-story height of 3m. The structure was designed 

to be configurable i.e., the connections vital for the intended performance of each system 

were designed to be easily replaced, with no structural invasion, to permit changing from 

one to another system. The same beams, columns, and floors were used for all systems. 

For each system RSFJs, connections, and members were designed to undergo no damage 

under Ultimate Limit State (ULS) and MCE shaking levels. The design procedure 

used starts with force-based Equivalent Static Method (ESM) and continues with the 

pushover and Nonlinear Time-History Analysis (NLTHA) methods. The connections 

and members in all systems were designed and detailed to be deformation compatible. 

The earthquake record selected to represent the seismic intensity of the selected site was 

Imperial Valley 1940 earthquake. For the sake of extended numerical analysis, 7 more 

earthquake records were selected and then scaled to the site target spectrum. In the next 

step, 56 RSFJs were manufactured and tested to ensure the designed performance is 

achieved. Also, beams, columns, and floors were manufactured. The next steps 

including construction of the structure on the shaking table test and shaking it with the 

selected earthquake record and assessing the results were left uncompleted. This is due 

to the inevitable circumstances incurred by COrona VIrus Disease-2019 (COVID-19) 

on this study. This international project is planned to happen at the International Joint 

Research Laboratory on Earthquake 
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Engineering (ILEE), Shanghai, China, after international flights and collaborations and 

border restrictions are lifted.
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Introduction 

 

1.1 Background 

1.1.1 Seismic Design Principles 

In earthquake and structural engineering, it is beneficial and most often unavoidable to 

allow a structure to perform nonlinearly during an earthquake. In so doing, reduction of 

base shear force is gained which makes the design more economical if seismic design 

principles are incorporated properly.  

In the context of structural engineering, a ductile material is defined as one which is 

capable of undergoing plastic deformations without losing its strength. Structural steel is 

known as one of the most ductile widely used engineering materials. For many years, 

practicing engineers believed that steel structures are immune to damages caused by 

earthquakes due to the steel inherent ductile behaviour. However, earthquake engineering 

research efforts since 1970s and structural damages observed from 1994 Northridge and 

1995 Kobe earthquakes demonstrated the need for providing a ductile structure despite 

of using ductile material. Indeed, brittle failure of poorly designed steel components and 

connections would prevent a ductile structural behaviour. Therefore, material ductility, 

section ductility, member ductility, and structural ductility are required to ensure a ductile 
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overall behaviour. This ductile behaviour brings along earthquake energy dissipation 

through stable nonlinear cycles and finally base shear reduction. 

Another element of seismic design is capacity design. Capacity design limits the 

nonlinear behaviour to components and members that can dependably provide ductility 

and energy dissipation while do not compromise stability and gravity load carrying 

capacity of the structure. Such elements are called fuses or displacement-controlled 

elements and the rest of the structure including columns and connections should remain 

essentially elastic under the over-strength actions of the fuses. Beam ends in MRF, braces 

in Concentric Braced Frames (CBF), and link beam in Eccentric Braced Frames (EBF) 

are some examples of conventional fuses. 

1.1.2 Low-damage Structural Systems 

In the conventional lateral load resisting systems such as those mentioned in the previous 

section, fuses are a member of the main system such as beams and braces and the energy 

dissipation is provided though yielding of these members. This will make the repair and 

replacements of these members difficult and possibly not economical and feasible 

following a seismic event. The idea of low-damage structural systems is to provide fuses 

which either do not require replacement or if required, the replacement is easy and 

expedient.  

One type of these fuses is yielding metallic dampers from steel, aluminium, lead, and 

copper. One can find these fuses in various shapes and in different structural 

configurations. Figure 1-1 gives some examples of these fuses individually and in 

different structural systems. 

Another type of these fuses are friction dampers in which the friction force between 

clamped sliding surfaces provides energy dissipation. In these dampers, the repeatability 

and smoothness of the hysteretic curve depends on the finishes of the clamped surfaces, 

the clamping pressure in the contact surfaces, the method of applying pressure to form a 

uniform or non-uniform pressure distribution, and many more items (Bruneau et al. 

2011). 

The initial experimental studies on the performance of friction dampers (steel-on-steel or 

other materials) in steel structures started in early 1980s ( Pall et al. 1980; Takanashi et 
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al. 1981; Pall and Marsh 1982). Tremblay et al. (1993) conducted dynamic tests on a 

slotted bolted connection and observed that the slip strength was highly variable upon 

reversing cycles. They proposed a concentric braced frame with slotted connections and 

verified its performance in a single-story brace bent as shown in Figure 1-2. The loss of 

bolt pretension was an issue observed from test results. 

    

(a) 

 

 
 

(b) 

Figure 1-1: Examples of (a) metallic yielding fuses and (b) in structural applications 

(Javanmardi et al. 2020) 

Simultaneously, Grigorian and Popov were conducting experiments on slotted bolted 

connections and observed variable response from steel-on-steel connection and more 

stable performance for brass-on-steel connection (1994). They also conducted a shaking 

table test on a three-story frame with braces incorporating slotted bolt connections with 

shim plates. Yang and Popov (1995) introduced a friction-based moment connection with 

brass shims sandwiched between steel plates, as shown in Figure 1-3 and carried out 

cyclic tests on it. In this concept the sliding occurred at top and bottom flange of the beam. 

Clifton et al. (1996) introduced an improved version of the moment connection developed 

by Yang and Popov called Sliding Hinge Joint (SHJ) as shown in Figure 1-4. In this 
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concept sliding was allowed at the bottom flange only and therefore damage to slab would 

be minimised in an earthquake. 

 

Figure 1-2: Friction concentric braced frame proposed by Tremblay et al. (1993) 

 

Figure 1-3: Rotational slotted bolted connection proposed by Yang and Popov (1995) 

The concept of friction fuses can be used in any structural system of different material. 

For instance, Loo et al. (2014) developed a rocking timber shear wall using slip friction 

connector. 

Viscous Fluid (VF) dampers are another type of energy-dissipation devices. A VF damper 

generally includes a piston within a damper housing filled with a compound of silicone 

or similar type of oil, and the piston may contain a number of small orifices through which 

the fluid may pass from one side of the piston to the other (Soong and Spencer Jr 2002). 

Therefore, VF dampers dissipate energy through the movement of a piston in a highly VF 



 

5 

based on the concept of fluid orificing. VF dampers can be used in combination with base 

isolation systems to provide additional energy-dissipation and reduce displacement 

demands as shown in Figure 1-5. 

 

Figure 1-4: SHJ proposed by Clifton et al. (2005) 

 

Figure 1-5: Application of viscous fluid dampers with base isolation system in San 

Bernando County Medical Center (Soong and Spencer Jr 2002) 

1.1.3 RSFJ as a Self-Centring System 

The low-damage structural concepts are effective in reducing damage to the main 

structural systems. However, these systems and the conventional seismic resisting 

systems does not actively come back to the initial position and may have residual drifts 

after an earthquake because of the resisting forces developed in the system from yielding 

of the members or the friction developed in the fuses.  A study conducted by MacCormic 

et al. showed that if the residual drift is greater than 0.5%, occupants will perceive the 

residual drift and it is more economical to rebuild the structure rather than to repair it 
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(McCormick et al. 2008). The level of residual drift is dependent, among many items, on 

the earthquake intensity, fault mechanism, structural system, and configuration. 

Low-damage self-centring structural systems have been studied and proposed to resolve 

the possible residual drift of buildings after a seismic event. By self-centring the structure 

actively, these systems can provide continuous functionality of the buildings or with 

minimal downtime. One of the most common solutions to provide low-damage self-

centring systems is by using post-tensioning strands combined with yielding, friction-

based or viscous fuses. This concept have been used in different structural systems such 

as MRF (Priestley and Tao 1993; Ricles et al. 2002), braces (Christopoulos et al. 2008) 

and rocking shear walls (Holden et al. 2003; Sarti et al. 2016). 

Zarnani and Quenneville (2015) developed the RSFJ to provide self-centring and 

damping coming from lubricated sliding surfaces in a compact joint. It comprises of 

grooved middle and cap plates which are clamped together with high-strength bolts and 

disc springs. This joint, like other self-centring systems, forms a flag-shape response 

under cyclic loading. Being a joint, RSFJ potentially can be utilized in different structural 

systems of different materials considering the principal concepts of seismic design, 

specifically capacity design. 

1.2 Problem Statement and Gap 

As the RSFJ is a newly developed damper, further research is required to investigate its 

performance in different potential structural applications to enhance their seismic 

performance under different loading conditions including conditions of 

extremely/unexpectedly large earthquakes.  

In the next step, the performance of these systems should be investigated and examined 

in real conditions of a three-dimensional structure under real earthquake loads. This will 

build confidence for the engineers to utilize the applications of the RSFJ in buildings. For 

this purpose, design guides and recommendations are also required to pass on to 

designers. 

1.3 Objectives and Limitations 

The objectives of this study are to: 
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• Develop RSFJ TO-Brace as one of its structural applications. Current tension-only 

braces suffer pinching, slackness, and low damping; consequently, they have 

restricted seismic use. 

• Study response of the RSFJ TO-Brace beyond its ultimate level in component and 

system levels and propose a ductile post-ultimate mechanism. 

• Study the performance of three different applications of the RSFJ including RSFJ 

TO-Brace, RSFJ TC-Brace, and RSFJ MRF through development of a low-

damage full-scale three-story steel structure shaking table test. 

Due to the inevitable effects of COVID-19 at the end of this study, it was not possible to 

construct the shaking table test structure and complete testing given this experiment was 

planned as an international program since the commencement between China and New 

Zealand. However, complete structural design, numerical studies, and RSFJ component 

tests were conducted.   

1.4 Overview of The Thesis 

This thesis contains five chapters and six appendices as explained below: 

Chapter 1 introduces the principles of seismic design and then explains the fuse concept 

and low-damage structural system. Later, a description on self-centring systems and RSFJ 

is given. Some research gaps for the development of the RSFJ are mentioned based on 

which, the objectives of this study are listed. 

Chapter 2 contributes to the fulfilment of the first goal of this thesis. Conceptualization, 

design, and experimental studies related to the development of RSFJ TO-Brace are given. 

By conducting numerical analyses, the efficacy of this system for retrofitting of existing 

structures and seismic upgrading is demonstrated. The material of this chapter is based 

on an article published in the American Society of Civil Engineers (ASCE) Journal of 

Structural Engineering. 

Chapter 3 contributes to the fulfilment of the second goal of this thesis. It investigates 

the performance of the RSFJ in component level and then as an application in the RSFJ 

TO-Brace beyond its ultimate level to provide a ductile mechanism. Results of 

experimental and analytical studies are compared and equations are proposed to predict 
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the joint elongation. The material of this chapter is based on an article published in the 

Journal of Constructional Steel Research (JCSR). 

Chapter 4 contributes to the fulfilment of the third goal of this thesis. It presents the 

design, numerical analyses, and component test results of a three-story steel structure to 

incorporate three structural applications of the RSFJ, as a part of a comprehensive 

experimental program called RObust BUilding SysTems (ROBUST). This program 

includes a shaking table test on a full-scale three-story steel structure incorporating some 

of the state-of-the-art low-damage structural and non-structural systems developed in 

New Zealand and China. Performance of the three RSFJ systems are compared with each 

other and under ULS and MCE level of shakings. The material of this chapter is based on 

an article submitted for possible publication to the Journal of Structures. 

Chapter 5 provides the conclusions and observations of the previous chapters. The 

recommendations for further work are also included in this chapter. 

Appendix 1 provides the detailed connections design for the RSFJ MRF application 

investigated in Chapter 4. 

Appendix 2 provides the detailed connections design for the RSFJ TO-Brace application 

investigated in Chapter 4. 

Appendix 3 provides the detailed connections design for the RSFJ TC-Brace application 

investigated in Chapter 4. 

Appendix 4 gives the details of the column bases opted to be used in each RSFJ 

application for the ROBUST test program. 

Appendix 5 presents the considerations taken into account for deformation compatibility 

of RSFJ column bases investigated in Appendix 4. 

Appendix 6 presents selection process and scaling of the unique ground motion to be 

used for the ROBUST test program. It also provides the bidirectional shaking input for 

this program. 

It should be noted that because the chapters of this thesis are based on journal articles 
published or under review, there are inevitably materials that may be repeated in places. 
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New Self-Centring Tension-Only Brace Using Resilient 

Slip Friction Joint: Experimental Tests and Numerical 

Analysis 
 

2.1 Introduction 

This chapter aims to develop a new tension-only brace using RSFJ and presents the 

relevant design and testing program. Features of the introduced tension-only brace are 

stable cyclic self-centring behaviour without stiffness/strength degradation, pinching, and 

slackness, which were common to hysteretic curve of conventional tension-only braces, 

while energy dissipation is also provided through friction mechanism. These 

characteristics are achieved using RSFJs at the end(s) of bracing members without any 

yielding, even partial, in members; thus, it can be considered as a damage avoidance 

concept. The dynamic behaviour of the tension-only braces can significantly be different 

from the quasi-static performance; hence, for the proposed system, the dynamic 

performance is also assessed.   

In conventional lateral load resisting systems (LLRS), the input earthquake energy is 

dissipated by yielding mechanism of selected members in a way that would not 

significantly affect the overall structural integrity. This, however, could lower the damage 
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and satisfy the life-safety criteria, but due to the unacceptable level of residual drift, the 

structure may be rendered unusable and costly to be repaired (Christopoulos et al. 2008). 

In fact, if the residual drift is more than 0.5%, it is generally less expensive to rebuild a 

structure rather than to repair it (Erochko et al. 2010; McCormick et al. 2008).   Moreover, 

conventional ductile yielding systems are prone to non-ductile fracture caused by low 

cycle fatigue which makes the collapse possible (Tremblay et al. 2003; Uriz and Mahin 

2004). Another potential drawback of these systems is that as they yield under the cycles 

of an earthquake and the resultant nonlinearity is not completely recovered, a drift bias 

occurs and the structure oscillates around an inclined position rather than around a zero 

displacement point which can lead to a progressive collapse mechanism (Erochko et al. 

2014b; MacRae and Kawashima 1997). To remove the mentioned potential deficiencies 

of conventional yielding systems, to minimize economic loss after strong earthquakes, 

and to have a more predictable structural performance, various self-centring systems have 

been proposed. In most cases, the self-centring behaviour is gained by using pre-stressing 

elements (Miller et al. 2011) or shape memory alloy (SMA) (Miller et al. 2011; Qiu and 

Zhu 2017; Zhu and Zhang 2008). If the energy dissipation is not performed by the self-

centring mechanism, a supplemental damping mechanism such as friction or yielding is 

required. Christopoulos et al. (2008) introduced a new self-centring energy dissipative 

(SCED) brace that uses post-tensioned rods accompanied with additional source of 

viscous damping in the core. In order to increase the axial deformation capacity of this 

system, later on Erochko et al. (2014b)  proposed a telescoping layered revised version 

of SCED that was tested up to 4% drift still presenting self-centring capability. 

Tension-only braces are widely used in low-rise industrial and commercial steel buildings 

because they are simple to design and inexpensive (Filiatrault and Tremblay 1998). The 

conventional tension-only braces are slender bodies designed to undergo tensile yielding 

and compression buckling in order to decrease the design force level and to introduce a 

source of earthquake energy dissipation into the structure. In cyclic loads, these 

successive cycles of yielding and buckling induce slackness in the system around the zero 

displacement point that would eventually lead to a severely pinched behaviour (Tremblay 

and Filiatrault 1996). Stemming from this pinching behaviour, it was always deemed that 

there would be an increase in the force in these braces due to the impact loading. To shed 

more light on it, Filiatrault and Tremblay (1998) conducted a series of static, dynamic 
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and shake table tests on tension-only concentrically braced frames. They concluded that 

the force increase in the braces is about 14% and the reason is the increase of the yielding 

strength of steel under high strain rates similar to those in a real earthquake; since the 

conventional tension-only braces were supposed to yield in seismic events, one expects 

to see this increase. In order to address the issue of pinching, Araki et al. (2016) utilized 

super-elastic SMA tension braces which their test results demonstrated that the SMA 

braces are effective to prevent pinching and residual deformations. Moreover, Wang et 

al. (2013) introduced a tension-only braced frame in a beam-through steel frame that 

would undergo yielding and consequently  would result in residual drift of the structure; 

to enhance the performance by self-centring characteristics, a post-tensioned steel 

moment resisting frame was added to this system (Wang et al. 2018) and in another study, 

a rocking truss was used to prevent the soft-story failure from happening as a result of 

non-uniform drift distribution over the height (Hu et al. 2018). Tamai and Takamatsu 

(2005) proposed a non-compression brace in which by using bevelled washer and wedge, 

the brace is released in compression and due to the sliding of the wedge, looseness arising 

from the axial plastic deformation in the brace is prevented. AS Issa and MS Alam (Issa 

and Alam 2019a) investigated the seismic performance of a newly developed self-

centring brace by using a novel experimental technique called Closed-Loop Dynamic 

(CLD) testing. The investigated brace employs Ni-Ti SMA bars inside a sleeve piston to 

provide self-centring. CLD testing includes 9 steps to integrate the specimen test results 

and the numerical modelling outputs. Reasonable agreement between the numerical and 

experimental results was achieved and the bracing system showed excellent self-centring 

capability under various earthquake loading.  

2.2 RSFJ Mechanism and Related Past Studies 

The RSFJ was invented by Zarnani and Quenneville (2015) to resolve the potential 

residual displacement issue in structures after a major seismic event and also to provide 

damping in a single device. The RSFJ is composed of steel grooved middle plates with 

slotted holes and grooved cap plates with simple holes which are clamped to each other 

through pre-stressed high-strength bolts/rods and disc springs. Figure 2-1 (a) shows 

different components of the RSFJ. The load-deformation curve of the RSFJ follows the 

so-called flag-shape behaviour special to self-centring systems with energy dissipation 
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characteristics. Figure 2-1 (b) depicts the assembled RSFJ at rest. When the joint is 

loaded, the initial static frictional resistance between the clamped grooved surfaces is 

overcome and the device starts opening up; the corresponding external force on the joint 

is called the slipping force, Fslip, as shown in Figure 2-1 (c). Then as the loading increases 

and the joint keeps opening up, the sliding friction mechanism dissipates the energy until 

the disc springs are fully flattened and are locked; this is the ultimate state of the device 

and the corresponding external force on the joint is called the ultimate force, Fult, as shown 

in Figure 2-1 (d). As the unloading begins, the direction of the friction force on the 

grooves changes and the joint starts slipping back; the external load is called the restoring 

force, Frest, as shown in Figure 2-1 (e). Finally, the minimum force immediately before 

the joint returns to its initial position is called the residual force, Fresid, as shown in Figure 

2-1 (f). Figure 2-1 (g) illustrates the flag-shape behaviour of an RSFJ effective in tension 

only with the explained forces and displacements. Note that for simplicity of 

demonstration, the normal and friction forces, given in Figure 2-1 (c) to Figure 2-1 (f) in 

red arrows, are drawn only for one involved groove and only in one side.  

The governing equations of the RSFJ are as the following (Hashemi et al. 2016; Zarnani 
et al. 2016): 

,
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Where nb is the number of bolts/rods on each splice of the joint, e.g. nb = 2 in Figure 2-1 

(a), Fb,pr is the pre-stressing force of each bolt/rod, θ is the angle of the grooves, µk is the 

kinetic coefficient of friction between the sliding surfaces. Fb,ult is also the force of each 

bolt/rod at the ultimate state of the joint which is equal to the flat load of the disc springs, 

if they are in series. 
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(a) 
(b) 

(c) (d) 

(e)  (f) 

 (g) 
Figure 2-1: (a) RSFJ components, (b) to (f) RSFJ in different loading steps, and (g) 

resulted flag-shape response  

The ∆ult is obtained from equation (5). 
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In which ∆s is the maximum deflection of the stack of the discs on each side of a single 

bolt/rod. The governing equations have been verified in past studies. The joint has been 

tested at the component level and the flag-shape performance and the governing equations 

have been verified in previous studies (Hashemi et al. 2016). Moreover, the in- and out-

of-plane rotational performance of the joint and the governing equations have been 

studied by (Zarnani et al. 2018). The RSFJ has been used and tested as hold-downs in a 

rocking timber shear walls (Hashemi et al. 2017a) and recently has been extended to pre-

cast concrete shear walls (M. Darani et al. 2018) to add self-centring and energy 
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dissipation. In another application, it has been used in timber and steel braces where 

stability studies of the joint and related verification experiments have been accomplished 

(Ashkan Hashemi et al. 2019; Yousef-beik et al. 2018). Steel moment resisting frames 

and coupled timber shear wall applications have been investigated by (Shabankareh et al. 

2019) and Hashemi et al. (2017) respectively. The numerical modeling of the joint and a 

guideline on how to design a structure with the RSFJ have been provided by Hashemi et 

al. (2018). Moreover, the rotational RSFJ has also been developed to enhance the joint 

displacement capacity (Veismoradi et al. 2019); this has been developed into rocking 

concrete shear walls (Sahami et al. 2019). It should be noted that while Hashemi et al. 

(2020) proposes a procedure to design structures with RSFJ TO-Brace, this chapter 

introduces the RSFJ TO-Brace concept and gives the design and comprehensive test 

program starting at 2018.  

2.3 Proposed Brace Mechanism 

The RSFJ can work both in tension and in compression in subsequent cycles. In this 

chapter, the proposed brace will experience only tension. That makes the brace bodies 

considerably smaller compared to conventional tension/compression braces because of 

the use of simple rods, plates, or other proprietary braces. The RSFJ can have different 

end conditions, fixed or pinned. In this study, the joints are connected from one end to 

the end of rods as bracing members and are connected to the gusset plates using pins from 

another end. The nuts used to connect the rods to the joints are put on just one side of the 

joint end plate, which is towards end of the rods. Figure 2-2 shows the details of the brace 

connection to the gusset, beam and column.  

 

Figure 2-2: Proposed tension-only brace connection details 
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According to this detailing, the braces carry no compression force since they can be 

released and extend over the joint lateral surfaces. Conventional tension-only braces will 

buckle under even small compressive force, and there is the possibility that the brace body 

will yield as a result of this buckling, so they are considered to work just in tension. With 

the proposed system, once one diagonal is resisting the tension force, the other one has 

no force. In cyclic loading, as soon as one diagonal is released, the other one will resist 

the lateral load and will experience the tensile force. The diagonal braces need to be pre-

stressed to remove sagging of the rods under their gravity load; otherwise, the rods 

sagging may induce slackness around the point of zero displacement. To quantify the 

required pre-stressing force for this purpose, one may consider a diagonal member under 

distributed load of γ and axial load of P which has a displacement of y at coordinate x as 

shown in Figure 2-3. 

 

Figure 2-3: Analytical model of a member under a uniformly distributed gravity load 

and an axial tensile load 

The governing differential equation will be as shown in (6). 

( ) ( )
2

"
( ) ( ) ( )cos cos

2 2x x x
x LEIy Py xEIyγ α γ α= + −  (6) 

Where E is the elastic modulus of the member, I is the moment of inertia of the section, 

α is the acute angle between the brace and horizon, and L is the total length of the member. 

By solving this differential equation and applying the boundary conditions, (0) ( ) 0Ly y= =

, the following equation is derived.  

( )
( )

( )( ) ( ) ( )2
( ) 22

cos cos cos
;

2 21
L xx

x L

EI L EI Py e e x x
P P P EIP e

κκ
κ

γ α γ α γ α
κ−= + − + − =

+
 (7) 
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In this equation, for a specific P, an x-y relation is derived with a unique ymax. Then, by 

considering a range of axial loads, corresponding values for ymax are also calculated. Note 

that based on the equation obtained, it is not theoretically possible to remove all sagging 

(ymax= 0) since an infinite P is required. However, a unique ymax can be deemed as a point 

at which the system is stiff enough to ignore corresponding slackness. This point can be 

determined visually from the P-ymax where the stiffness sharply increases. The 

implementation of this procedure is presented for this research later in this chapter. 

2.4 Experimental Demonstration 

2.4.1 Loading regimes 

Generally, the ultimate goal of any loading regime is to qualify the performance of the 

intended member in real applications. There has not been any specific loading protocol 

designed for the self-centring braces; however, according to current literature, there are 

two types of loading protocols that have been employed for these braces, which are 

basically for Buckling Restrained Braces (BRBs) and general dampers (Erochko et al. 

2014a). The first one is the loading protocol suggested by AISC 341 (AISC 341-10 2010) 

for quasi-static tests where it is stated that the brace should have twice the ductility 

capacity of the design story drift together with an accumulative inelastic axial ductility 

capacity of 200. As such, the quasi-static loading protocol in accordance with this 

standard is used for the test, as shown in Figure 2-4 (a). The design level story drift is 

assumed to be 2.5 % which is equal to the inter-story drift limitation based on the 

NZS1170.5 (NZS1170.5 2004). This makes the maximum considered earthquake (MCE) 

displacement equivalent to 5% drift, assuming it twice the Ultimate Limit State (ULS) 

displacement (Erochko et al. 2014b). The resulting static loading protocol is depicted in 

Figure 2-4 (a). Regarding the dynamic loading protocol, according to ASCE/SEI 7-16 

(ASCE/SEI 7-16 2016), each damper shall be tested with at least five fully reversed 

sinusoidal cycles with a period equivalent to the reduced building period after activation 

of the damper. The period of the structure after activation shall be calculated either with 

force-deformation relationship of the structure or using equation (8).  

1after slipT T µ− =  (8) 
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Where T1 is the first period of the studied structure and µ is displacement ductility. In 
order to meet the requirements of the AISC 341 loading protocol, the dynamic loading 
protocols are designed with respect to the following criteria:  

1. The MCE deflection is assumed to be twice the ULS deflection. The ULS drift 
was assumed 2.5% based on the NZS1170.5 (NZS1170.5 2004) limit for ULS. 

2. The accumulative inelastic ductility capacity is more than 200. 
3. There are five fully reversed sinusoidal cycles with an amplitude equal to the MCE 

drift. 

The dynamic loading protocols were adjusted to match the maximum velocity capacity 

of the actuator in use and were different in frequency and maximum amplitude. One of 

the obtained dynamic loading protocols is depicted in Figure 2-4 (b) with a frequency of 

0.4Hz (assuming a post-activation period of 2.5 second for the hypothetical structure) and 

a maximum amplitude of 120mm.  

  

(a) (b) 

Figure 2-4: (a) Quasi-static and (b) dynamic loading protocols 

2.4.2 Frame components design 

A two-dimensional full-scale steel frame with dimensions of 5.05m long and 3.1m high 

was designed based on NZS 3404 (NZS 3404 2007) to satisfy different loading protocols 

of the test. Figure 2-5 shows the test frame and the details of different connections to 

achieve a pinned frame. Referring to this figure, one can see that on the top right 

connection, the beam and brace (RSFJ) are connected through pins to the gusset plate and 

the column is connected to the gusset plate through four 8.8 M24 bolts while on the 

bottom connections, the brace (RSFJ) and column are both pinned to the gusset plate. The 

top left connection is similar to the top right connection except for an additional adaptor 

plate, which is welded to the gusset to connect the actuator to the frame. The actuator is 

connected to the adaptor plate by four 10.9 M24 bolts from one end and to the wall base 
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plate from another end. By using this configuration, the entire frame is stable and all 

members work axially. The beam and columns section are back-to-back 180×75 PFC with 

25mm gap made with grade 350 steel. All pins are grade 700 steel with a diameter of 

50mm and the gussets are grade 350 steel plates with a thickness of 25mm. Since the web 

of the beams and columns around the pin hole was prone to bearing failure, circular 

reinforcing pads were welded to the web to strengthen it. The detail for this configuration 

is shown in Figure 2-5 (a). Also, in order to provide displacement compatibility for free 

rotation of the beam relative to the columns and columns relative to the base plates, gaps 

were considered as per details provided in Figure 2-5. Two 24mm diameter grade 8.8 rods 

were used as brace bodies. In order to prevent the individual members buckling, 

combination of timber spacers and bolts have been used in the beam and columns with 

an even spacing of 1010mm in the beam and 826mm in the columns (see Figure 2-6). 

For the purposes of supporting the two-dimensional frame and minimizing the lateral 

movements during static and dynamic test, a protection frame was used. This frame 

consisted of four columns, two beams at both sides of the main frame beam and at the 

same level with a distance of 6mm on each side, and four props were also used. The 

schematic view of the test setup including the main and protection frames is displayed in 

Figure 2-7. 
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Test 
frame 

  
detail (a) detail (b) 

 
detail (c) 

Figure 2-5: Test frame and corresponding connections details 
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Figure 2-6: Details of timber spacers and anchoring bolts to prevent individual member 

buckling in beam and columns 

 

Figure 2-7: Test set up including main and protection frames 

2.4.3 Joints performance 

The joints were designed according to the maximum force capacity of the actuator 

(300kN) at 5% drift ratio of the frame based on the loading protocols of the test. In order 

to achieve this drift level, two RSFJs on each brace were considered. The joints were 

made of high-strength steel with minimum yield strength of 655 MPa. The clamping rods 

are grade 8.8 M18. The design parameters of the joints are listed in Table 2-1. 
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Table 2-1: Design parameters of the joints 

Parameter Definition Value 
Nb Number of bolts on each middle plate 2 
Nd Number of parallel discs per bolt per side 11 
θ Angle of the grooves 17° 

2.4.4 Brace check for friction 

As mentioned earlier, all the connections were designed and constructed to be simple 
connections using pins. To ensure this is achieved and no undue strength and stiffness are 
added to the frame, it was loaded without braces. As per expectation, the stiffness and 
strength of the frame without bracing elements was negligible as shown in Figure 2-8. 

 

Figure 2-8: Behaviour of the frame without bracing elements 

2.5 Test Results 

2.5.1 Component testing  

At the first series of tests, all four joints were component tested using MTS 500kN up to 

60mm displacement in three cycles to verify their repeatable expected performance per 

design. The displacement between two middle plates was measured using Linear Variable 

Differential Transformer (LVDT) and the force was measured by the actuator load cell. 

Figure 2-9 includes the joint test set up, the joint at its maximum displacement capacity, 

and the joint test result compared to estimated result. 

The response of all tested joint was substantially matching. The reason for slight non-

linear jump at the top-right corner of the recorded flag-shape is the non-linear behaviour 

of the disc springs as they are close to be fully flattened. Note that for building up the 

prediction curve, it has been assumed that the initial stiffness and the first unloading 

stiffness of the joint are identical. This assumption is verified by the test result as there is 
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a good match between these two curves. Previous testing on the RSFJ also confirm this 

assumption (Hashemi et al. 2017a). 

 

(a)  

 

(b) 

 

(c) 

Figure 2-9: (a) Joint test setup, (b) joint at its maximum displacement capacity, and (c) 

comparison of the joint test and estimated result 

2.5.2 Frame quasi-static testing 

After installation of the four tested joints in the frame, the diagonal braces were tightened, 

and the loading protocol given in Figure 2-4 (a) was applied to the frame. For safety 

requirements and to make sure that the whole set up is working well, the first few tests 

were either one-cycle with an amplitude less than the maximum considered for the test or 

scaled-down loading protocols of Figure 2-4 (a). For the purpose of the instrumentation, 

four LVDTs to measure deformation of the four joints, two draw wires connecting the 
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column of the main frame to a reference column to record the in-plane lateral deflection 

of that and the actuator load cell to measure the force on top of the frame were used. The 

location and direction under action of these instrumentations are illustrated in Figure 

2-10. The corresponding frame response to one full cycle loading at the maximum frame 

displacement of 120mm and quasi-static loading protocol at the maximum frame 

displacement of 150mm are shown in Figure 2-11 (a) and (b), respectively. The bump on 

the bottom-left corner of Figure 2-11 (a) is because of the engagement between the main 

and protection frames. Moreover on Figure 2-11 (b), because the maximum displacement 

was marginal to the actuator maximum stroke, it was not able to follow the command 

resulting in the displacements less than 150mm. Figure 2-11 (c) also includes the 

deformed shape of the frame under loading and the opened joint at this position of the 

frame. It should be noted that the small amount of the residual drift visible in the frame 

response could be caused due to the presence of the undue friction forces in the frame test 

set-up. Two friction sources could be effective, the friction between the main and 

protection frames beams, and between the pins and their holes. Figure 2-8 provides an 

insight to how big these forces could be, which from the authors’ perspective does not 

affect the overall self-centring characteristic of the frame.  

 

Figure 2-10: Location and direction of action for the instrumentations 
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(a) (b) 

  
(c)  

Figure 2-11: Frame response to (a) one full-cycle loading at 120mm displacement and 

(b) quasi-static loading protocol at roughly 150mm, and (c) deformed shape of the frame 

and a close-up of the opened joint 

Disregarding tightening-of-the-braces effects, one can predict the frame response from 

the results of the component testing based on the following equations: 

( )cosframe RSFJF F α= ×  (9) 

( )
2

cos
RSFJ rods

frame α
∆ + ∆

∆ =
 

(10) 

RSFJ rod
rods

rods

F L
EA

∆ =
 

(11) 

Where Fframe and ∆frame are the horizontal in-plane force and displacement on top of the 

frame, FRSFJ and ∆RSFJ are the force and deformation response of the joints from the 
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component testing, ∆rods is the axial elongation of the diagonal rods under, Lrod is a single 

rod length, and Arods is the area of the total rods used in one diagonal. The above equations 

are derived considering undeformed shape of the frame under lateral load. However, by 

considering a frame drift of 5% as a maximum and deriving the equations at that level of 

drift, the difference in the prediction was found out to be around 1%, which is negligible. 

Using equation (9), the initial estimation of the frame slip force, Ffs, is 94kN, however, 

the observation is 69kN based on Figure 2-11 (b). The difference arises from the 

tightening effects explained in section 2.3 of this chapter. By substituting a single M24 

rod properties in equation (7), a relation between y and x can be obtained for a constant P 

and γ. By changing P values and picking the maximum y, ymax, of the obtained x-y relation 

for each considered P, the graph given in Figure 2-12 relating P to ymax can be obtained. 

In this figure, a P value equal to 14.8kN can be considered as a point at which the stiffness 

of the brace increases significantly. To figure out the effects on the frame response, it is 

reasonably accurate to use the following equation: 

( ), cos 2 14.8 0.853 25r pr rn F kNα = × × =  (12) 

In which nr is the number of rods on each diagonal member and Fpr,r is the pre-stressing 

force of each rod in order to remove sagging.  By negating the result of this relation from 

94kN derived from equation (9), the real Ffs is calculated which is equal to 94-25=69kN; 

this value matches the frame test observation. Note that the effect of pre-stressing is not 

observed in the ultimate and restoring points of the frame response since at these points, 

the whole system is statically determinate and as a result, the relation between the frame 

force and joint force is obtained by static equilibrium of the top corner joints of the frame. 

In fact, the reason for being statically determinate is that at the ultimate and restoring 

points, one brace out of two carries no force. Based on the results, the frame response was 

fully repeatable in different amplitudes.  

The inclusion of the gravity load on the test frame could change the results slightly as 

discussed below. 

• The friction in the pin hole at the column base connection would increase slightly 

due to the increase in normal stresses in the friction surface. However, it does not 
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change the column base type to semi-rigid or rigid and the author believes that the 

column base remains effectively pinned. 

• The columns and consequently the frame would have a vertical deformation under 

gravity load. This could loosen the diagonal braces and introduce a slight 

slackness in the system. To shed more light, similar phenomenon occurs when 

CBFs go to compression if the gravity load is applied after the installation of the 

braces, while in RSFJ TO-Brace this could result in slackness. Therefore, it is 

recommended to check if the braces are tight in a real construction where the 

gravity load is applied after installation of the RSFJ TO-Brace. 

• P-Δ effects would be present. In the conducted test, the frame deformation would 

be the same by including the gravity load because the test was completed using a 

displacement-control setting; however, the actuator force would increase slightly 

due to destabilizing effects of the gravity load. In a real project, P-Δ effects should 

be included in the analysis to have a proper estimation of the RSFJ displacement 

demand. 

 

Figure 2-12: P-ymax relationship for a single brace rod used for the test 

2.5.3 Frame dynamic testing 

In the next step, the frame was tested under the loading protocol in Figure 2-4 (b) to 

demonstrate the performance of the system under dynamic loading. Figure 2-13 (a) 

displays the corresponding frame response.  
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Figure 2-13: Frame response against dynamic loading without die springs. 

As can be observed from this figure, the Ffs has slightly increased when compared to the 

static test results showing existence of dynamic effects on the performance of the frame 

which can be deemed to stem from variation of coefficient of friction under high-speed 

loadings. In order to minimize these effects, two types of die springs with capacity of 9 

and 4.5kN were added to one end of the cross braces.  Before being used, they were tested 

under three full cycles to verify their performance. Figure 2-14 shows the die springs and 

their performance test results. 

  
(a) (b) 

Figure 2-14: Die springs and their performance with capacity of (a) 4.5 and (b) 9kN. 

Before the braced frame was laterally loaded, all the die springs were flattened. As the 

frame was loaded, the die springs on the unloaded brace opened up and the ones on the 

loaded brace remained compressed. As a diagonal is undergoing a tension force from zero 

force, the die springs acts as shock-absorbers. Figure 2-15 shows the flattened and un-

deformed die springs during the tests.  
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(a) (b) 
Figure 2-15: Die springs: (a) flattened (tensile force on the brace) and (b) un-deformed 

(no force on the brace) 

The frame was tested under dynamic loading protocol with both types of die springs in 
separate tests. The results of these two tests are given in Figure 2-16.  

  
(a) (b) 

Figure 2-16: Dynamic response of the frame including die springs with (a) 4.5 and (b) 

9kN capacity 

Comparing the frame dynamic results with and without die springs, one can find out that 

both types of die springs could reduce almost equally the Ffs from 82.5 to 70.5kN, on 

average, and make it similar to the quasi-static test results, however, the higher capacity 

springs presented a better performance. Moreover, by comparing Figure 2-11, Figure 

2-13, and Figure 2-16 (b), it is concluded that the force at displacement of 120mm is the 

same and equals to 153kN for all cases of static and dynamic tests. The reason for this is 

that based on the sinusoidal dynamic loading protocol used in this research, the maximum 

velocity of loading occurs at the zero displacement of the frame and gradually approaches 

zero as the frame goes towards the maximum displacement. According to this, the 
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velocity-dependent dynamic effects gradually vanish from point of zero displacement 

with maximum velocity to the point of maximum displacement with zero velocity; that is 

why these effects were observed just in changing the slipping force of the frame, which 

was minor. This minor velocity-dependence of the Coulomb friction devices is in 

agreement with the results of previous study conducted by G.W. Rogers et al. and 

confirms that (Rodgers et al. 2017). In a test with seismic mass and inertial forces, the 

maximum acceleration occurs simultaneously with the maximum displacement for a 

sinusoidal loading for example; it means that maximum inertial forces coincide with the 

maximum force of the quasi-static flag-shape response (stiffness-based forces).  

2.5.4 Repeatability and non-pinching performance to different loading sequences 

During the course of testing, different loading protocols were applied to the frame. Under 

these subsequent loading protocols, the frame response was assessed in terms of 

repeatability and pinching. One of these chains of loading included a single full-cycle 

static loading at frame displacement of 120mm, quasi-static loading with maximum frame 

displacement of 145mm, dynamic testing with frequency of 0.2Hz at maximum frame 

displacement of 145mm, quasi-static testing at frame displacement of 120mm, and 

dynamic testing with frequency of 0.25Hz at maximum frame displacement of 90mm. 

There was no manipulations or modifications between these tests. Figure 2-17 illustrates 

the frame response to these loadings. As can be seen, the frame response was fully 

repeatable in self-centring and energy-dissipation characteristics. 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2-17: Frame response under sequent loads of (a) one full-cycle static, (b) quasi-

static, (c) dynamic with 0.2 Hz frequency, (d) quasi-static, and (e) dynamic with 0.25 

Hz frequency 

2.6 Numerical Modeling 

To demonstrate the efficiency of the introduced system in seismic retrofitting of structures 

and mitigating seismic base shear and to compare with conventional tension-only bracing 

systems, a numerical model is developed. From another point of view, different structures 

are designed with different inter-story drift limits at design level earthquake. Controlling 

damage to the non-structural elements is one reason for designing a structure not to 
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experience high drift levels; thus, the lateral load resisting system should be able to 

provide the required damping and reduce the seismic base shear at the assumed drift level. 

To demonstrate the capability of the introduced tension-only brace to provide the required 

seismic performance within different drift limits, a prototype building with conventional 

tension-only braces has been designed elastically; then, the conventional braces have been 

substituted with the RSFJ tension-only braces to meet two different drift limit 

requirements. By comparing the seismic base shears from NLTHAs the efficiency of the 

proposed system is discussed. 

The prototype building is a two-story simple steel structure with inter-story height of 4m 

and three spans in each horizontal direction each 5m long; these geometric properties are 

common to a tension-only braced structure in New Zealand. The tension-only braces as 

the lateral load resisting system are placed in the internal bay of the external frames in 

each direction. The plan and side views of this building are shown in Figure 2-18. 

 
(a) (b) 

Figure 2-18: (a) Plan view and (b) side view of the prototype building (mm) 

The structure is designed using equivalent static method (ESM) for an event with 500 

years return period using guidelines of NZS1170.5 (NZS1170.5 2004) and assuming 

ductility (µ) of 1.25 and importance level of 2. The site is assumed to be in Wellington, 

New Zealand with soil class C and 5 km distance from the nearest major fault. The 

flooring system is assumed to be a normal weight concrete slab with 121mm thickness. A 

uniform load of 3.5kPa is considered for the live load. Structural periods from modal 
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analysis are reported in Table 2-2 where modes 1 and 2 are translational in the two 

orthogonal directions and mode 3 is torsional. 

Table 2-2: Prototype building modal periods 

Mode number 1 2 3 

Period (sec) 0.48 0.4 0.3 

The resulting base shear is 1395kN. Following the design, sections given in Table 2-3 

were specified which are common in Australia/New Zealand practice. 

Table 2-3: Prototype building sections obtained using ESM 

Member Column Beam Brace 

Section 310UC96.8 360UB56.7 2×M24 rods 

Material Mild steel ( 345yF MPa= ) Mild steel Grade 10.8 

In the next step, the current braces of the structure are substituted with the RSFJ tension-

only braces. The RSFJs are designed for two different scenarios with drift limit of 1.5% 

and 2% to provide ductility of 3.0. Then, in each scenario first a pushover analysis is 

performed, and then non-linear time history response of the structure is compared with 

the elastic structure (with conventional tension-only braces) response to different 

earthquake records. Detailed procedures for each scenario are elaborated in the following 

sections.  

2.6.1 RSFJ tension-only brace design considering 1.5% drift limit 

The procedure used here for design of a structure equipped with RSFJs is taken from 

(Hashemi et al. 2018). In the first step of designing a structure with the RSFJ tension-only 

braces, a proper ductility should be selected for conducting the ESM in the linear system; 

this ductility value is later verified using NLTHAs. In this case, ductility of 3.0 has been 

chosen. For the elastic modeling in this stage, the RSFJs initial stiffness should be 

modelled through elastic springs as it might affect the structural period since it might have 

a different axial stiffness compared to the brace body. For this, a single elastic spring link 

representative of an RSFJ has been modelled at the end of each diagonal. The stiffness 

value for these springs is considered 100 kN
mm  from the test result shown in Figure 2-9 (c). 

One of the external frames of the numerical model including these links has been shown 
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in Figure 2-19. It should be noted that for performing pushover and NLTHA, the same 

links are used as shown in Figure 2-19 however, nonlinear parameters are assigned to 

them. 

 

Figure 2-19: An external frame of the numerical model with RSFJ links 

The resulting modal periods with elastic links are shown in Table 2-4. As observed, the 

second period has increased 20% in this case while two other periods have remained the 

same, compared to the values given in Table 2-2.  

Table 2-4: Modal period of the linear model with elastic links 

Mode number 1 2 3 

Period (sec) 0.5 0.48 0.3 

Then, the ULS and serviceability limit state (SLS) base shears are obtained using ESM 

of NZS1170.5 (NZS1170.5 2004). These base shear forces as well as the relevant 

parameters for each limit state are written below in Table 2-5. In this table, R is the return 

period factor of the hazard level considered, and Sp is the structural performance factor to 

account for a number of effects that are not explicitly represented in analysis and in total 

reduce the structural response.  

Table 2-5: Base shear values from ESM and the relevant parameters used  

 Base shear (kN) R Sp µ 

SLS 351 0.25 0.7 1.25 

ULS 696 1 0.7 3 

RSFJ link 
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From this elastic model, the brace forces for ULS are given in Table 2-6. 

Table 2-6: Brace forces from ESM, µ=3.0 and, modeling initial stiffness of the RSFJs 

Story number Brace force (kN) 

1st story  428 

2nd story 330 

For the preliminary design of each RSFJ, the slip
ult

F
F can be deemed equal to SLS to ULS 

base shear ratio written in Table 2-5 and Fult can be assumed equal to the brace force from 

ESM reported in Table 2-6. Moreover, the ultimate displacement of the joint is obtained 

using equation (10) but the coefficient 2 for ∆RSFJ should be considered as 1 since in this 

numerical study only one RSFJ has been considered on each brace. Thus, the joints 

parameters for the flag-shape response derived from preliminary design are given in Table 

2-7. 

Table 2-7: RSFJs characteristics from preliminary design for 1.5% drift limit 

 Fslip (kN) Fult (kN) ∆ult (mm) 

1st story 215 428 37 

2nd story 166 330 39 

In the next step, the nonlinear behaviour of the RSFJs should be included in the model. 

This was done using the Damper- Friction Spring link provided in SAP2000 (CSi 2019) 

software. It should be noted that this link is originally developed for the friction spring 

damper, which has a similar flag-shape performance with RSFJ.  Further details about the 

friction spring damper and its structural application can be found in (Filiatrault et al. 2000; 

Issa and Alam 2019b; Wang et al. 2019). By having this nonlinear model, a pushover 

analysis needs to be conducted to confirm the performance of the structure with the 

assumed flag-shape response of the joints. This is performed in order to check the three 

following items: 

i) On the pushover response of the structure, the displacement at the SLS base 

shear from Table 2-5 is in an acceptable range with no slippage in the joints. 

From engineering practice in New Zealand, this acceptable limit is 0.33% 

which is 26.4mm for this building. 
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ii) On the pushover response of the structure, the ultimate base shear is equal to 

or less than the ULS base shear in Table 2-5. 

iii) None of the joints are loaded beyond their ultimate capacity. 

If either of the above criteria are not met, the joints nonlinear parameters should be re-

tuned so that finally all of these criteria are satisfied. 

In this study, the iteration process has been done and the final flag-shape parameters are 

given in Table 2-8 in which kslip,l and kslip,ul are the slipping stiffness of the joint in the 

loading and unloading path respectively. 

Table 2-8: Tuned nonlinear parameters of the RSFJs from pushover analysis for 1.5% 

drift limit  

 Fslip (kN) Kslip,l (kN/mm) Kslip,ul (kN/mm) ∆ult (mm) 

1st story 179 5.896 2.6 37 

2nd story 138 3.859 1.45 39 

Also, the pushover response of the structure with the tuned joints is shown in Figure 2-20. 

 

Figure 2-20: Pushover response of the structure tuned for 1.5% drift limit 

From this pushover response, the three mentioned criteria are met and the performance is 

acceptable so far. Note that the topmost point on the pushover curve is within 5% of the 

ULS base shear and is deemed acceptable. 
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After conducting the pushover analysis and tuning the joints, NLTHAs are carried out to 

demonstrate the base shear mitigation through performance of the RSFJs in the structure. 

As a further check, none of the joints should be locked up in NLTHAs as well which is a 

requirement to meet the drift limit considered. The NZS 1170.5 (NZS1170.5 2004) 

requires users to use at least a family of  three records to run the NLTHAs. As such, three 

horizontal uni-directional earthquake records were selected (see Table 2-9).  

Table 2-9: Information of the selected earthquake records 

Event name Station  Date Orientation 

Imperial Valley El Centro-Array #8 15/10/1979 E08140 

Loma Prieta LGPC 22/02/2011 000 

Kobe Takarazuka 16/01/1995 090 

These records were scaled to the target spectrum of the site following the guidelines of 

NZS 1170.5 (NZS1170.5 2004). The period range of interest is defined 0.4T1 to 1.3T1 

where T1 is the largest translational period in the direction being considered. As the first 

translational period for the two structures, 0.48 and 0.5 seconds, are reasonably close, the 

period range of interest is 0.2 to 0.65 sec and consequently the same scaled records are 

used for both structures. As per ground motion scaling approach given in NZS 1170.5 

(NZS1170.5 2004), record scale factor or k1 and family scale factor or k2 should be 

determined. The former adjusts each single record within the family to match the design 

spectrum and the latter adjusts the family of the records to ensure that no under-

representation of the earthquake intensities occurs over the period range of interest. Table 

2-10 includes k1, k2, and their production for each of the selected records. Therefore, the 

scaled records are derived by multiplying the initial records by 1 2k k× . Note that all the 

records selected were accepted based on NZS 1170.5 (NZS1170.5 2004) requirements 

for good scale and good fit. 

In Figure 2-21 the target and different scaled records spectrum are plotted on the same 

graph showing the lower and upper limit of period for scaling as well. 
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Table 2-10: Derived scale factors for selected records 

Event name 1k   2k  1 2k k×  

Loma Prieta 0.56 1.23 0.69 

Kobe 0.62 1.23 0.77 

Imperial Valley 0.95 1.23 1.17 

 

 

Figure 2-21: Target and scaled records spectra 

The damping type considered for the NLTHA is the Rayleigh-type proportional damping, 

which is commonly used by the researchers and practitioners, considering 5% of critical 

viscous damping for the first two modes which is a common value in New Zealand 

practice for steel structures (NZS 3404, 2007). It should be noted that the Rayleigh 

damping could generate undue damping forces that might underestimate the structural 

response (Zareian and Medina 2010). Investigating the effect of different damping 

modelling techniques on the structural response is not the scope of the current research 

and is suggested to be undertaken by future studies. The numerical model includes P-

delta effects. After conducting the NLTHAs, base shear response of the two structures to 

different records shown in Figure 2-22 are derived. 
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(a) Loma Prieta 

  
(b) Kobe 

  
(c) Imperial Valley 

Figure 2-22: Base shear response of the structure with conventional tension-only braces 

(left graphs) and with RSFJ tension-only braces designed for 1.5% drift limit (right 

graphs)  

The base shear reduction factors or kµ, which is the ratio of the conventional structure 

base shear response to that of the structure with RSFJ tension-only braces, are given in 

Table 2-11 for different records. 

In order to derive µ and to check it with what assumed in the early stage of design, 

equation (13) is used from NZS 1170.5 (NZS1170.5 2004) which relates kµ to µ based on 

the elastic structural period. 
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Table 2-11: Obtained kµ for different records 

Event name Loma Prieta Kobe Imperial Valley 

kµ 4.2 3.1 2.5 

 

( ) 11
1

0.7
T

kµ

µ −
= +  , for 1 0.7secT ≤  (13) 

The derived µ factors from this equation considering 1 0.5T =  are given in Table 2-12 for 

different records. 

Table 2-12: Obtained µ for different records considering 1.5% drift limit 

Event name Loma Prieta Kobe Imperial Valley 

µ 5.5 3.9 3.1 

From this table, it can be observed that the minimum ductility provided is greater than the 

initial assumption. Moreover, the flag-shape responses of the critical links in each story 

(with the larger displacement) are shown in Figure 2-23 and as can be observed, none of 

the joints reach the maximum displacement demonstrating that the ductility can be 

provided within the provided displacement capacity of the joints. 

2.6.2 RSFJ tension-only brace design considering 2% drift limit 

In this section, the RSFJs are designed to have more ductility by considering a higher drift 

limit for the structure which is 2%. The step-by-step procedure is similar to the case with 

1.5% drift limit presented in the previous section but only ∆ult of the joints is tuned for 

the new drift limit in the preliminary design stage. Thus, Table 2-7 is changed to Table 

2-13. 

Similar to the previous section and after iterations, the tuned nonlinear parameters of the 

RSFJs flag-shape are given in Table 2-14. 
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(a) Loma Prieta 

  
(b) Kobe, Takazaruka 

  
(c) Imperial Valley 

Figure 2-23: Flag-shape response of the RSFJs in the 1st story (left graphs) and in the 

2nd story (right graphs) tuned for 1.5% drift limit 

Table 2-13: RSFJs behavioural parameters from preliminary design for 2% drift limit 

 Fslip (kN) Fult (kN) ∆ult (mm) 

1st story 215 428 52 

2nd story 166 330 55 
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Table 2-14: Tuned nonlinear parameters of the RSFJs from pushover analysis for 2% 

drift limit 

 Fslip (kN) Kslip,l (kN/mm) Kslip,ul (kN/mm) ∆ult (mm) 

1st story 189 3.667 1.53 52 

2nd story 145 2.658 1 55 

The resulting pushover response of the structure up to 2% drift is shown in Figure 2-24. 

As can be observed in this figure, three mentioned criteria are met on this graph. 

 

Figure 2-24: Pushover response of the structure tuned for 2% drift limit 

After completion of the pushover analysis, NLTHAs are carried out with the same scaled 

records. The base shear response of the structures with the conventional and RSFJ 

tension-only braces are shown in Figure 2-25. 

Similarly, the base shear reduction factors for different records are presented in Table 

2-15. 
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(a) Loma Prieta 

  
(b) Kobe 

  
(c) Imperial Valley 

Figure 2-25: Base shear response of the structure with conventional tension-only braces 

(left graphs) and with RSFJ tension-only braces designed for 2% drift limit (right 

graphs) 

Table 2-15: Base shear reduction factor for different records 

Event name Loma Prieta Kobe Imperial Valley 

Base shear reduction factor 4.65 3.69 2.89 

 

From this table and using Equation (13), µ factors are calculated and reported in Table 

2-16 for different records. 
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Table 2-16: Obtained µ for different records considering 2% drift limit 

Event name Loma Prieta Kobe Imperial Valley 

µ 7 5 4 

It can be observed that the minimum ductility provided is greater than the initial 

assumption. Also, the response of each single joint is displayed in Figure 2-26 which 

demonstrates that none of the joints reached the ultimate displacement. 

  
(a) Loma Prieta 

  
(b) Kobe, Takazaruka 

  
(c) Imperial Valley 

Figure 2-26: Flag-shape response of the RSFJs in the 1st story (left graphs) and in the 

2nd story (right graphs) tuned for 2% drift limit 
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Note that to achieve the performance obtained in the numerical analysis in practice, the 

slipping force of each joint should be greater than the link slipping force in the numerical 

model to account for pre-stressing effects of the diagonal rods as explained previously 

using equation (7). If the joints slipping force is not increased in practice, they may slip 

sooner than expectation meaning that the SLS might not be met. Moreover, joints 

displacement capacity should be calculated considering this increased slipping force. 
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The Resilient Slip Friction Joint Tension-Only Brace Beyond 

Its Ultimate Level 

3.1 Introduction 

In this chapter, the performance of a previously-introduced tension-only brace beyond its 

ultimate point is assessed to provide greater displacement capacity, to minimize the over-

strength factor associated with the system, and to prevent a brittle failure mode. This tension-

only brace is introduced and experimentally tested in (Bagheri et al. 2019) which is equipped 

with the RSFJs at end(s) of the bracing members to add ductility and damping to the structure 

while keeping it self-centred. Besides, there is no slackness in the system as there is no 

yielding component in the concept up to its ultimate point. Moreover, it is an easy system to 

design as there is no out-of-plane stiffness and the deformation compatibility is easily 

provided for in- and out-of-plane actions. As there is no compression force on the brace and 

the relevant gussets, no stability issue is involved leading to decreasing the section sizes for 

both brace body and gusset, which makes the design easier for the engineer. The brace can be 

easily designed to undergo any level of shaking such as Ultimate Limit State (ULS) or 

Maximum Considered Earthquake (MCE) without any yielding in the components. However, 

due to the uncertainties involved in the seismic hazard analysis and also complex and 

unpredictable nature of earthquakes, it is not certainly assured that the next earthquake striking 

a region will lie within the expected intensity limits declared by seismic codes for that region. 
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As a clear example in this regard, the February 2011 Christchurch earthquake generated 

accelerations which were even above the code-prescribed spectral acceleration for MCE in 

some stations (Bruneau et al. 2010; Clifton et al. 2012; MacRae 2012). As such, it is desirable 

to provide a structural system with fuses/links which can undergo stronger events and greater 

displacements than expectations while not imposing a huge over-strength factor on the 

remaining parts. The system is more desirable if it can keep the self-centring merit for the 

excess of displacement imposed on it. Therefore, in this study the secondary fuse mechanism 

for the introduced brace is explained in concepts to provide the abovementioned goals. In 

addition, experimental tests are also carried out on the joint components including rods and 

disc springs, joint itself as well as a full-scale simple steel frame to demonstrate the 

performance of the concept and to capture the elongation as well as over-strength factor. A 

superelastic Shape Memory Alloy (SMA) has been investigated and extended to structural 

applications to significantly reduce the residual drift such as using SMA self-centring 

connections (Chowdhury et al. 2019) or SMA bracing systems [6 and 7]. Miller et al. (2012) 

developed and experimentally tested a nickel-titanium SMA for self-centring buckling-

restrained braces (BRB). The cyclic loading on the large-scale test specimens demonstrated 

that the introduced BRB in this research provided stable hysteresis response with appreciable 

energy-dissipation, self-centring ability, and large deformation capacities. Gao et al. (2016) 

introduced a tension-only brace with superelastic SMA rings at the centre of the cross braces. 

The experimental results indicated that the seismic performance of this system is promising 

in terms of damping and self-centring. Huang et al. (2020) experimentally investigated the 

hysteresis behaviour of self-centring pre-stressed concrete (SCPC) beam to column 

connection under cyclic loading which utilizes unbonded post-tensioned tendons to provide 

self-centring. The test results demonstrated that the proposed system can achieve significant 

damping with self-centring capability. Erocko et al. (2014b) designed and experimentally 

tested a telescopic version of the previously developed Self-Centring Energy Dissipative 

(SCED) brace to provide an enhanced elongation. Having done that, the displacement capacity 

of the brace to provide 1.5 to 2% frame drift (Erochko et al. 2014a) was increased to provide 

4% frame drift. Later, J. Erochko et al. (2013) conducted a shaking table test on a multi-story 

SCED-braced frame, which successfully demonstrated that the SCED bracing system 

performed as per design and expectations. Xie et al. (2020) enhanced the elongation of the 

self-centring BRBs by introducing friction fuses at the end of the brace body. The test results 
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demonstrated that the tendons were not damaged up to 4% story drift. Clifton et al. (2007) and 

MacRae et al. (2010) proposed a Sliding Hinge Joint (SHJ) as a low-damage structural system 

in moment resisting frames. The SHJ uses the friction sliding surfaces at the bottom flange of 

beams for energy dissipation. However, some studies have shown that after a severe 

earthquake, the post-sliding stiffness and strength of the SHJ is considerably reduced. As a 

remedy to this shortcoming, Ramhormozian et al. (2014) used Belleville springs to minimize 

the strength and stiffness loss of the joint. In 2015, Zarnani and Quenneville (Zarnani and 

Quenneville 2015) developed the RSFJ to provide self-centring and energy-dissipation in a 

single joint. The RSFJ has been tested in component level and the governing equations for 

predicting flag-shape response are derived in past studies (Hashemi et al. 2017a). Moreover, 

the RSFJ has been developed in different lateral load resisting systems in various materials. 

Hashemi et al. (2017a) conducted large-scale experimental tests on a rocking cross-laminated 

timber (CLT) wall with the RSFJs as the hold-down connectors. The RSFJ has also been used 

in braces where the compression force requires stability analysis. The buckling study of the 

joint and brace body incorporating RSFJ as well as the experimental studies on a timber brace 

have been carried out in [22 and 23]. To enhance the displacement capacity of the RSFJ, 

recently rotational version of the RSFJ has been developed, which due to the lever arm 

provided and the associated rotation can cover larger displacements (Veismoradi et al. 2019). 

The rotational RSFJ has been studied in coupled shear walls applications as an efficient lateral 

load resisting system (Sahami et al. 2019). Hashemi et al. (2019) presents an equivalent 

ductility approach for designing structures with RSFJ. Moreover, the effects of dynamic 

loading rates on the joint performance have been investigated in (Hashemi et al. 2020). 

Having said this, the current research provides the analytical and experimental studies on the 

secondary fuse response of the RSFJ in joint level and then in the frame scale for the RSFJ 

tension-only brace system as an extension to the past study on this type of brace (Bagheri et 

al. 2020). 

3.2 Conceptual Behaviour of the RSFJ 

The RSFJ consists of grooved middle and cap plates with slotted and simple holes, 

respectively. These plates are then clamped together through pre-stressed rods and disc 

springs to the specified design level. Figure 3-1 demonstrates these components as well as the 

assembled joint. As the joint is loaded, it slips at a particular load when the stiffness of the 
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joint considerably changes in which the corresponding external force is called Fslip. Then, the 

joint opens up until the disc springs are flattened; this is called the ultimate state of the joint 

and up until this point, every component of the joint remains fully elastic. The corresponding 

external force is called Fult. As the joint is unloaded, the response will form an enclosed flag-

shape, which brings both damping and self-centring. The other two remaining forces on the 

flag-shape response are called restoring force, Frest, and residual force, Fresid. The conceptual 

flag-shape response of the joint and tagged corner points of the curve are shown in Figure 3-2 

in which the secondary fuse mechanism is not activated. This portion of the load-deformation 

curve is the primary fuse. It is a self-resetting, materially elastic, and geometrically non-linear 

fuse. The governing equations of the RSFJ in this region are given in the following equations 

(Hashemi et al. 2017a). 
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Where nb is the number of bolts/rods on each splice of the joint, e.g. 2 in Figure 3-1, Fb,pr is 

the pre-stressing force of each bolt/rod, θ is the angle of the grooves, µk is the kinetic 

coefficient of friction between the sliding surfaces. Fb,ult is also the force of each bolt/rod at 

the ultimate state of the joint which is equal to the flat load of the disc springs, if they are in 

series. The ∆ult is the ultimate displacement of the joint (end of the elastic part), and ∆su is the 

ultimate deflection of the stack of the discs on both sides of a single bolt/rod. 
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       (a) 

 
(b) 

Figure 3-1: (a) Components of the RSFJ, (b) RSFJ assembly 

 

Figure 3-2. Flag-shape hysteresis of the RSFJ 

The rest of this section explains the conceptual mechanism of the RSFJ. In other words, how 

force and displacement of the rods and discs are related to the joint force and displacement at 

any point on the flag-shape response during slipping in the loading path. It helps with 

understanding the RSFJ performance beyond its ultimate capacity, which is the scope of this 

study. 

3.2.1 Transmission of rods/discs deformation to joint displacement 

Considering the cap plates as rigid bodies, when the RSFJ is loaded and the cap plates move 

apart, the vertical displacement (separation) of them is transferred to the axial deformation of 

the joint. The vertical displacement of the cap plates in different points of the joint response, 

either in the flag-shape part or beyond that in which the secondary fuse is activated, comes 

from deformation of the rods plus the deformation of the discs. Then, the summation of these 

two deformations is transmitted to axial displacement of the joint, which depends on the angle 
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of the grooves. Figure 3-3 includes a deformed RSFJ as well as clear middle plates, which 

represent the initial position of the middle plates. 

 

Figure 3-3: The deformed shape of the RSFJ including the initial position of the middle 

plates  

In Figure 3-3, point A is an arbitrary initial touching point of the middle and cap plates which 

after deformation is moved to point B. The horizontal displacement for this deformation is 

called dx and the vertical deformation is called dy. Note that dx is provided by the movement 

of the middle plates and dy is provided by the movement of the cap plates. Therefore, the 

following equations are valid: 

2 sd roddy = ∆ + ∆  (19) 

2 RSFJdx = ∆  (20) 

( )tandy dx θ=  (21) 

Where ∆sd is the deformation of the stack of the discs on both sides of every single rod after 

Fslip to the flat-state of the discs and ∆rod is a single rod deformation, either elastic or plastic. 

As mentioned, these equations are valid at any point in the joint response. Combining the 

equations above, equation (22) can be derived relating rods and discs deformation directly to 

the joint displacement. In this equation, ( )
1

tan θ  is called the displacement magnification 

factor. 
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( )tan
sd rod

RSFJ θ
∆ + ∆

∆ =  (22) 

3.2.2 Transmission of rods/discs force to the joint force 

This section aims to obtain the RSFJ force from discs and rod forces. Considering the 

deformed shape of the RSFJ in Figure 3-3, the free body diagram (FBD) of each cap and 

middle plates are as shown in Figure 3-4. In this figure, FRSFJ is the external force on the joint, 

Frod is the force of an arbitrary rod, which is equal to the corresponding disc stack load as they 

are in series, Fg-v is the vertical force on an arbitrary groove, and Fg-h is the horizontal force 

on an arbitrary groove. From Figure 3-4 (b) and (c) and because the joint is symmetric in both 

vertical and horizontal axes, the following equations are obtained: 

rod g vF F −=∑ ∑  (23) 

g h RSFJF F− =∑  (24) 

In which, rodF∑ is the summation of the forces of the whole rods used in the joint, g vF −∑ is 

the summation of the Fg- v on a single middle or cap plate, and g hF −∑ is the summation of the 

Fg- h on a single middle or cap plate. 

 

 

(a) 

 

 

 
(b) 

 

(c) 

Figure 3-4: (a) A deformed RSFJ, (b) FBD of a cap plate, and (c) FBD of a middle plate 

Considering Figure 3-4 (b), the horizontal and vertical forces on a groove can be transformed 

into normal and shear forces as shown in Figure 3-5 in which FS and FN are the shear and 

normal forces respectively on an arbitrary groove which are related to each other by kµ , the 
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kinetic coefficient of friction. Note that it is assumed that the joint is slipping in the loading 

path (tension movement) in this figure. 

 

Figure 3-5: FBD of the cap plate including FN and FS 

Comparing Figure 3-4 (b) and Figure 3-5, the following equations are derived: 

( ) ( )cos sin cos sing v N S k NF F F Fθ θ θ µ θ− = − = −∑ ∑ ∑  (25) 

( ) ( )sin cos sin cosg h N S k NF F F Fθ θ θ µ θ− = + = +∑ ∑ ∑  (26) 

Finally, by combining equation (24), (25), and (26), the RSFJ force is derived from the rods 

force as written in equation (27). In this equation, 
sin cos
cos sin

k

k

θ µ θ
θ µ θ

+
−

is called the force 

magnification factor. 

sin cos
cos sin

k
RSFJ rod

k

F Fθ µ θ
θ µ θ

+
=

− ∑  (27) 

In Figure 3-6, the displacement and force magnification factors are graphed against θ. As can 

be observed, the trend is adverse for the force and displacement magnification factors with 

respect to θ. Also, the displacement magnification factor is not a function of µk, while the 

force magnification factor is. 

  

(a) (b) 

Figure 3-6: (a) Displacement and (b) force magnification factors  
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3.3 Rods and Discs Behaviour and Their Optimal Match 

In the proposed secondary-fuse mechanism (Hashemi et al. 2019), the additional displacement 

is provided through the yielding of the clamping rods while keeping other components of the 

joints elastic. Rods and discs stack present adverse behaviour under axial loading i.e., the rods 

are stiff at the start of the loading up to the yielding point whereafter, the stiffness decreases 

drastically resulting in small force increase accompanied by a large inelastic displacement. 

On the other hand, discs and disc stacks are flexible at the first stage of loading up to the 

flattened state of the discs and then the stiffness sharply increases resulting in a considerable 

force increase with small displacement increase. The conceptual and simplified response of a 

rod and discs stack are shown in Figure 3-7.  

  
(a) (b) 

Figure 3-7: (a) Rods and (b) discs stack qualitative behaviour 

These behaviours can be matched differently i.e., the flattened load of discs stack, fdF , to be 

smaller, equal, or greater than the yield force of the rods, yrF . As such, each combination can 

generate a different RSFJ secondary-fuse behaviour. If yrF is considerably large, the response 

of the RSFJ beyond the ultimate point is similar to Figure 3-8 (a). If yrF is slightly higher than

fdF , the scenario in Figure 3-8 (b) is expected. If yrF is equal with fdF , the optimum plot in 

Figure 3-8 (c) is expected. And finally, if yrF is smaller than fdF , the situation given in Figure 

3-8 (d) can be obtained. Among all these scenarios, the optimum behaviour occurs as shown 

in Figure 3-8 (c). Indeed, Figure 3-8 (b) provides an acceptable ductility while, the force over-

strength is not optimized; Figure 3-8 (d) provides an acceptable force over-strength while, the 

ductility is compromised; and in between, Figure 3-8 (c) provides the most desired ductility 

and force over-strength together. In Figure 3-8, the dashed lines represent the flag-shape 
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response of the joints without secondary fuse. Also, note that if the used rods are assumed to 

be elastic-perfectly plastic, the RSFJ behaviour will not have any force increase after the 

yielding of the rods. In other cases where the response of the rod is not elastic-perfectly plastic, 

the RSFJ backbone after rods yielding is similar in shape to the rods behaviour after yielding 

considering that the discs displacement is negligible after they are flattened. 

 

(a) (b) 

(c) (d) 

Figure 3-8: Different scenarios for the RSFJ secondary fuse: (a) yrF ≈ ∞ , (b) yr fdF F≥ , (c)

yr fdF F= , and (d) yr fdF F≤  

3.4 Experimental Program 

To verify the performance of the RSFJ shown in Figure 3-8 (c), grade 8.8 M18 rods are 

selected with a customized disc spring with fdF of 132kN. During this experimental study, the 

availability of the items and production/purchase costs were considered. For the experimental 
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demonstration, a set of tests from component to a full-scale frame were conducted at the 

University of Auckland Structures Testing Laboratory. In the following section, the test set 

up and test results of the rods, disc springs, RSFJs, and the steel frame are presented. 

3.4.1 Rods and disc springs testing 

Three M18 rods of grade 8.8 with a gauge length of 170mm were cut and tested on a 300kN 

MTS machine. The gauge length was considered to be close to the engaged length of the rods 

on the RSFJ specimen. These rods were tested under tension-cyclic loading to fracture. In the 

loading protocol, the displacement was increased by 1.5mm increments (coming back to zero 

force each time) and repeating each cycle two times.  

 Figure 3-9 includes a sample test specimen, test set-up, and a photo from a ruptured rod. The 

displacement was measured using three displacement gauges, as shown in Figure 3-9 (the 

average of three was taken) and the force was measured by the testing machine load-cell. 

Figure 3-10 shows the response of these three rods under cyclic loading. From this figure, the 

yield force ranges from 120kN to 140kN and the elongation rate ranges from 5.8% to 7.2%. 

The average deformation of the rods is 11.1mm and the variance between the specimens is 

1.3mm. 

 

 

 
 

(a) (b) (c) 

Figure 3-9: (a) A sample rod before the test, (b) rods test set-up, and (c) a sample ruptured 

rod  
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Figure 3-10: Rods cyclic test results  

In the next step, the stack of discs comprised of 5 discs in series was tested to obtain and verify 

its behaviour. Each single disc has an inner diameter of 21mm, outer diameter of 70mm, and 

internal height of 1.8mm. They were tested under cyclic loading from zero to 140kN force for 

three cycles. Figure 3-11 shows the test set-up as well as the response, displacement versus 

force. The displacement of the discs was measured using a Linear Variable Differential 

Transformer (LVDT). From the test result, the point with a displacement of 8.4mm and force 

of 108kN can be deemed as the limit for linear behaviour of the stack for the given 

configuration. Note that as the discs were loaded in compression, the elongation of the rods 

did not affect the results.  

  
(a) (b) 

Figure 3-11: (a) Test set-up and (b) the response of the discs stack to cyclic loading 

8.4, 107.9

0

40

80

120

160

0.0 2.0 4.0 6.0 8.0 10.0

D
is

cs
 fo

rc
e 

(k
N

)

Discs dsisplacement (mm)

LVDT 

Discs stack 



Chapter 3 The Resilient Slip Friction Tension-Only Brace Beyond Its Ultimate Level 
 

57 

3.4.2 RSFJ component testing 

The RSFJs were designed in a way that the nonlinearity due to yielding of the material is all 

concentrated in the clamping rods; in other words, the clamping rods are considered to be the 

weak link, also known as the displacement-controlled element, and the rest of the components 

are considered to be elastic or force-controlled elements. The joints were designed to provide 

a 60mm expansion each. Table 3-1 contains the joints properties. In this table, θ is the angle 

of grooves, nb is the number of bolts per splice of the joint, and nd is the number of discs per 

bolt per side. 

Table 3-1: Properties of the designed RSFJs 

θ (deg) nb nd 

17 2 5 

The joints are designed to accommodate a pin at one end with a diameter of 50mm and to be 

connected using two M24 rods from the other end. All the plates of the joints as well as the 

pin are made of high-strength steel with a minimum yield strength of 700 MPa. Figure 3-12 

shows an assembled joint. Note that the slotted holes are sized based on the displacement 

capacity of the joint, which is dictated by the inter-story drift demand. If the joints are to work 

in tension only, the holes are slotted in one direction, otherwise, they are elongated in both 

directions. Also, a commercial grease is used to prevent wearing between the clamped 

surfaces. This commercial grease is stable in characteristics for around 50 years, which is 

commonly the design life for buildings. The middle and cap plates are capacity-designed 

based on the guidelines of NZS 3404 (NZS 3404 2007) to remain elastic. 

 

Figure 3-12: Assembled RSFJ (dimensions in mm) 
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Three joints with a similar configuration were assembled and tested. The pre-stressing force 

of these joints was reasonably the same. Also, these joints were cyclically loaded to the failure. 

The loading protocol used for the joints testing is similarly a cyclic-tension regime, as given 

in Figure 3-13. Note that due to the manual control of the loading machine during testing, it 

was not possible to apply precisely equal increments in different joints testing.  

 

Figure 3-13: Tension-cyclic loading protocol used for RSFJ testing 

The loading machine used was a 500kN MTS and the displacement between the middle plates 

of the joints was measured using an LVDT. Figure 3-14 demonstrates the test setup as well as 

the test results for the three joints up to fracture, which are compared with the predicted 

response of the joints (shown in dashed orange curves). The elastic prediction of the joints 

was calculated based on the equations (14) to (18).  

As observed in Figure 3-14, the Fslip of the joint decreases as soon as the displacement on the 

joint increases beyond the joint design displacement value. The reason is that the rods after 

yielding have residual deformations and are plastically elongated, meaning that the pre-

stressing value on the disc stacks decreases which results in a reduction of Fslip after each 

cycle. This means that if the RSFJ secondary-fuse mechanism is activated after an earthquake, 

all of the rods need to be replaced. Otherwise, probably the Serviceability Limit State (SLS) 

drift requirements will not be satisfied with the next event, given the decrease in Fslip. This 

can endanger the performance of the structure under a minor earthquake or strong wind.  
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(a) (b) 

  
(c) (d) 

Figure 3-14: RSFJ test set-up as well as the three specimens response to failure, in black, 

graphed along with flag-shape response prediction of the joint, in dashed orange (the design 

displacement is different amongst different specimens as the pre-stressing force is not 

exactly the same)  

Note that as observed in this figure, the Fresid is also decreasing for those cycles with increasing 

displacement demands after the joint ultimate capacity. This drop in Fresid not only imposes 

no risk on the joint performance for the SLS requirements but also keeps the self-centring 

characteristic of the joint given that the residual force is still greater than zero. Also, the initial 

stiffness remains constant in different cycles. The backbone of the joint response is similar in 

shape to a typical rod response. 
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The RSFJ elongation is defined as the ratio of the failure displacement to the ultimate 

displacement of the joint. From the numbers given in Figure 3-14, the RSFJ elongation has 

been reported in Table 3-2 for the three tested joints. 

Table 3-2: RSFJ elongations from the component testing 

Specimen 1 2 3 

RSFJ elongation 67 2.2330 =  57 2.2525.3 =  52 2.125.3 =  

From this table, all the specimens provided an elongation greater than 2. Moreover, the RSFJ 

over-strength is defined as the ratio of the maximum force as the secondary-fuse is activated 

to the ultimate force at the end of flag-shape response. The over-strength factors of the tested 

joints are given in Table 3-3 which are calculated based on the data from Figure 3-14. The 

numbers in Table 3-3 can be considered for capacity design purposes. The probable reason 

for observing a different behaviour in specimen 3 is the variation in rod performance. 

Table 3-3:RSFJ over-strength factors from the component testing 

Specimen 1 2 3 

RSFJ over-strength 269 1.17229.2 =  274.4 1.2229.2 =  333 1.45229.2 =  

To predict the secondary-fuse response of the joints given in Figure 3-14, the cyclic response 

of the rods given in Figure 3-10 are used considering the yielding force of 140kN and taking 

data points of the rods response after this force level. Note that for forces greater than 140kN, 

the discs contribution in providing displacement can be neglected as per the test result shown 

in Figure 3-11 (b). Using equations (22) and (27), the joint secondary fuse response from the 

rods test result is then obtained. In Figure 3-15, the back-bone curves of the three joints 

response are drawn together with the secondary-fuse prediction where the solid curves are the 

back-bone responses and the bulletized curves are the predictions for the secondary-fuse 

response. In this figure, the variation in the rods performance has culminated in the joints 

results after the ultimate point. Therefore, the average performance of the rods is used to 

predict the expected joints response. 
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Figure 3-15: Backbones of the joints test results compared with the secondary-fuse response 

prediction 

3.4.3 Full scale frame testing 

To demonstrate the performance of the proposed mechanism on a frame, a full-scale two-

dimensional steel frame was designed based on the guidelines of NZS 3404 (NZS 3404 2007) 

and following the capacity design principles to limit the non-linear response of the frame to 

the RSFJs. This frame was 3.1m high and 5.05m long and was loaded at the top for a force of 

300kN that was the maximum capacity of the actuator used for the test. On the frame test set-

up, the displacement of each RSFJ was measured by an LVDT. The lateral frame deformation 

was measured by two draw wires installed at the mid-height and top of the column. Figure 

3-16 demonstrates the location of the measurement devices. Note that pinned connections are 

used for beam-column and column base connections. Figure 3-17 depicts the test set-up and 

the connection details. This figure also gives the positive and negative signs with respect to 

the hysteresis response given in Figure 3-20 (b). 

As per this figure, on Det B the beam and brace (RSFJ) are connected to the gusset through 

pins and the column is connected to the gusset with four M24 grade 8.8 bolts. In Det C, the 

brace (RSFJ) and the column are connected to the gusset through a pin as well. Det A is similar 

to Det B, with the only difference that an adaptor plate is welded to the gusset plate edge to 

connect the actuator to the frame. This adaptor plate is then connected to the actuator through 

four M24 grade 10.9 bolts. This configuration makes the system stable in-plane where all the 

members work axially. The designed beam and columns are back-to-back 180×75 PFC made 

of grade 350 steel with a 25mm gap in between. All pins are made of grade 700 steel with a 

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60 70

Fo
rc

e 
(k

N
)

Displacement (mm)

Backbone 1
Backbone 2
Backbone 3
SF Prediction 1
SF Prediction 2
SF Prediction 3



Chapter 3 The Resilient Slip Friction Tension-Only Brace Beyond Its Ultimate Level 
 

62 

diameter of 50mm. The gussets are made of grade 350 steel plates with a thickness of 25mm 

each. Also, a pin pad is used at the pin hole location on the beam and column webs to 

strengthen the section against the bearing failure. This pin pad was welded to the web with 

fillet weld all around.  

Furthermore, to prevent any clash between the beam and column as well as the column and 

the base plate as a result of rotation during loading, gaps are provided at the end of the beam 

and the columns, as shown in Figure 3-17. For the brace body, two M24 grade 8.8 rods are 

used at each diagonal which undergo tensile forces only (as per Det D) where nuts are put on 

one side of the RSFJ end plate.  

For the beam and columns section under compression forces, timber spacers are used as 

internal lateral restrainers to prevent premature buckling of the channels. The spacing of these 

timber spacers is 1010mm on the beam and 826mm on the columns. These spacers are then 

connected to the members using M20 bolts. The detail of these spacers is illustrated in Figure 

3-18. To minimize the lateral deflection and vibration during the testing, a catch frame 

consisting of two beams, four columns and four props supporting the columns are used. The 

gap between the main frame beam and the catch frame beam was 6mm on each side. The 3D 

view of the erected main and catch frames are shown in Figure 3-19.  
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Figure 3-16: The location of the measurement devices and their direction of action 
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Figure 3-17: Frame test set-up and the connection details 
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Figure 3-18: Timber spacers and anchoring bolts 

 

Figure 3-19: The main and catch frames set-up 

The frame was tested under quasi-static loading. In the loading protocol adopted, the frame 

displacement was increased for increments of 20 mm and with two cycles at each step. The 

loading regime as well as the frame response are depicted in Figure 3-20. 
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(a) (b) 

Figure 3-20: (a) Loading protocol and (b) frame response 

The RSFJs for the frame test were pre-stressed to the same level as the joints shown in Figure 

3-14. As a result, the ultimate displacement response of the joints for the frame test can be 

deemed as the average of the ultimate displacements shown in Figure 3-14, which is 26.9mm. 

Also, the corresponding joint force at this displacement is 229.2kN. As such, the horizontal 

elastic displacement of the frame can be calculated using the following equations: 

( )
2

cos
RSFJ rods

frame α
∆ + ∆

∆ =  (28) 

RSFJ rod
rods

rods

F L
EA

×
∆ =  (29) 

In which α is the acute angle between beam and brace, Lrod is the length of a single rod and 

Arods is the area of the rods cross section on a brace. Therefore, 

229200 4288 2 26.9 5.45.4 , 70
200000 905 0.85rods framemm mm× × +

∆ = = ∆ = =
×

 

This displacement is marked in Figure 3-20 (b). The elongation provided on the frame, which 

is defined as the failure displacement to elastic displacement is 133 1.970 = . Also, the force 

corresponding to this displacement on the frame response curve is 168kN, which is considered 

as the ultimate force of the frame. As shown in Figure 3-20 (b), the maximum force of the 

frame is 259kN. Thus, the over-strength factor for the frame test is 259 1.54168 = . It should 

be mentioned that the frame response beyond the ultimate point (with secondary-fuse) and its 
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over-strength is directly related to the rods performance, and therefore the variability in the 

rods response needs to be controlled to have a reliable over-strength mechanism of the frame. 

On Figure 3-20 (b), the reason for having an asymmetrical response is that during the testing, 

the main and catch frames beam were engaged. To conduct the test, it was decided to continue 

the test in one direction in which there was no clash.  

As observed in Figure 3-20 (b), the cyclic response of the frame after the secondary-fuse 

activation provides the self-centring characteristic, while the components that need to be 

replaced are the clamping rods of the joints. Given this minor adjustment, the concept can be 

considered low-damage. Note that the response of the frame before the activation of the 

secondary fuse is structurally no-damage given the cyclic and dynamic tests conducted in 

(Bagheri et al. 2020) where there is no stiffness and strength degradation and the self-centring 

flag-shape response is well provided.  

Furthermore, as can be observed from Figure 3-20 (b), there is no slackness in the frame 

response under the cyclic loading. The diagonal braces were pre-stressed before the testing to 

remove the sagging issue and to provide the desired stiffness from beginning of the test, 

around zero displacement of the frame. Therefore, as one rod carries no load, the other one 

carries the whole lateral load and these roles exchange around zero displacement of the frame. 

As long as the distance between the two nuts at the ends of a diagonal is the same as the start 

of the test, there is no slackness issue in the frame performance. Note that this point is valid 

without regard to the fact that if the nuts come simultaneously into contact with their 

neighboring joints at the ends or with a delay. That is because if one nut touches its 

neighboring joint before another nut does, this instant is certainly before the zero displacement 

of the frame, and as the frame goes to zero displacement, both nuts will be engaged smoothly. 

The test results presented here does not include P-delta effects. In a real structure, if this effect 

is significant, it should be properly considered in the modeling and design of the brace bodies 

and joints. 
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3.5 Discussion 

3.5.1 Parameters affecting the RSFJ elongation 

As defined in section 3.4.2, the RSFJ deformation ratio is the ratio of the two displacements, 

maximum over ultimate. From equation (22), the RSFJ displacement at every point is 

comprised of the displacement coming from the discs stack and the rods elongation. In 

addition, considering that yrF  happens at the same time or after fdF , i.e. either scenario in 

Figure 3-8 (b) or (c). The maximum displacement of the joint is provided by the entire 

deformation of the discs and rods. The ultimate displacement capacity of the RSFJ can be 

considered to be provided by the discs deformation, assuming that the elastic elongation of 

the rod is negligible with respect to the discs deformation (around 1-2% from the joints test 

results). Therefore, the RSFJ elongation is estimated through the following equation. 

( )
tan 1

tan

sd rods
sd rods rods

RSFJ
sd sd sd

e θ

θ

∆ + ∆
∆ + ∆ ∆

= = = +
∆ ∆ ∆

 (30) 

From this equation, it can be concluded that the elongation is not a function of the groove 

angle, θ. Moreover, bigger rods∆  and smaller sd∆  will provide a greater elongation. However, 

some effective parameters influence both rods∆ and sd∆ making the judgment harder about how 

they affect the elongation. Therefore, more detailed relations should be given for a more 

accurate interpretation. The rods∆ can be calculated as the engaged length of a single rod times 

the rod elongation as follows, considering that the yielding of the rods occur simultaneously 

with the disc flush load. 

( )( )2 2 100 %rods eng r RSFJ d d d i rL e t n t n h PS e∆ = = + + −  (31) 

In which Leng is the engaged length of a rod, er is the rod elongation, tRSFJ is the thickness of 

the assembled middle and cap plates, td is the thickness of a disc, hi is the internal height of a 

disc, and %PS is the pre-stressing percentage of the discs/rods with respect to fdF  . sd∆ also 

can be calculated according to the following equation. 

( )2 100 %sd d in h PS∆ = −  (32) 

As a result, eRSFJ can be rewritten with the following equation. 
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( ) ( )
1 1 1

2 1 % 1 %
rods RSFJ d

RSFJ r
sd d i i

t te e
n h PS h PS

 ∆
= + = + + +  ∆ − − 

 (33) 

According to this equation, selecting a rod grade which can provide larger er help achieve 

greater joint elongation. Also, adopting greater tRSFJ and td and also putting more pre-stressing 

on the rods will provide more elongation. On the other hand, having less number of discs and 

smaller disc internal height will provide more elongation. Using equation (33), the tested joints 

elongation can be predicted. For this purpose, the average elongation of the rods is used, which 

is 6.5%. For this prediction, the discs test data provided in Figure 3-11 (b) are used. The 

predicted elongation is 2.26, 2.26, and 2.1 for the first, second, and third specimens, 

respectively. These values are comparable to the figures given in Table 3-2. 

3.5.2 Displacement requirements 

Dampers in general are required to provide further than design displacements. However, how 

further this displacement should be, could be different based on the design standard used. As 

per the AISC 341 (AISC 341-10 2010) for static cyclic loading, it is stated that the brace 

should have twice the ductility capacity of the design inter-story drift together with an 

accumulative inelastic axial ductility capacity of 200. There are no specified requirements for 

dampers in the New Zealand Standards NZS1170.5 (NZS1170.5 2004) or NZS3404 (NZS 

3404 2007), however, in the latter it is mentioned that the behaviour of the structural system 

must remain essentially unchanged up to 1.5 times the design ULS deformation for a structural 

system. This extra displacement is typically limited by the material deformation limits for 

conventional structures. According to NZS1170.5 (NZS1170.5 2004), the MCE is considered 

to be 1.8 times the ULS earthquake for a building with an importance level of 2. However, 

there is no recommendation/criteria of how to provide MCE displacement demand. Therefore, 

according to the seismic requirements stated in the mentioned codes of practice, providing 

displacements twice the ULS demand is the most stringent criterion to be followed (AISC 341-10 

2010). Having said this, the RSFJ can be designed to satisfy the abovementioned requirements 

in different manners. It can be designed to cover the displacement required by the codes 

through a pure flag-shape response (without any yielding happening in its components), or the 

flag-shape part can be designed to cover the design level (or ULS) and the extra displacement 

to be delivered through the secondary fuse mechanism or any possible combination between 

these two extreme cases. This depends on the design engineer and performance targets. 
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A Robust Steel Structure Using the Resilient Slip Friction 

Joint Systems: Design, Numerical Studies, and Component 

Tests 
 

4.1 Introduction 

Observations from recent major earthquakes worldwide has shown that however modern 

seismic design provisions can ensure life-safety in soundly designed structures, yet 

structures may be damaged and require costly repair and replacement (Clifton et al. 2012; 

Pampanin 2012). Following these damage observations, efforts have been made to reduce 

structural damage during major seismic events by introducing low-damage structural 

systems. Low-damage performance of the structures can be achieved by keeping the 

structure within its elastic capacity, incorporating the use of energy dissipaters such as 

friction or viscous dampers, and base isolation technique.  

Yang and Popov utilized Symmetric Friction Connection (SFC) as a low-damage 

dissipator for steel MRF where the sliding between the clamped steel plates would 

provide energy dissipation instead of steel beam yielding (T.S. Yang and E.P. Popov 

1995). In order to minimize damage to overlying slab in the SFC in major earthquakes, 

Asymmetric Friction Connection (AFC) was developed where the rotation in the joint 
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happens about the top flange of the beam and the sliding occurs at the bottom flange 

(Clifton 1996; MacRae et al. 2010). Barzegar et al. (2020) assessed the performance of a 

novel Passive Variable Friction Damper (PVFD) at mitigating seismic and wind induced 

vibrations through conducting numerical studies. They concluded the PVFD yielded a 

more uniform drift compared to viscous and passive friction dampers investigated in their 

study thanks to the customizable performance of the PVFD.  

Although these low-damage solutions reduce significantly damage to structural members, 

some of them may have residual displacement following an earthquake and require 

adjustment of the connections and the whole structure. An important index to characterize 

the level of damage to a structure after an earthquake is the residual drifts (Wang et al. 

2017). Different residual drift limits have been suggested for different levels of 

performance. Based on the research conducted by Ricles et al. (2002) and Tsai et al. 

(2008), if the residual drift is greater than 0.5%, the structure could potentially be 

demolished; these studies take into account human-feeling as well as safety 

considerations. Clifton et al. (2011) inspected multi-story steel structures after the 

Christchurch February 2011 earthquake and observed that in the Club Tower building 

located in Christchurch’s Central Business District (CBD) with a residual drift of 0.1%, 

the lift shaft was not fully operational and needed realignment. As such, they concluded 

that the 0.3% drift limit for successful low damage building performance proposed by 

some researchers and practitioners is too high (Clifton et al. 2011). 

To resolve the residual drift issue, various self-centring systems have been developed. 

The most common practice for these systems is to add post-tensioning rods and strands 

to conventional structural members in combination with supplemental source of damping 

that can be yielding component, viscous dampers or friction joints. This concept has been 

successfully adopted in rocking timber and concrete shear walls (Sarti et al. 2016; 

Sritharan et al. 2015), beam-to-column-connections (Tsai et al. 2008; Sritharan et al. 

2015), and bridges (Palermo et al. 2005). Moreover, newly developed smart materials 

such as shape memory alloy (SMA) are alternative solutions for providing self-centring 

capabilities to structures. Qiu & Zhu (2017) conducted experimental and numerical 

studies on a scaled steel frame with SMA braces as a self-centring component. The post-

yield stiffness ratio and equivalent viscous damping of the brace used in this research 
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were 0.15 and 5% respectively which were derived from cyclic loading on the fabricated 

braces. In this research, a two-dimensional half-scale steel frame was connected through 

pinned connections to a mass simulation frame to simulate the inertial force. The 

experimental results showed that this system can withstand several strong earthquakes 

with very limited degradation in strength and stiffness; the steel frame suffered from 

limited damage but with zero residual deformation up to drift ratio of 2%. Fang et al. 

(2017) investigated the potential of NiTi SMA bolts in self-centring connections, 

including composite connections. The test results showed that for the composite 

connections, the self-centring was compromised to a certain extent and moreover, 

approximately 10% equivalent viscous damping was observed at large deformations. 

Fang et al. (2019) conducted experimental and numerical studies on self-centring beam-

column joints using SMA ring spring-based devices with a pivot point around the top 

flange to minimize the floor damage. An equivalent viscous damping of 15% was 

observed from the experiments; extra energy dissipation through fully tightened web bolts 

was recommended which would make the system partial self-centring. Christopoulos et 

al. (2008) introduced a Self-Centring Energy-Dissipation (SCED) brace which is 

equipped with post-tensioned rods and additional source of frictional damping relying on 

a thin friction pad and sliding over a stainless steel surface. J. Erockho et al. (2013) 

conducted a shaking table test to confirm performance of   SCED braces in a real structure. 

Finally, the test results demonstrated that SCED braces prevented any residual drifts in 

the structure without any significant degradation due to wearing. 

These self-centring systems help significantly resolve the residual displacement, 

however, some of them are uneconomical solutions and also require minor adjustment 

after a severe seismic event. The Resilient Slip Friction Joint (RSFJ) has been recently 

invented by Zarnani and Quenneville (2015) to resolve the potential residual 

displacement issue in structures, to provide damping, and to present a repeatable response 

under earthquake reversal loading, with unlikely adjustment after a seismic event. 

Through the past studies, the governing equations of the joint have been developed 

(Hashemi et al. 2016) and the joint has been tested in different structural applications to 

bring resiliency to their seismic performance including steel tension-only brace (Bagheri 

et al. 2019), rocking Cross Laminated Timber (CLT) shear wall (Hashemi et al. 2017a), 

pre-cast concrete shear wall (M. Darani et al. 2018), timber brace including the stability 
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studies of the joint and brace body (Yousef-beik et al. 2021). As the estimation of seismic 

input to a structure involves uncertainty and the earthquake could be unexpectedly strong, 

performance of the RSFJ beyond its design level has been investigated through analytical 

and experimental studies, on joint level as well as on a full-scale tension-only frame by 

Bagheri et al. (2020). They proposed elongation and overstrength of the joint and frame. 

The rotational version of the RSFJ in order to enhance the displacement capacity has been 

developed by Veismoradi et al. (2021) which has also been studied into rocking concrete 

shear walls (Sahami et al. 2019). The study by Hashemi et al. (2020) give a proposed 

design procedure for designing tension-only RSFJ bracing system. In a separate study 

they presented an equivalent ductility approach for designing structures with RSFJ 

(Hashemi et al. 2020).  

Past studies on RSFJ were mostly experimental and numerical conducted on the 

component or system level and could successfully confirm and predict the hysteresis 

response of the joint and the system investigated. However, to develop confidence in the 

structural applications of the RSFJ, it is important to confirm the potential performance 

of these systems in structure level. 

This research first proposes the structural design of three applications of the RSFJ 

including tension-only brace, tension-compression brace, and MRF for a full-scale three-

story steel structure. Second, numerical models are developed considering nonlinear 

behaviour of the RSFJ and analyses are conducted to answer the following questions. 

Third, the numerical models are verified by the component test results of the RSFJs for 

each system. 

1. Is self-centring achievable under different levels of excitation? 

2. How do stiffness, base shear, displacement, and acceleration of these systems compare 
with each other? 

3. What are the ratios of joints displacement demand and base shear of structure under MCE 
event to those of ULS event? 

4.2 Building Configuration 

The investigated structure has three stories with inter-story height of 3m and total planar 

dimensions of 7.25 by 4.75m with two bays in the longer direction and one bay in the 

shorter. Figure 4-1 includes the plan and side views of the structure with dimensions. 
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(a) (b) (c) 

Figure 4-1: (a) Plan, (b) transverse, and (c) longitudinal views of the test structure (mm) 

The composite flooring system, ComFlor® 80 (Steel & Tube Ltd.), with trapezoidal steel 

deck and concrete topping, is used, which is also considered as the permanent load on the 

structure. The total floor thickness is 150mm while the effective thickness for mass 

calculation is 121mm. To simulate the imposed load, additional mass blocks have been 

used for different stories which imposes a uniform load of 3.5kPa for the first and second 

floor and 4.7kPa for the third floor. The summation of the permanent (concrete floors and 

members) and imposed loads (additional mass blocks) forms the seismic weight of the 

structure. Table 4-1 gives the seismic weight of the structure in different stories.  

Table 4-1: Seismic weight of the structure in different stories 

Level Height (m) Seismic weight (kN) 

3 9 276 

2 6 251 

1 3 251 

Total N/A 779 

The building is assumed to be located in Wellington (soil class C) with importance level 

of 2 and about 5 km distant from the nearest fault.  

4.3 Ground Motions Selection and Scaling 

As the intended test program for the investigated structure in this study includes several 

structural and non-structural concepts, the total number of runs is considerably higher 

than a normal test program with one or few concepts to be tested. This huge number of 

tests has imposed some limitations on the number of records to manage the timing and 
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funding of the project. Therefore, it was decided to select one earthquake record which 

matches the target spectrum over the interested period range and scale it to various 

shaking levels. Other characteristics of the selected record is to enable scaling up to MCE 

shaking level based on the table displacement, velocity, and acceleration capacities. This 

record is the Imperial Valley, El Centro 1940, Array #9 station which then is scaled to the 

target spectrum using the NZS1170.5 (NZS1170.5 2004); structural ductility factor, µ, 

structural performance factor, Sp, record scale factor, k1, and family scale factor, k2, are 

used during the scaling process. µ represents the overall ability of a structure to sustain 

cyclic inelastic displacements. Its value depends upon the structural form, the ductility of 

the materials and structural damping characteristics. Sp accounts for effects which are not 

explicitly represented in a numerical analysis. k1 adjusts a single record to match the 

design spectrum over the period range of interest. k2 ensures the envelope of a family of 

records sits above the target spectrum over the period range of interest. Also, the period 

range of interest was selected to be constant for different test configurations to apply the 

same scaled record for the entire program. This range covers periods from 0.4 times the 

shortest translational structural period to µ times the longest translational structural 

period among all structural systems in the test. The shortest translational period is 0.2sec 

which belongs to the braced frame in the shorter direction of the structure and the longest 

period is 1.14sec which belongs to the MRF system in the longer direction of the structure.  

Therefore, the range is from 0.08sec to 1.97sec. Note that the 0.4 and µ  coefficients are 

to take into account higher modes effects, and nonlinearity effects on period lengthening, 

respectively. For scaling, the structural performance factor (SP) has been considered 1.0. 

Note that for this single record, the family scale factor, k2, has been considered as unity. 

The obtained k1 factor is 1.45. 

In order to further investigate the structural response and to not limit this study to the 

unique record selected for the entire test program, seven more earthquake records have 

been selected and scaled to the target spectrum of the structure over the mentioned period 

range of interest with SP=1.0 using NZS 1170.5 (NZS1170.5 2004). Table 4-2 gives the 

details of the selected records as well as the scaling factor, k1×k2. These records are 

available to download from the Pacific Earthquake Engineering Research Center (PEER) 

and GNS Science databases. 
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Table 4-2: Selected ground motion characteristics and their scaling factor 

Event name Date Station Mw Fault mechanism 1 2k k×   

Imperial Valley 18/05/1940 El Centro - Array #9 6.9 Strike Slip 1.45 

Imperial Valley 15/10/1979 El Centro - Array #8 6.5 Strike Slip 1.1 

Christchurch 22/02/2011 CBGS 6.2 Oblique-reverse slip 0.87 

Chile 27/02/2010 Maule 8.8 Subduction 0.98 

Duzce 12/11/1999 Duzce 7.2 Strike-slip 1.27 

Kobe 17/01/1995 Takarazuka 6.9 Strike-slip 0.69 

Kocaeli 17/08/1999 Duzce 7.6 Strike-slip 1.65 

Loma Prieta 17/10/1989 LGPC 6.9 Strike-slip 0.56 

Figure 4-2 depicts the target spectrum and the scaled records spectra over the period range 

of interest. 

 

Figure 4-2: Target and scaled records pseudo acceleration spectra 

While Figure 4-2 gives the records spectra scaled to the ULS with 500 years return period 

for an importance level (IL) 2 building, in order to obtain the MCE scaled records with 

2500 years return period, NZS 1170.5 (NZS1170.5 2004) requires to multiply the ULS 

records by a factor of 1.8. 

In the following sections, the design procedure for each concept has been given in which 

it is aimed to have a robust building up to MCE. 
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4.4 General Connections  

This section explains the general connections which are common among different RSFJ 

structural systems. These connections include column bases and gravity beam-to-column 

connections. The gravity column base and gravity beam-to-column connections are 

simple which are designed based on the guidelines of SCNZ Steel Connection Guides, 

Part 1&2 (SCNZ 14 2007), with some modifications. For the non-gravity column bases, 

the asymmetric friction connection (AFC) column base (Borzouie 2015; Borzouie et al. 

2016) is used with some modifications. This column base uses the friction mechanism 

between the clamped flange and shim plates to provide rotational restraint up to a 

threshold after which the sliding between the clamped plates and consequently rotation 

occurs in the connection. For the current study, the AFC column base is designed to 

provide rotational restraint up to SLS level and to start slipping afterwards. Figure 4-3 

gives details of a general AFC column base. 

 

Figure 4-3: AFC column base 

4.5 RSFJ MRF Configuration 

In this concept, the RSFJs, as the self-centring components, are placed at the bottom 

flange of the beam and the positive and negative moments are provided through joints 

axial actions in tension and compression. The RSFJs are attached from one end to the 

column flange and from the other end to end plates provided on the web sides of the beam. 

The elongation and shortening of the RSFJ will provide the ductility and damping for the 

system. At the top flange, a pin connection is used in which the pin connects the beam 

web at the topmost point to cleats which are welded to an end plate; this end plate is then 

bolted to the column flange. This concept is used in the long direction of the structure and 
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only in one bay; the other bay will employ simple connections. Note that the reason for 

using one bay only is to prevent the detailing conflict with other concepts being used on 

the other bay. The RSFJs are used in all stories. A view of the longitudinal frame of the 

structure including the RSFJ locations in the MRF concept, marked with dash-lines, as 

well as the connection details, are shown in Figure 4-4. The longitudinal beam web 

stiffeners are used to strengthen the web against bearing stresses from the pin and to 

increase the bending capacity of the beam end, both in- and out-of-plane. 

(a) 

 (b) 

Figure 4-4: (a) Locations of the RSFJs shown by dash-line in the MRF concept and (b) 

connection details 

4.5.1 Members design using ESM  

Design of the beams have been completed using the equivalent static method given in 

NZS 1170 (NZS1170.5 2004) with µ=3 and Sp=1. The reason for taking Sp conservatively 

as unity is that there will be basic non-structural elements on the structure at the time of 

testing of this concept which might not be similar to a real building meaning that the 

response will not be decreased by the non-structural elements compared to a real building. 

The beams are checked against the over-strength capacity of the RSFJ. 

Design of the columns has been completed by taking the lesser of the following actions 

as per (NZS 3404 2007): 

i) Taking the upper limit actions assuming 1.25µ =     
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ii) Taking the capacity design derived actions from the RSFJs over-strength capacity 

In the numerical modelling for this part, elastic rotational links have been modelled at the 

beam-to-column connection, calculated from the initial axial stiffness of the RSFJ, to 

estimate more realistically the fundamental structural period. This has been undertaken 

using the Damper-Friction Spring link provided in SAP2000 (CSi 2019) for the rotational 

degree of freedom. (Hashemi et al. 2018) gives more details on how to model the RSFJ 

in SAP2000. The elastic rotational stiffness is derived from equation (34): 

2
init init eR k L= ×  (34) 

Where kinit is the initial axial stiffness of the RSFJ which is around 100 kN
mm  from testing 

done at the University of Auckland and Le is the lever arm, the distance between centre-

lines of the pin at top and RSFJs at bottom, as shown in Figure 4-5. Thus, the initial 

rotational stiffness is obtained as follows: 

2 .100 220 4840init
kN mR
rad

= × =  (35) 

 
Figure 4-5: RSFJ-MRF connection detail showing Le parameter (mm) 

Moreover, the column bases were initially assigned elastic springs with the stiffness 

values corresponding to 0.1EI
L  and 1.67 EI

L  for pinned and fixed conditions, 

respectively (Yan et al. 2019); where E is the steel elastic modulus, I is the moment of 

the inertia of the column under the direction of interest, and L is the internal height of the 

column in the bottom story. The central column of the structure is a gravity column and 

therefore due to the detailing provided for this column, it is assumed pinned while all 

other columns were initially fixed. However, after designing the details of the AFC 

column base, it was found out that no pre-stressing on the flange plate bolts is required to 

restrict rotationally the column base up to SLS moment demand. Therefore, it means that 
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the stiffness will be like a simple column base, and as such, 0.1EI
L  was used to represent 

the rotational stiffness for all the columns. The floors have also been modelled using shell 

element with out-of-plane bending stiffness, to represent an elastic system. Figure 4-6 

illustrates the numerical model of the structure in the long direction, including the elastic 

links for the ESM analysis.  

 
Figure 4-6: Numerical model of the MRF structure in the longitudinal direction 

From this elastic model, the obtained modal periods are given in Table 4-3 and therefore 

the SLS and ULS base shears are calculated and reported in Table 4-4. 

Table 4-3: Modal periods for the RSFJ MRF structure 

Mode number Mode period (s) 

1 1.14 

2 0.225 

3 0.131 

 

Table 4-4: SLS and ULS base shears from ESM for the RSFJ MRF structure 

Limit state RU/S µ Sp Base shear (kN) 

SLS 0.25 1 1 83 

ULS 1 3 1 115 

The designed section based on the result of the ESM are given in Table 4-5. 

 

Link with rotational properties 

to simulate RSFJ 

Link with rotational properties 

to simulate column base 
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Table 4-5: Frame sections 

Member Section 

Lateral load resisting columns 254×254×89 UC 

Gravity column 200×200×10 UC 

Beam 305×165×40 SHS 

After the initial design, nonlinear pushover and time-history analyses are carried out to 

verify the performance of the structure more accurately and also to check the adequacy 

of the members and RSFJs using a procedure proposed by (Hashemi et al. 2018). For this 

purpose, the non-linear flag-shape behaviour of the joints is modelled in SAP2000 (CSi 

2019) and the structure is pushed to the ULS and MCE drift levels. 

4.5.2 Static pushover analysis to design the RSFJs 

Through an iterative process, slipping moment of the connections is designed such that 

during the pushover analysis no slip occurs before the SLS base shear obtained from ESM 

is reached. Moreover, the slipping stiffness of the connections is designed so that the 

maximum base shear on the pushover curve with a target displacement equivalent to the 

ULS loading, is less than the ULS base shear obtained from ESM. The ULS drift limit 

for designing the joints is 2.5%
dmk where 1.2dmk =  is the drift modification factor. This 

factor is to increase the estimated nonlinear drift ratio obtained from elastic methods of 

analysis such as ESM and Modal Response Spectrum Analysis (MRSA), which are 

underestimated compared to the results of nonlinear methods of analysis (NZS1170.5 

2004). Moreover, as the purpose of this study is to see no damage in the structural system 

up to MCE, displacement capacity of the joints is designed to accommodate MCE rotation 

demands. Following capacity design principles, other members and connections are 

checked for the demands of the RSFJ under MCE displacements. The MCE level is taken 

as 1.8 times the ULS drift. For the structure being considered in this study, the target 

displacement at the top of the structure for ULS and MCE levels is 187 and 337mm, 

respectively. For the numerical modelling, the same model as given in Figure 4-6 is used 

with nonlinear rotational properties assigned to the Damper-Friction Spring link for RSFJ 

modeling, and the floor being modelled as membrane with no out-of-plane stiffness. 

Design of the RSFJ may require iterations to provide a performance acceptable for both 

SLS and ULS. The reader is referred to FEMA 440 document for further details on the 
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pushover analysis of the structures (FEMA 440, 2005). Figure 4-7 depicts the pushover 

response of the structure to ULS and MCE equivalent pushing. In this figure, the dashed-

line in ‘grey’ is the ULS base shear from ESM and the dashed-line in ‘black’ is the SLS 

base shear from ESM.  

  

(a) (b) 

Figure 4-7: MRF structure response to pushover analysis under ULS and MCE 

The maximum base shear from the ULS pushover response of the structure is slightly less 

than the ULS base shear from ESM, which is acceptable. Also, before the SLS base shear 

from ESM, there is no slippage in the response of the structure however, the 

corresponding displacement is higher than the SLS displacement limit used in NZ practice 

which 0.33% or 30mm for the current structure. This serviceability limit is suggested for 

plaster/gypsum walls in plane by NZS 1170.0 (2002). The following reasons explains 

why the limit is not met: 

• Flexibility of the system 

• Using joints in only one bay of the structure, due to the special case in this test 

• Modelling floor as a membrane element, however, in reality there is out-of-plane 

stiffness from the floor which can stiffen the structure and reduce the drift 

Besides, as mentioned in NZS 1170.5 (2004), the serviceability limit state for earthquake 

loading is to prevent damage to the structure and non-structural components that would 

prevent the structure from being used as originally intended without any repair. Based on 

this statement, it seems that for the current structure, the SLS requirements is met given 

there is no damage to structural system, provided that there is no damage to non-structural 

components as well. The connection requirement from the pushover analysis are given in 
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Table 4-6 for different stories in which Mslip is the moment where the connection starts 

slipping and kr,l is the rotational stiffness of the connection in the loading path. 

Table 4-6: MRF connection requirements from pushover analysis 

Story ( . )slipM kN m  ( ),
.

r l
kN mk rad   

1 38.2 464 
2 32 378 
3 26.3 320 

From Table 4-6, the RSFJs specifications are calculated considering two RSFJs at each 

connection and Le=220mm, using the following equations: 

j e

MF
n L

=
×

 (36) 

2
r

t
j e

kk
n L

=
×

 (37) 

In which, F is the axial load of a single RSFJ in the connection, M is the bending moment 

in the connection, kt is the translational stiffness of a single RSFJ in the connection, and 

kr is the rotational stiffness of the connection. Therefore, the RSFJs requirements from 

the pushover analysis are presented in Table 4-7. There, kt,l is the translational after-slip 

stiffness in the loading path. 

Table 4-7:RSFJs requirement from pushover analysis 

Story ( )slipF kN  ( ),t l
kNk mm   

1 87 4.79 
2 73 3.9 
3 60 3.31 

Then, the RSFJs were designed to deliver these parameters and also to have the required 

displacement capacity for an MCE event. Table 8 presents the specified joints. 
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Table 4-8: Performance of the specified RSFJs for MRF system 

Story ( )slipF kN   ( )ultF kN  , ( / )t lk kN mm   , ( / )t ulk kN mm  ( )ult mm∆   

1 87.2 150 3.86 1.57 17.6 
2 73.6 150 3.78 1.55 21.6 
3 60 141 3.65 1.51 26 

In this table, kt,ul is the joint translational stiffness in the unloading slipping path and ult∆

is the ultimate displacement capacity of the joints. Assuming that the whole structure 

deformation will be coming from the joints (conservatively) and ignoring the elastic 

deformation of the members, the displacement demand of the joint for an MCE event is 

calculated as follows: 

( ) 2.5% 2201.8 1.8 1.8 8.25
1.2MCE ULS ULS eL mmθ × ∆ = × ∆ = × × = × = 

 
 

Where ΔULS and θULS are the assumed connection rotation demand and RSFJ displacement 

demand respectively under ULS event. As observed, the ultimate displacement capacities 

of the joints are well above 8.25mm. The quasi-static response of the structure up to the 

ULS and MCE drift levels is also depicted in Figure 4-8. 

  

(a) (b) 

Figure 4-8: Quasi-static response of the MRF structure to ULS and MCE loading 

Figure 4-9 shows the rotation-moment response of the MRF connections in different 

stories to MCE pushing. 

In addition to the previous simplified hand calculation check, the results of the nonlinear 
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this implies that the joints displacement capacity is sufficient to provide the required 

performance, based on the pushover analysis. 

  

(a) (b) 

 

(c) 

Figure 4-9: Response of the MRF structure connections at (a) first, (b) second, and (c) 

third floors to MCE pushover loading 

4.5.3 NLTHA 

NLTHAs are conducted using the eight selected records given in section 4.3 and using 

5% proportional damping in the numerical modelling. The base shear response of the 

structure and the connection responses at each story to MCE events are given in Figure 

4-10. Note that the joints response should not exceed their ultimate capacity. This 

criterion is met from this figure. 

Figure 4-11 contains the maximum and average of maximum base shear, drift, and top 

story acceleration responses of the structure to ULS and MCE events. As shown, on 

average, the ratio of the base shear response to MCE and ULS events is 250 1.52164 = . 

In addition, the average ULS base shear is higher than what obtained through ESM, which 

is 115kN. Moreover, the MCE to ULS drift ratio is 2.1 and the acceleration ratio is 1.58.  

0

20

40

60

0 10 20 30 40 50

M
om

en
t (

kN
.m

)

Rotation (mrad)

0

20

40

60

0 10 20 30 40

M
om

en
t (

kN
.m

)

Rotation (mrad)

0

20

40

60

0 10 20 30 40

M
om

en
t (

kN
.m

)

Rotation (mrad)



Chapter 4 A Robust Steel Structure Using the Resilient Slip Friction Joint 
Systems: Design, Numerical Studies, and Component Tests 

 

86 

 

 

(a) 

  

(b) (c) 

 

(d) 

Figure 4-10: (a) Base shear response of the MRF structure as well as MRF connection 

responses at (b) first, (c) second, and (d) third floors to MCE events 
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(a) 

(b) 

(c) 

Figure 4-11: Maximum and average of maximum values of (a) base shear, (b) drift ratio, 

and (c) top story acceleration response of the MRF structure to ULS and MCE events 

Figure 4-12 gives the maximum and average of maximum demand of the connections at 

different stories to ULS and MCE events. On average, the ratio of the connections 

demands under MCE event to the connections demand under ULS event is 2.06 which is 

greater than the 1.8 factor considered at the initial stage of design, however, none of the 

joints reached their ultimate capacity. More discussions on the dynamic performance of 

this system and the two other systems are given in section 4.8. 
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(a) 
 

(b) 

Figure 4-12: Maximum and average of maximum demands of the connections in the 

MRF structure to (a) ULS and (b) MCE events 

4.6 RSFJ TO-Brace Configuration 

In this concept, the RSFJ is combined with a DONOBrace (DONOBRACE Ltd.) which 

is a tension-only bracing system. RSFJs are attached at the ends of the diagonal bracing 

members to provide damping and ductility. The connections on both ends of the RSFJs 

in this concept are pinned. The DONOBrace type selected comprises of 25mm rods which 

gives a design capacity ( tNφ ) of 367kN according to the NZS 3404 requirements (NZS 

3404 2007). This system is used in the same bay of the long direction as MRF and at the 

two bottom stories. Figure 4-13 shows the details of the RSFJ tension-only braces in the 

structure. The numerical modelling approach and hysteresis response of the RSFJ tension-

only brace is given in details in (Bagheri et al. 2020). Note that the gussets used are all 

similar in tension-only and tension-compression brace system. Therefore, the gusset 

design is explained in the tension-compression brace design. 
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Figure 4-13: RSFJ tension-only brace structure and the associated details 

4.6.1 Members design using ESM 

The design procedure used to design the RSFJ and the structural members is similar to 

the procedure mentioned in section 4.5.1 except for some differences which are stated 

here. Elastic translational links, instead of rotational links, are modelled at the ends of the 

diagonal bracing members to better capture the elastic structural period. The stiffness 

considered for the links is 100 kN
mm . All the column bases are pinned (with elastic 

stiffness of 0.1EI
L (Yan et al. 2019)) to provide more flexibility for the structure and to 

concentrate the nonlinear deformation in RSFJs. Figure 4-14 indicates an overview of this 

model in the long direction. 

DONOBrace RSFJ Gusset plate 
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Figure 4-14: Numerical model of the tension-only brace structure in the longitudinal 

direction 

The obtained modal periods are given in Table 4-9 and the SLS and ULS base shears are 

calculated and reported in Table 4-10. 

Table 4-9: Modal periods for the tension-only brace structure 

Mode number Mode period (s) 

1 0.46 

2 0.166 

3 0.125 

 

Table 4-10: SLS and ULS base shears from ESM analysis for the tension-only brace 

structure 

Limit state RU/S µ Sp Base shear (kN) 

SLS 0.25 1 1 158 

ULS 1 3 1 272 

The adequacy of the selected member sizes is checked for this system. 

4.6.2 Static pushover analysis to design the RSFJs 

The procedure is similar to what given in section 4.5.2 except that for the RSFJ modelling, 

the nonlinear translational link has been used instead of rotational link and being effective 

Link with translational properties 

to simulate RSFJ 

Link with rotational properties 

to simulate column base 
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in tension only. Figure 4-15 gives the pushover response of the structure to ULS and MCE 

equivalent pushing.  

  

(a) (b) 

Figure 4-15: RSFJ MRF structure response to pushover analysis under ULS and MCE 

The base shear obtained from the ULS pushover analysis is equal to the ULS base shear 

from ESM. Also, before the SLS base shear from ESM, there is no slippage in the 

response of the structure and the corresponding displacement is less than 30mm for the 

current structure i.e., SLS displacement limit is met. The connection requirements from 

pushover analysis are given in Table 4-11. 

Table 4-11: Connection requirements from pushover analysis for the tension-only brace 

structure 

Story ( )slipF kN  ( ),t l
kNk m   

1 88 1750 

2 100 1810 

Then, the RSFJs were designed to have sufficient displacement capacity for an MCE 

event. The characteristics of the specified RSFJs are given in Table 4-12. 

Table 4-12: Performance of the specified RSFJs for the tension-only brace structure 

Story ( )slipF kN   ( )ultF kN  , ( / )t lk kN mm   , ( / )t ulk kN mm  ( )ult mm∆   
1 88 252 1.8 0.58 70 
2 99 252 1.87 0.59 70 

To estimate the RSFJ displacement demand in this system at any level of drift and loading 

using a simplified approach, equation (38) can be used which basically projects the 
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horizontal displacement of the story to the brace direction and then subtracts the elastic 

displacement of the diagonal rods from that. 

( )cos rod rod
story

rod
RSFJ

e

F L
EA

n

θ∆ × −
∆ =  

(38) 

Where ∆RSFJ is the RSFJ displacement, ∆story is the story horizontal displacement, θ is the 

angle between horizontal and brace direction, Frod is the diagonal rod force, Lrod is the 

diagonal rod length, E is the modulus of elasticity of the diagonal rod, Arod is the cross-

sectional area of the diagonal rod, and ne is two if joints are used at both ends of the 

diagonal rod and one if one joint is used at one end. Therefore, the estimated RSFJ 

displacement demand at the second story considering a drift level of 1.8×2.5% to 

represent the MCE is 42mm. As observed, the ultimate displacements of the joints 

reported in Table 4-12 are greater than 53mm.  

The quasi-static response of the structure up to the ULS and MCE drift levels is also 

depicted in Figure 4-16. 

  

(a) (b) 

Figure 4-16: Quasi-static response of the tension-only brace structure to ULS and MCE 

loading 

Figure 4-17 shows the response of the RSFJs in different stories to the MCE pushover 

loading. 
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(a) (b) 

Figure 4-17: Response of the RSFJs at (a) first and (b) second floor to MCE pushover 

loading 

As can be observed, none of the joints have reached their ultimate capacity demonstrating 

that based on the pushover analysis the designed displacement capacity is sufficient to 

provide the required performance.  

4.6.3 NLTHA 

NLTHAs are conducted using the eight selected records given in section 4.3 and using 

5% proportional damping in the numerical model. The base shear response of the 

structure and the connection responses at each story to MCE events are given in Figure 

4-18. As can be observed, the demand on the joints is less than the joint capacity. 

Figure 4-19 presents the maximum and average of maxima of base shear, drift, and top 

story acceleration responses of the structure to ULS and MCE events. On average, the 

ratio of the base shear response to MCE and ULS events is 340 1.45235 = . In addition, 

the average ULS base shear is lower than what obtained through ESM, which is 272kN. 

Furthermore, the MCE to ULS drift ratio is 2.4 and the respective acceleration ratio is 

1.4. 
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(a) 

  

(b) (c) 

Figure 4-18: (a) Base shear response of the tension-only brace structure as well as the 

joints responses at (b) first, and (c) second floors to MCE events 
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(a) 

(b) 

(c) 

Figure 4-19: Maximum and average of maximum (a) base shear, (b) drift, and (c) top 

story acceleration responses of the tension-only brace structure to ULS and MCE events 

Figure 4-20 gives the maximum and average of maximum demands of the connections at 

different stories to ULS and MCE events. On average, the ratio of the connections 

demands to MCE and ULS events is 2.12, however, none of the joints reached their 

ultimate capacity.  

235
340

0

100

200

300

400
Ba

se
 s

he
ar

 (k
N

)

ULS MCE ULS average MCE average

0.590.82

0

0.4

0.8

1.2

To
p 

st
or

y 
ac

ce
le

ra
tio

n 
(g

)

ULS MCE ULS average MCE average

1.0
2.4

0

1

2

3

4

St
ru

ct
ur

e 
dr

ift
 r

at
io

 (%
)

ULS MCE ULS average MCE average



Chapter 4 A Robust Steel Structure Using the Resilient Slip Friction Joint 
Systems: Design, Numerical Studies, and Component Tests 

 

96 

 
(a) 

 
(b) 

Figure 4-20: Maximum and average of maximum demands of the connections in the 

tension-only brace structure to ULS and MCE events 

4.7 RSFJ TC-Brace Configuration 

In this system, the RSFJ, brace body, and gusset undergo compression forces which 

involves the stability studies as well. To prevent brace buckling, an Anti-Buckling Tube 

(ABT) mechanism is used. Design of the brace body, gussets, and ABT is given in section 

4.7.4. This brace and the relevant gussets are also put at the locations similar to the 

tension-only braces. Figure 4-21 includes a view of the structure incorporating this 

concept. 

 
Figure 4-21: RSFJ tension-compression brace structure 
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4.7.1 Members design using ESM 

The design procedure for this configuration is similar to the RSFJ tension-only brace 

configuration except that in the modelling, the braces work both in tension and 

compression with only one diagonal at each story. As a result of the ESM design, the 

brace section is 203×203×60 UC S355. The modal periods as well as SLS and ULS base 

shears are given in Table 4-13 and Table 4-14, respectively.  

Table 4-13: Modal periods for the tension-compression brace structure 

Mode number Mode period (s) 

1 0.48 

2 0.17 

3 0.154 

 

Table 4-14: SLS and ULS base shears from ESM analysis for the tension-compression 

brace structure  

Limit state RU/S µ Sp Base shear (kN) 

SLS 0.25 1 1 156 

ULS 1 3 1 264 

4.7.2 Static pushover analysis to design the RSFJs 

The procedure is similar to what given in section 4.6.2 except that for the RSFJ modelling, 

the nonlinear translational link has been used both in tension and compression. Figure 

4-22 gives the pushover response of the structure to ULS and MCE equivalent pushing.  

  

(a) (b) 

Figure 4-22: Tension-compression brace structure response to pushover analysis under 

ULS and MCE 

0

150

300

0 50 100 150 200 250

Ba
se

 s
he

ar
 (k

N
)

Displacement art roof (mm)

SLS

ULS

0

100

200

300

400

0 100 200 300 400

Ba
se

 s
he

ar
 (k

N
)

Displacement at roof (mm)



Chapter 4 A Robust Steel Structure Using the Resilient Slip Friction Joint 
Systems: Design, Numerical Studies, and Component Tests 

 

98 

The ULS pushover response of the structure is equal to the ULS base shear from ESM. 

Also, the SLS displacement limit is met. The connection requirements from pushover 

analysis are given in Table 4-15. 

Table 4-15: Connection requirements from pushover analysis for tension-compression 

brace structure 

Story ( )slipF kN  ( ),t l
kNk m

  

1 88 1750 

2 100 1810 

Then, the RSFJs were designed to have sufficient displacement capacity for an MCE 

event. The characteristics of the designed RSFJs are given in Table 4-16. 

Table 4-16: Performance of the designed RSFJs for tension-compression brace structure 

Story ( )slipF kN   ( )ultF kN  , ( / )t lk kN mm   , ( / )t ulk kN mm  ( )ult mm∆   

1 44 115 0.88 0.23 70 
2 50 115 0.9 0.24 70 

Simplified estimate of the RSFJ displacement demand in this system at any level of drift 

and loading can be obtained using equation (39). 

( )cosstory
RSFJ

en
θ∆ ×

∆ =  (39) 

Therefore, the required RSFJ displacement at the second story considering a drift level of 

1.8×2.5%, to represent the MCE, is 45mm which is less than the ultimate displacements 

of the joints given in Table 4-16.  

The quasi-static response of the structure up to ULS and MCE drift levels is also depicted 

in Figure 4-23. 
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(a) (b) 

Figure 4-23: Quasi-static response of the tension-compression brace structure to ULS 

and MCE loading 

Figure 4-24 shows the response of the RSFJs in different stories to MCE pushing. 

  

(a) (b) 

Figure 4-24: Response of the RSFJs at (a) first and (b) second floor to MCE pushover 

loading 

As can be observed, none of the joints have reached their ultimate capacity; therefore, 

their adequacy is confirmed through the pushover analysis.  

4.7.3 NLTHA 

NLTHA is carried out using 5% proportional damping in the numerical model. The base 

shear response of the structure and the connection responses at each story to MCE events 

are given in Figure 4-25. As can be observed, the demand on the joints is less than the 

joints capacity; thus, the joints design and performance is acceptable. 
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(a) 

  

(b) (c) 

Figure 4-25: (a) Base shear response of the tension-compression brace structure as well 

as the joints responses at (b) first, (c) second floors to MCE events 

Figure 4-26 presents the maximum and average of maximum base shear, drift, and top 

story acceleration responses of the structure to ULS and MCE events. On average, the 

ratio of the base shear response to MCE and ULS events is 337 1.42237 = . In addition, 

the average and maximum ULS base shears are lower than what obtained through ESM, 

which is 264kN. Moreover, the MCE to ULS drift ratio is 2.3 and the acceleration ratio is 

1.4. 
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(a) 

(b) 

(c) 

Figure 4-26: Maximum and average of maximum (a) base shear, (b) drift, and (c) top 

story acceleration responses of the tension-compression brace structure to ULS and 

MCE events 

Figure 4-27 gives the maximum and average of maximum demand of the connections at 

different stories to ULS and MCE events. On average, the ratio of the connections 

demands to MCE and ULS events is 2.1, however, none of the joints reached their 

ultimate capacity.  
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(a) (b) 

Figure 4-27: Maximum and average of maximum demands of the connections in the 

tension-compression brace structure to ULS and MCE events 

4.7.4 Brace, ABT, and gusset design 

The RSFJ brace uses ABT to prevent the buckling of the brace which may be encouraged 

by cutting the brace body and putting in the RSFJs, leading to not having an integrated 

brace with a uniform section. The ABT is formed from male and female tubes which can 

slide into each other via a clearance provided and are welded from their other ends to the 

end plate. Figure 4-28 illustrates the RSFJ brace including ABT. Note that the overlap 

provided for the tubes should be large enough to provide enough displacement capacity. 

 

Figure 4-28: RSFJ brace body demonstrating ABT length parameters involved in brace 

buckling design 
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Regarding the design of the RSFJ brace, it should be noted that two conventional 

principles for the design of compressive members have been considered. These principles 

require stiffness and strength checks which are explained in the following.  

1. Stiffness check: it means that the ABT should stiffen the brace enough so that it 

does not buckle or experience any large lateral deflection until the force demand 

is reached. 

2. Strength check: it means that the brace should be strong enough so that none of 

the components yields or reach yielding capacity during both in and out-of-plane 

deformation until the force demand is reached. 

4.7.4.1 Stiffness check 

The buckling of the RSFJ brace can be approximated by equation (40) developed and 

suggested by Timoshenko for columns with varying cross-section (see section 2.14 of 

(Timoshenko and Gere 1961)).  

2
2cr

EI
P

L
= α  (40) 

Where 2I  is the moment of inertia of the brace body, L is the total length of the brace, E 

is the elastic modulus and α is a factor depending on the length and stiffness of the ABT 

and can be calculated as follows:  

( )( )

2

2
2 2

2 1 11 2 1 sin 1 2

π
α =

ξ  
− ξ + − − π − ξ β π β 

 (41) 

Where  

1
2

0.5 jL L
L

+
ξ =  (42) 

2

ABTI
I

β =  (43) 

Parameter β is indicative of the relative stiffness and 2ξ is indicative of the damper length 

effect. ABTI  is the moment of inertia of the ABTs which is summation of the moments of 

inertia of the male and female parts, Im and If respectively. Also, L1 is the distance between 

centre of the joint to the centre of the pin and Lj is the length of the joint, as shown in 
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Figure 4-28. The following diagram shows different values of α calculated for different 

values of β and 2ξ .  

 

Figure 4-29: α parameter given with respect to β and ξ2  

As can be observed in Figure 4-29, all lines will reach a plateau when relative stiffness 

approaches ‘one’ which means if the ABT has the same flexural stiffness as the brace 

body, the buckling load is the well-known Euler buckling load for a pin-ended member. 

Apart from that, it can be seen that as the length of the damper increases, the buckling 

load will decrease for the same amount of relative stiffness. In other words, increasing 

the length of the brace will lead to softening the brace. It should be noted that the flexural 

stiffness of the RSFJs is conservatively ignored.  

4.7.4.2 Strength check  

Regarding the strength check, the method used here is inspired by a method developed 

by Takeuchi et al. (2014), originally developed for Buckling Restrained Braces (BRB). 

Note that the revised and conservative version of that formulation has been adopted for 

this study. Furthermore, in the formulation, it was assumed that the ABT in RSFJ brace 

resembles the necking zone and the brace body resembles the restrainer in BRB. The two 

strength checks have been suggested as below:  
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( )2 0 0 0
11 2

1

g ABT
p p u

u

cr

M M M M P y
P
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     − ξ − + − ≥     − 
 

 (45) 

Where ABT
pM and g

pM are the plastic moment capacity of the ABT and gusset plate, 

respectively. 0M is the secondary order moment due to out of plane drift, 0y includes 

different sources of the system imperfection including the clearance in the connections, 

out-of-plumbness, load eccentricity, and etc.; in this study, 0y is corresponding to 2.5% 

out-of-plane rotation of the member considered. uP and crP are the force demand and the 

buckling load of the brace, respectively. '
crP is the load that the elastic part of the brace will 

resist when the system has become a mechanism due to formation of the plastic hinges. 

The secondary order moment is ignorable compared to the plastic capacity of the ABT 

and gusset plate; so, it can be removed from both equations. The right part of both 

equations is indicative of the amplified moment due to imperfection where the 

amplification factor is 1

1 u

cr

P
P

−
 .  

Equations (46) and (47) are suggested in this chapter for strength checks of the gusset 

plate and the ABT to satisfy above-mentioned criteria. It is worth noting that the g
pM is 

indeed the reduced plastic moment capacity of the gusset plate due to the presence of the 

axial load when using Thornton method (Muir and Thornton 2014). However; ABT
pM does 

not need any reduction as the axial load is transferred by the dampers and ABT does not 

have any axial demand. Therefore, the critical load can be calculated from  equations (40) 

to (43). Regarding the imperfection, it should be noted that the steel codes such as AISC 

360 (AISC Committee 2010) and NZS 3404 (NZS 3404 2007) assume 1000
L for the out-

of-straightness of the brace. It is suggested to use the same value to account for the 

clearance in the connections. Note that if the out-of-plane story drift [3, 39, and 40] is 

also considered in the design, it should be also added to this imperfection.  



Chapter 4 A Robust Steel Structure Using the Resilient Slip Friction Joint 
Systems: Design, Numerical Studies, and Component Tests 

 

106 

0
1

1

ABT
p u

u

cr

M P y
P
P

 
 
 ≥
 − 
 

 (46) 
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 (47) 

Due to presence of the secondary moment, the secondary shear force will also exist within 

the brace body and the ABT. Hence, this additional shear needs to be considered when 

designing the members. This study assumes 2.5% of the axial load as the secondary shear 

force. 
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 (48) 

By implementing the abovementioned checks, the gusset and ABT shown in Figure 4-30 

are designed. 

 
(a) 

(b) 
Figure 4-30: Designed gusset plate and tubes of the ABT (mm) 

Male tube Female tube 
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The stiffness check parameters of the given sections are also calculated and given in Table 

4-17. 

Table 4-17: Stiffness check parameters of the RSFJ brace design (mm, kN) 

If  Im  IABT  I2  L Lj L1 β 
2ξ  α Pcr 

517317.1 267027.5 784344 15300000 3870 460 370 0.05 0.155 5.30 1083.405 

 

4.8 Discussion on the Dynamic Performance 

The results obtained from the NLTHA demonstrate all the investigated systems are self-

centred up to MCE event given the concepts employ a resilient design up to this level. 

The fact that none of the joints in these concepts has reached to their ultimate capacity, 

confirms the achievement of self-centring. 

To compare the performance of different systems, stiffness, base shear reduction, and 

acceleration response of the structure are considered, bearing in mind that the braced 

frame structures have braces in only the bottom two stories. The most flexible structure 

is the MRF, as expected. The drift ratios of the MRF structure are more than two times 

greater than those of the braced structures. This might be a problem in real practice; 

however, in the results, the items effective in reducing the structural demands are not 

covered in modelling e.g., out-of-plane stiffness of the floor which could have a 

considerable effect on the response, Non-Structural Elements (NSEs), infill walls, etc.  

NZS 1170.5 (NZS1170.5 2004), allows the design engineer to reduce the input shaking 

level by a factor equal to ( )1
2

pS+
 to consider the decreasing effects of the above-

mentioned items. Considering Sp as 0.7, this factor equals to 0.85. This factor could reduce 

the average drift response of the MRF structure under ULS shaking from 3% to 2.55%, 

which is very close to the acceptable limit based on NZS 1170.5 (NZS1170.5 2004). The 

tension-only and tension-compression brace structures have very similar stiffness which 

is considerably higher than the MRF structure stiffness. The average base shear response 

of the MRF structure is less than that of the brace structures, as expected. This reduction 

is about 50% for the ULS and 25% for the MCE shakings. The base shear of the brace 
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structures is almost the same for two braced structures. Moreover, as expected the 

acceleration response of the MRF structure is less compared to the brace structures, which 

is 24% less at the ULS level and 15% less at the MCE level. Comparing the average of 

the maximum accelerations in the brace structures to the PGA of the site i.e., 0.53g from 

the target spectrum, shows that the acceleration amplification factor, which is defined as 

the maximum acceleration response over the target acceleration spectrum value at zero 

period, is 1.99 for the ULS and 2.78 for the MCE. This is lower than the maximum value, 

3, recommended in (NZS1170.5 2004) for design of the parts and components. As 

observed, the performance of the tension-only and tension-compression brace structures 

is very similar; however, the tension-compression brace provides more redundancy as it 

employs compression forces as well and it can brace taller structures with a higher number 

of stories as the brace section can be selected large enough to support the seismic loads. 

On the other hand, the tension-only brace system is easier to design as there is no 

compression force and stability concerns and is easier to construct due to the light sections 

being used. 

To compare response of the structures to ULS and MCE shaking levels, RSFJs 

displacement, base shear, and drift responses are investigated and the MCE to ULS ratio 

is given for these responses. The RSFJs displacement demand ratio is 2.1 for all the 

concepts. This is greater than the 1.8 ratio considered for the joints design, however, the 

joints did not reach their capacity. The base shear ratio is 1.5 for the MRF structure and 

1.4 for the brace structures. This ratio gives design engineers an insight to the primary 

design of the structure for the MCE level. This ratio for drift is 2.1 for the MRF structure 

and 2.3-2.4 for the brace structures.  

4.9 Component Test Results 

The joints components including middle and cap plates, and their attachments were 

designed based on the performances obtained previously for each structural system. Note 

that high-strength steel with minimum yield strength of 690 MPa was considered to 

design these components. In the following sections, the designed joints properties, the 

relevant test set-up, and a sample of the component test results for this study are given. 

Hydraulic actuator and LVDT were used for loading and displacement measurements. 

Each joint was tested quasi-statically with at least two cycles to its maximum design 
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displacement. Note that the performance of all other joints tested but not presented here, 

were within 5% of the target value. 

4.9.1 MRF  

The groove angle (θ), groove length (Lg) in each direction for all joints are 15 degrees 

and 39mm respectively. The assembled joints and the test results for each type are given 

in Figure 4-31. 

 

 

(a) (b) 

  

(c) (d) 

Figure 4-31: MRJ (a) assembled joints, (b) response for 1st story joints, (c) response for 

2nd story joints, and (d) response for 3rd story joints 

4.9.2 TO-Brace 

As the diagonal braces in this system are slender steel rods, they should be tightened in 

order to remove the sagging on them under self-weight which would otherwise induce an 

unwanted slackness in the system around zero displacement. By tightening these rods, the 

joints will be slightly pre-loaded and therefore, they will slip sooner than the specified 
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value. To prevent this, the force required to tighten the rods is estimated which is then 

added to the slipping force of the joints. This procedure is described in (Bagheri et al. 

2020). Following the procedure, the slipping force of the joints was estimated to be 

increased by 12kN for this project. It is worth noting that the post-slip stiffness of the 

joints remains reasonably the same (less than 5% discrepancy). The groove angle and 

groove length in the effective loading direction for all joints are 17 degrees and 45mm 

respectively. The test set-up for these joints and the test results for each type are given in 

Figure 4-32. 

  

(a) (b) 

 

(c) 

Figure 4-32: TO-Brace joints (a) test set-up, (b) response for 1st story, and (c) response 

for 2nd story  
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4.9.3 TC-Brace 

The groove angle and groove length in each direction for all joints are 15 degrees and 

47.5mm respectively. The assembled joints and the test results for each type are given in 

Figure 4-31. 

 
 

(a) (b) 

 

(c) 

Figure 4-33: TC-Brace (a) assembled joints, (b) response for 1st story joints, and (c) 

response for 2nd story joints
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Conclusions and Future Studies 

 

5.1 Conclusions 

In this thesis, first a new tension-only brace was introduced that can be used in seismically 

active areas. This brace uses RSFJ at the end(s) which brings self-centring and energy-

dissipation to the system. To test the proposed bracing system, a full-scale two-

dimensional simple steel frame was designed and constructed to undergo quasi-static and 

dynamic loading protocols related to ULS and MCE drift limits corresponding to 2.5 and 

5% drift of the frame, respectively. Four RSFJs, two on each brace, were designed and 

fabricated. First the joints were tested, and their performance was compared to the 

estimations. Afterwards, the frame test results demonstrated a stable and fully repeatable 

flag-shape performance under static and dynamic loading protocols without any damage.  

Furthermore, an analytical study was performed to predict the pre-stressing force required 

to tighten the diagonal rods and its effect on the behaviour of the frame was investigated. 

The frame also was tested under five series of static, quasi-static, and dynamic loading 

protocols with the maximum displacement corresponding to MCE level. The frame 

exhibited no pinching behaviour under all loading sequences. A numerical analysis was 

undertaken to demonstrate the ability of the introduced bracing system to reduce the 

seismic base shear of conventional tension-only braced structures which are mostly 

designed elastically. For that, RSFJ tension-only braces were designed to reinforce the 
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prototype building considering two different drift limits, 1.5 and 2%, which may be 

considered in practice. In both cases the RSFJ TO-Brace could reduce the seismic base 

shear of the structure considerably and the reduction was more pronounced for the case 

of 2% drift limit. In brief, the introduced brace is suitable to meet damage-avoidance 

seismic criteria even up to MCE level. 

Next, experimental results were presented for the secondary-fuse mechanism of the RSFJ 

TO-Brace. This secondary-fuse mechanism is provided through the yielding of the 

clamping rods of the RSFJ by selecting a rod diameter and disc specifications to optimize 

the performance of the mechanism. Different tests were conducted from RSFJ 

components to a full-scale two-dimensional steel frame to measure the displacement 

elongation and over-strength factor. The minimum elongation of the tested RSFJs was 

2.12 and the maximum over-strength was 1.45. Also, the frame exhibited 1.9 

displacement elongation and 1.54 over-strength factor. To calculate the elongation and 

over-strength, analytical equations were used to predict the flag-shape response of the 

RSFJs and the frame. The ultimate point of the RSFJ can be designed to match the demand 

for either ULS or MCE or any other level in between and outside this range. In the case 

where the ultimate point matches the ULS, the extra displacement provided meets the 

seismic requirements for dampers in New Zealand and USA, which were investigated in 

this study, based on the test results presented. Moreover, the parameters affecting the 

RSFJ elongation were discussed through analytical relations. In future studies, it is 

suggested to subject the secondary-fuse mechanism to dynamic loading and verify its 

performance to better simulate the earthquake loading effects. In addition, this 

mechanism can be examined in other structural applications in which the RSFJ is 

implemented. It should be noted that there is a practical force limitation on the joints and 

diagonal rods in the cross-braced application investigated in this study. Therefore, if the 

lateral load demands are too high, one needs to add more braced bays to the structure. 

Moreover, if connections in a real structure are not pinned like what included in this study 

i.e., using idealized pins, considerations should be taken into account for any probable 

resisting force that might undermine the self-centring. Also, protected zones around the 

joints need to be provided in real practice to prevent external interfering factors. 
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Lastly, this study presented the design, numerical studies, and component test results of 

RSFJs for a low-damage three-story steel structure. RSFJ MRF, TO-Brace, and TC-Brace 

were the lateral load resisting systems studied on the same structure. Then, the designed 

structures were subject to eight records at ULS and MCE levels. All the structural 

configurations demonstrated a fully self-centring response up to MCE shaking, with no 

strength and stiffness degradation even under the long-duration subduction record, Chile, 

Maule 2010. The results showed that the MRF system is the most flexible concept with 

an acceptable performance according to New Zealand standards. To further stiffen this 

system in other applications where flexibility might be an issue, it is recommended to put 

the pin shown in Figure 4-4 (b) above the beam top flange to increase the lever arm. This 

change will stiffen the connection and consequently the structure. The two bracing 

systems presented very similar behaviour despite of having different design and 

construction methods. The average increase in the joints demand, base shear, and drift 

ratio from ULS to MCE level are also provided. Given the robust design and the results 

of the numerical studies undertaken, a structure with resilient performance was provided 

up to MCE shaking level. Finally, the RSFJs were manufactured, assembled and tested, 

with the test results given in this chapter falling within 5% of the target values, which 

would verify the computational model.  

5.2 Proposed future studies  

Due to the time and budget constraints, limited topics are studied in this thesis. Therefore, 

several other research topics are proposed for future studies related to and following this 

study, as given below. 

• Investigating the proposed secondary-fuse mechanism experimentally on a greater 

number of RSFJs with different groove angles, displacement and force capacities. 

This is to reduce the standard deviation of the observed responses and to propose more 

accurate prediction equations. 

• Proposing structural ductility factor, µ, for different structural applications of the 

RSFJ useful for New Zealand design practice and/or force reduction factors, R factor 

as per the American design standards. 

• As a general research approach, suggesting more and more affordable low-damage 

systems to be utilized in buildings with low to high importance levels. 
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• Conducting research to identify how life-cycle costs and carbon footprint topics could 

be appreciated using new low-damage systems like RSFJ applications. This would 

help encourage insurers and stakeholders to adopt these systems in construction 

industries. 
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Appendix A  
Design of  Connections for the RSFJ MRF 

Application Investigated in Chapter 4 
A.1 Derivation of design actions 

This application consists of a pin connection at the location of the top flange of the beam 

and RSFJ at the bottom flange as explained in Chapter 4. The pin in this concept should 

be designed to take the vertical and horizontal shear forces induced by the gravity and 

seismic loadings as well as the notional load analogy as explained in the following.  

The vertical shear from gravity load should be added to the vertical shear from seismic 

action which is associated with the bending moment developed by the over-strength 

capacity of the RSFJ at the bottom flange.  

Also, the fixed end moment of the beam is formed by a force couple acting horizontally 

but in different direction at the pin and the RSFJ. This fixed end moment is the summation 

of the gravity and seismic loading effects which is derived from the over-strength capacity 

of the RSFJ. However, in this test, the gravity loading would not impose any end moment 

in the MRF concept since the beams have already been loaded by the gravity loads and 

have been deflected while they have been pinned. This means that when the RSFJs will 

be installed to form the MRF concept, there will be no more deflection from gravity 

loading and hence no end moment. 
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Another horizontal force which should be considered for pin design is the horizontal 

notional load which is equivalent to 2.5% of the column axial compression force which 

can be derived from capacity design derived actions. For this, the vertical shear force 

induced by gravity (VVg), explained in the following, and RSFJ over-strength capacity 

(VVS) times number of stories can be used. This horizontal force is special to only this test 

as there is no concrete floor poured around the column to keep it in horizontal and 

torsional deformations. After derivation of these vertical and horizontal actions, the 

resultant force should be calculated for which the pin and brackets should be designed. 

Checks include pin in shear, bending and bearing following the design guidelines of 

NZS3404. In the following, pin design loads have been derived.  

2 OR
VS

bc

MV
L

×
=   

bc b cL L h= −  

2
trib gravity

Vg

A q
V

×
=   

OR
HS j OR

e

MV n F
L

= = ×   

bg
Hg

e

M
V

L
=   

( ) ( )( )2 2

R VS Vg HS Hg nlV V V V V V= + + + +   

OR j OR eM n F L= ×   

OR ultF Fρ=   

2.5% ( )nl s VS VgV n V V= × × +   

Where: 
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VVS: vertical shear force on the pin from seismic actions derived from the over-strength 

force of the RSFJ 

MOR: seismic beam end moment derived from the over-strength force of the RSFJ 

Lbc: clear length of the bay, from inner face of the columns 

Lb: length of the bay, from centre to centre of the columns 

VVg: vertical shear force on the pin from gravity loading 

Atrib: tributary area of the beam 

qbeam: uniformly distributed gravity load on a unit of area 

Mbg: end moment of the beam from gravity loading 

Le: distance between centroid of the top pin and centre line of the joint, shown in Figure 

4-5 

VHS: horizontal shear force on the pin from seismic actions derived from the over-strength 

force of the RSFJ 

VHg: horizontal shear force on the pin from gravity loading 

VR: resultant shear force on the pin 

nj: number of the RSFJ at the bottom flange of the beam in MRF connection 

FOR: maximum force of a single RSFJ in the MRF connection including over-strength 

factor  

Fult: ultimate force of the RSFJ at the top of the flag-shape response 

ρ: over-strength factor considered for the RSFJ 

Vnl: horizontal shear force on the pin as notional load 

ns: number of stories  

So, we will have: 
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155 , 1.5, 1.5 155 232ult ORF kN F kNρ= = = × =   

2, 220 , 2 232 220 102 .j e ORn L mm M kN m= = = × × =   

2 1023625 , 260 , 3625 260 3365 , 60
3.365b c bc VSL mm h mm L mm V kN×

= = = − = = =   

10VgV kN=  , from SAP2000 model 

To calculate Nbeam, the horizontal seismic forces on each level from the ESM should be 

distributed into the first two longitudinal frames and then on each frame, it is uniformly 

distributed between different beams/bays. Here, on each frame and on each level, there 

are four connections. Figure A- 1 demonstrates the vertical and horizontal distribution of 

the seismic force. 

 
(a) (b) 

Figure A- 1: (a) Vertical and (b) Horizontal Distribution of the Seismic Force in Height 

and Plan 

Having the seismic weight of each floor as given in 4.2 and also using code formulations 

for distributing seismic force in height, the 115kN for the ULS base shear can be 

distributed to the lateral forces for the RSFJ-MRF system; values are given in Table A- 

1. 
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Table A- 1: Lateral seismic forces on each floor from ESM for RSFJ-MRF system 

Level 1 2 3 

Horizontal force (kN) 26 43 65 

For connections design, as the ultimate RSFJ force is equal in different stories, the third 

floor lateral force has been considered. Thus 

65 8
2 8 8
beam iN F kN= = =  

102 8 464 8 472
0.22HSV kN= + = + =   

0HgV =  , as per the previous explanation 

0.025 3 (60 10) 5nlV kN= × × + =   

( )2 2 60 10 (472 5) 482RV kN= + + + =   

Having derived the design forces for the RSFJ MRF connection details, the following 

checks are considered to complete the detailed design. 

• Pin design 
• Cleats design 
• Cleats end plate design 
• Pitch and edge distance check of the end plate bolts 
• End plate bolts, column flange, and column web check 
• Beam check at the end detail 

Figure A- 2 includes the dimensions of the cleats and end plate; these plates are made of 

high-strength steel.  
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Figure A- 2: Cleats and end plate drawings and dimensions 

Figure A- 3 includes the details of the beam end and Figure A- 4 shows the whole 

assembly of the RSFJ MRF connection. 

 

Figure A- 3: Beam end details for moment and shear check 
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Figure A- 4: Assembly of the RSFJ MRF connection 

A.2 Pin design 

The adopted pin diameter is 45mm made from high-strength steel. 

 

0.62f yp s pV f n Aφ φ= ×   

Where 

ϕ: strength reduction factor 

Vf: nominal shear capacity of the pin 

fyp: yield stress of the pin (to be high-strength steel) 

ns: number of shear planes 

Ap: cross sectional area of the pin 

20.8 0.62 690 2 ( / 4 45 ) /1000 1089 482 . .fV kN kN O Kφ π= × × × × × = >   

 

1.4b yb f p pV f d t kφ φ= ×   

Where 

Vb: nominal bearing capacity of the pin or ply, whichever is the least 

fyp: yield stress of the pin or ply, whichever is the least 
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df: pin diameter 

tp: connecting plate thickness(es) 

kp: 1 for pins without rotation and 0.5 for pins with rotation  

0.9 1.4 700 45 (25 25) 0.5 /1000 992 482 . .bV kN kN O Kφ = × × × × + × = >   

*the thickness of each single cleat is 25mm. Combined, these two cleats are thinner than 

beam web thickness (6.1) plus two pin pads each at 25mm thick. 

 

p ypM f Sφ φ=   

Where 

Mp: nominal moment capacity of the pin  

fyp: yield stress of the pin  

S: plastic section modulus of the pin 

30.8 690 (45 / 6) 8383.5 .pM kN mmφ = × × =   

* ( 2 ) 464 83.1 464 6.1 2 25 6386 . 8383.5 . . .
4 2 4 4 2 4

w ppR R t tV l VM kN mm kN mm O K
+ ×× × + ×

= − × = − × = <   

Where l is the distance between the centreline of the two cleats, tw is the beam web 

thickness and tpp is the thickness of each pin pad to reinforce the beam web. 

A.3 Cleats design 

Cleats will be checked against tension, compression, shear, bending, and their interaction, 

bearing, and out of plane stability based on the dimensions shown in Figure A- 2. 

 

Yielding of the gross section and rupture of the net section at the hole location are checked 

against VR conservatively assuming to act normal to the end plate. 

( ,0.85 )t g y te n uN lesser of A f k A fφ φ= ×   
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Where 

Nt: the nominal section capacity in tension 

Ag: gross area of the section 

fy: minimum yield stress 

kte: the correction factor for distribution of forces, 1 in this case 

An: net area of the section 

0.9 ((200 51 27) 25 2 700,0.85 1 (200 51 27 46 2) 25 2 750)
0.9 (122 50 700,0.85 1 76 50 750)
0.9 (3843,2180) 2180 482 . .

tN lesser of
lesser of
lesser of kN kN O K

φ = × − − × × × × × − − − − × × ×

= × × × × × × ×
= × = >

  

Moreover, as a further check and according to NZS3404 7.5 (c), the net section capacity 

should be 1.33 times or greater than the demand. 

In addition, block shear has been checked for two critical paths: two shear lines on the 

sides of the pin and one shear line at the centre of the pin with a tensile line perpendicular 

to that as follows: 

Assuming two shear lines, we will have: 

( )0.75 0.6 ,0.6t nv u gv yN lesser of A F A fφ = ×   

Where Anv and Agv are net and gross sectional areas of the shear path. Then, 

( )( )
( )
0.75 0.6 2 2 25 65 23 1 750,0.6 2 2 25 65 700

min 1556,2730 1556 482 . .
tN lesser of

kN kN O K

φ = × × × × − − × × × × × ×

= = ≥
  

Then, assuming one shear line and one tensile line, we will have 

( )( )0.75 0.6 ,0.6

200 51 27 46 2 15560.75 25 2 750 1041 482 . .
2 2 0.75

t nt u nv u gv yN A F lesser of A f A f

kN kN O K

φ = × +

 − − − −  = × × × + = ≥  ×  
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To check cleat in compression, VR is assumed to work in the opposite direction of the 

tension check. Both nominal section and member capacities are calculated in the 

following and the lesser is picked. The resistant section is considered a section below pin 

with pin diameter width. 

s f n yN k A fφ φ=   

e
f

g

Ak
A

=  

e eA b t= ×   

Where: 

Ns: nominal section capacity 

kf: form factor 

Ae: effective area 

be: effective width 

Here, the net area is assumed to be the same as the gross area as the pin hole will not be 

located in the compression zone. In order to obtain the effective width, λe, the element 

slenderness, and λey, the element yield slenderness limit, should be calculated as in the 

following: 

250
y

e

fb
t

λ
 

=  
 

   

  λey: according to Table 6.2.4 of NZS3404, 45 in this case. 

ey
e

e

b b b
λ
λ

 
= ≤ 

 
  

 Where b is the width of the plate. 
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45

45 700 3
25 250e

b mm

λ

=

= =
  

4545 45 45 1
3e e e g fb b A A k = ≤ ⇒ = ⇒ = ⇒ = 

 
  

0.9 (45 50) 700 1414 482 . .sN kN kN O Kφ = × × × = ≥   

And for the nominal member capacity, the following calculations are needed:  

C C SN Nα=   

2
901 1Cα ξ
ξλ

    = − −   
     

 , member slenderness reduction factor 

2

2

1
90

2
90

λ η
ξ

λ

  + + 
 =

 
 
 

  

n a bλ λ α α= +   

250
ye

n f

fL k
r

λ
  =   

   
  

( )0.00326 13.5 0η λ= − ≥   

( )
2

2100 13.5
15.3 2050

n
a

n n

λ
α

λ λ
−

=
− +

 ,  

bα : appropriate member section constant given in Table 6.3.3(1) of NZS3404 

e eL k L= , effective length 

ek : member effective length factor determined in accordance with clause 4.8.3 of 

NZS3404 
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In this case, ke is conservatively taken as 1. Then,  

1 85 85 ,eL mm= × =  

For calculation r, the radius of gyration, the narrowest section involved is considered 

conservatively, and we will have: 

345 25 7.2
12 45 25

Ir mm
A

×
= = =

× ×
  

 85 7001 19.8
7.2 250nλ    = =   

   
  

( )
2

2100 19.8 13.5
6.2

(19.8) 15.3 19.8 2050aα
−

= =
− × +

  

αb conservatively is considered to be 1. 

19.8 (6.2) (1) 26λ = + × =   

( )0.00326 26 13.5 0.04075η = − =   

2

2

26 1 0.04075
90 6.74

262
90

ξ

  + + 
 = =

 
 
 

  

2906.74 1 1 0.95
6.74 26Cα

    = − − =   ×     
  

482 . .c sN N kN O Kφ φ= ≥  

 

*

*

,x sx

x bx

M M and
M M

φ

φ

≤

≤
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Where Msx and Mbx are nominal section and member capacity in bending about x axis 

respectively. 

s y eM f Z=  where Ze is the effective section modulus. 

For a section with flat compression plate elements in either uniform or non-uniform 

compression, the section slenderness parameter (λS) shall be taken as the value of the 

compression plate element slenderness (λe) for the element of the section which has the 

greatest value of e
ey

λ
λ where 

250
y

e s

fb
t

λ λ
  = =   

   
  

eyλ = the plate element yield slenderness limit from table 5.2 of NZS 3404 

b = the clear width of the element 

t = the element thickness 

200 700 13.4
25 250e sλ λ    = = =   

   
  

From table 5.2 in NZS 3404 

22 8ey epandλ λ= =  where the latter is the element plasticity slenderness limit. 

Moreover, the section plasticity and yield slenderness parameters limits (λsp) and (λep) 

shall be taken as the element slenderness limits respectively i.e. 

22 8sy spandλ λ= =  

Since sp s syλ λ λ≤ ≤ the Ze should be calculated as: 

( )sy s
e c

sy sp

Z Z Z Z
λ λ
λ λ

  −
= + −   −   

  where 

Z is the elastic section modulus and Zc is the effective section modulus of a compact 

section which is calculated as below: 
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( ) 2 2 3,1.5 / 4 50 200 / 4 500000cZ lesser of S Z tb mm= = = × =   

( ) 322 9.36333333 500000 333333 483809
22 8eZ mm −  = + − =  −  

   

700 483809 338666 .sxM kN mm= × =   

0.9 338666 376295.7 .sxM kN mmφ = × =   

To calculate the Mx
*, VR is assumed to act vertically at the pin centre. So 

* 474 85 40290 .xM kN mm= × =   

The cleat is considered as a narrow rectangular section with a varying cross section for 

its bending about strong axis. Conservatively, the minimum cross-section has been 

considered for bending check. According to clause 5.6.1.1.1 of NZS 3404, the nominal 

member x-axis moment capacity is: 

bx m s sx sxM M Mα α= ≤   

Where 

αm is a moment modification factor and αs is a slenderness reduction factor. αm is assumed 

to be unity and 

2

0.6 3sx sx
s

oa oa

M M
M M

α
       = + −    

       

   

In which Moa is considered to be Mo which is the reference buckling moment and is 

calculated as follows: 

2 2

2 2
y w

o
e e

EI EIM GJ
L L

π π      = +           
  

Where 



Appendix A Design of Connections for the RSFJ MRF Application Investigated 
in Chapter 4 

 

130 

E, G: Young and shear elastic modulus 

Iy, J, and Iw: second moment of inertia about y axis, torsion, and warping constant of the 

cross section 

Le: effective length 

( )33
425 200 27 51

158854
12 12y
btI mm

× − −
= = = , for one tab 

3 3 4122 25 1906250J ab mm≈ = × =∑   

In the above equation which is an acceptable approximate solution for a rectangular 

section, a is the longer side and b is the shorter side. 

As the assessed section is a narrow rectangular section, Iw is assumed to be zero. 

e t l rL k k k L=   

Where kt, kl, kr are twist restraint factor, load height factor, and rotation restraint factor 

respectively. 

1, 1, 2r t lk k k= = =  (from tables 5.6.3(1) and 5.6.3(2)) 

1 1 2 2 85 170eL L mm= × × × = × =   

[ ]
2

2

200000 158854 79300 1906250 12806882716 . 12806883 .
170oM N mm kN mmπ  × × = × = =  

   
  

2166914 1669140.6 3 1.03
12806883 12806883sα

      = + − =     
       

   

*0.9 (1 1 ) 2 300445 . 40290 . . .bx sxM M kN mm M kN mm O Kφ = × × × × = ≥ =   
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The nominal shear capacity of a flat plate with a non-uniform shear stress distribution, 

such as a single element member with a rectangular cross section shall be calculated as 

follows: 

*

*

2

0.9

vu
vn vu

vm

va

VV V
f
f

= ≤
 

+  
 

  

Where  

Vvu: the nominal shear capacity of the flat plate assuming a uniform shear stress 

distribution 

fvm
*, fva

*: the maximum and average design shear stresses determined by a rational elastic 

analysis. Their ratio is assumed to be 2 here conservatively. 

82 49

250
yf

= , 200 8 49
25

p

w

d
t

= = ≤   

So, vu wV V=  where Vw is the shear yield capacity which is calculated as follows: 

0.6 0.6 700 50 200 4200w y wV f A kN= = × × × =  . 

2 4200 2897
0.9 2vn vuV V×

= = ≤
+

  

0.9 2897 2606 482 . .vnV kN kN O Kφ = × = ≥   

 

This will be checked for an unstiffened web and is as follows. 
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2 2

82 82 38, . .
7008
250250

b v w w

v v w w b w
p y

w

V V V

V V V V O K
d f
t

α

α α

= ≤

   
   
   = = = ≥ ⇒ =          ×             

  

 

Since
*

0.7
sb

M
Mφ

≤ , no shear and bending interaction is needed. 

 

This interaction is checked for compression, bending and shear stresses. By analogy, this 

check is undertaken using the interaction check of the unstiffened web members under 

bearing, bending, and shear stresses where the bearing stresses in unstiffened web 

interaction check is substituted with compression stresses here. For this purpose, the 

guidelines of the clauses 5.13.3 and 1.13.4 of NZS 3404 as well as section 9.7 of HERA 

Report R4-80 are used. 

According to clause 5.11.2.2 of NZS 3404 and as checked in the shear check section of 

this document, the cleats are assumed to be stocky. So, clause 9.7.2.1 of HERA Report 

R-80 is applicable which requires separate design for: 

(1) Bearing, to NZS 3404 clause 5.13.3, and 
The nominal bearing yield capacity of a plate is: 

1.25by bf w yR b t f=   

Where bbf is the bearing width which for this case is calculated based on a dispersion 

angle of 1:1 to the end of the cleats as shown in Figure A- 5. 

1.25 198 50 700 8662byR kN= × × × =   
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Figure A- 5: Bearing stress distribution in the cleat design 

(2) Combined shear and bending to clause 5.12 of NZS 3404 
This check has already been completed. 

 

The out of plane notional load considered is derived from 2.5% of the RSFJ over-strength 

force which is: 

0.025 0.025 232 2 11.6op OR jF F n kN= × × = × × =  

Then, the section capacity shall be checked against the biaxial bending and compression 

force according to clause 8.3.4 of NZS 3404 using the following equation: 

***

1yx

s sx sy

MMN
N M Mφ φ φ

+ + ≤   

* 0.025 482 85 1024 .yM kN mm= × × =   

225 2000.9 700 2 26247 .
6syM kN mmφ ×

= × × × =   

*** 482 40290 1007 0.5 1 . .
1414 376295.7 26247

yx

s sx sy

MMN O K
N M Mφ φ φ

+ + = + + = ≤   
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Then, the member capacity shall be checked against the biaxial bending and compression 

force according to clause 8.4.5.1 of NZS 3404 using the following equation: 

1.41.4 **

1yx

cx iy

MM
M Mφ φ

  
+ ≤       

  

Where: 

Mcx: as Msx is not equal to Mbx, the lesser of Mix and Mox calculated to 8.4.2.2 and 8.4.4.1 

of NZS 3404 respectively, should be considered as Mcx. 

*

1ix sx
cx

NM M
Nφ

 
= ± 

 
  

*

1ox bx
cy

NM M
Nφ

 
= −  

 
  

Where Ncx is the nominal member capacity in axial compression determined in 

accordance with 6.3 of NZS 3404 for buckling about x-axis, with the effective length 

factor taken as 1. 

Ncy is the nominal member capacity in axial compression determined in accordance with 

6.3 of NZS 3404 for buckling about the minor axis, with the effective length factor taken 

as 1. 

By inspection, since the Ncy is smaller than Ncx and Mbx is smaller than Msx, Mox will be 

less than Mix. From previous calculations here we have: 

333828 4821 244482 .
0.9 1414cx oxM M kN mm = = − = 

 
  

And 

*

1iy sy
cy

NM M
Nφ

 
= −  
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225 200700 2 350000 .
4sy y e yM f Z f S kN mm

 ×
= = = × × = 

 
 

482350000 1 230693 .
1414iyM kN mm = × − = 

 
 

* (0.025 482) 85 1024 .yM kN mm= × × =  

And the interaction will be checked as: 

1.4 1.440290 1024 0.1 1 . .
0.9 244482 0.9 230693

O K   + = ≤   × ×   
  

A.4 Cleats end plate check 

The end plate of the cleat is designed to be 25mm thick and is checked against bending, 

shear and their interaction as follows using simple yield lines along the sides of the cleats: 

 

* ( )HS HgM V V lever arm= + ×   

From Figure A- 2, lever arm will be 31mm. 

* (482) 31 7471 .
2

M kN mm×
= =   

2210 250.9 700 20672 . 7471 . .
4sM kN mm O Kφ

 ×
= × × = ≥ 

 
  

 

( )0.9 2 0.6 700 210 25 3970 482 . .sV kN kN O Kφ = × × × × × = ≥   

 

Since the 
*

0.75
s

M
Mφ

≤ , there is no need to check the interaction. 
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A.5 Pitch and edge distance 

The minimum edge distance considered is 1.5 1.5 24 36fd mm= × = which is less than the 

provided edge distance. 

The minimum pitch is 2.5 2.5 24 60fd mm= × =  which is O.K. as per Figure A- 2. 

The maximum pitch is considered lesser of 15tp and 200mm where tp is the thickness of 

the thinner ply (here is the column flange thickness). This value is 200mm which is O.K. 

based on the detailing provided. 

A.6 Bolts, column flange, and column web check 

These checks are performed using the guidelines of EUROCODE3 using the proposed 

yield line method and pattern there. 
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Figure A- 6: Yield Line method parameters to EUROCODE3 
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Figure A- 7: Different modes of failure for the Yield Line method and the 

corresponding parameters 
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Therefore, the above-mentioned parameters for the column section 254×254×89 UC S355 

are as follows: 

170 10.3 0.8 20 63.85
2 2

m mm= − − × =   

( ) 256.3 170min 1.25 , min 1.25 53.85 67, 43.15 43
2

n m edge distance mm− = × = × = = = 
 

  

41.5 , / 4 10.4w w wd mm e d mm= = =   

17.3 , 100ft mm p mm= =   

256.3 170 43.15
2

e mm−
= =   

, 4 1.25 409eff ncl m e p mm= + + =   

, 2 2 601eff cpl m p mmπ= + =   

, 353 800 282t Rd s uF A F kN= = × =   

Mode 1: complete flange yielding 

,1 min(409,601) 409effl mm= =   

( ) 2
,1, 0.25 2 409 17.3 345 /1 21116 .pl RdM kN mm= × × × × =   

( )
( ),1,

8 43 2 10.4 21116
1558

2 63.85 43 10.4 63.85 43T RdF kN
× − × ×

= =
× × − × +

  

Mode 2: bolt failure with flange yielding 

,2 , 409eff eff ncl l mm= =   

( ) 2
,2, 0.25 2 409 17.3 345 /1 21116 .pl RdM kN mm= × × × × =   

,2,
2 21116 43 (4 282) 850

63.85 43T RdF kN× + × ×
= =

+
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Mode 3: bolt failure  

,3, , 4 282 1128T Rd t RdF F kN= = × =∑   

*
,1, ,3, ,2,482 min( , , ) 850 . .T Rd T Rd T RdN kN F F F kN O K= ≤ =   

As mode 3 is not governing, the strength hierarchy requirement is met. 

 

, , ,
, ,

eff t wc wc y wc
t wc Rd

MD

b t f
F

ω
γ

=   

Where: 

ω: reduction factor taking account of the interaction with shear which depends on β which 

is the transformation parameter. See STEP 1B of [Eurocode3] for more details. 

beff: effective length of the column web equal to leff . 

Assuming β=2, ω is calculated as follows: 

( )
2 2 2

, ,

1,
1 5.2 /eff t wc wc vcb t A

ω ω ω= =
+

  

Where Avc is the shear area of the column.  

( )( )
2 2

1 0.269
1 5.2 409 10.3 / 260 10.3

ω = =
+ × ×

 

, ,
0.269 409 10.3 345 391 482 . .

1t wc Rd j ORF kN n F kN Not O K× × ×
= = ≤ =   

As a result, web stiffeners have been used on the column web. The thickness of the web 

stiffeners is 12mm and they are fillet welded all around with a leg length of 10mm. Note 

that the centre line of the stiffeners are not exactly aligned with the centre line of the 

RSFJs as the gravity transverse beam hinders it. The eccentricity is 16.1mm as shown in 

Figure A- 8. 



Appendix A Design of Connections for the RSFJ MRF Application Investigated 
in Chapter 4 

 

141 

 

Figure A- 8: Web stiffeners and RSFJ centre lines eccentricity (mm) 

 

Check if column can sustain compression force from the RSFJ over-strength forces. 

Equation 12.9.5.3 (1) of NZS 3404 checks the column web under compression. In order 

to tune it for the RSFJ MRF application, the beam flange thickness should be substituted 

with end height of the cleats and the over-strength yield force of the beam flange should 

be substituted with the over-strength force of the RSFJs. So: 

( )5 2 2wc c fc ep wf yc j ORt h t t t f n F+ + + ≥   

( )
48200010.3 4 . .

345 200 5 17.3 2 25 2 0wct mm O K= ≥ =
× + × + × + ×

  

Where: 

twc: column web thickness 

hc: end height of the cleat 

tfc: column flange thickness 

tep: end plate thickness 

twcf: leg length of fillet weld if present 

Moreover, equation 12.9.5.3 (2) of NZS 3404 controls the column flange thickness under 

the tension force developed by the beam flange. This equation is for the welded MRF. In 

fact, for this project, the column web tension capacity has been checked in the previous 

sections. 
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In addition, the concentrated compression force from beam to the column face, is checked 

against bearing yield capacity of the beam web at a section immediately below flange and 

the bearing buckling capacity of the beam web at the mid-height of the beam web section.    

A.6.2.1 Bearing yielding capacity: 

( )

1.25
5 2 2

0.9 1.25 200 5 17.3 50 10.3 345 1345 482 . .

by by w y

by c fc ep wf

by

R b t f
b h t t t

R kN kN O K

φ φ

φ

=

= + + +

= × × + × + × × = ≥

  

A.6.2.2 Bearing buckling capacity: 

( )( ) 2( 2 )
5 2 2 5 336.5 2.5 256.3 2 17.3 10.3 9174

2

bb c bb y

c cf
bb bb w c fc ep wf wc

R A f

d t
A b t h t t t t mm

φ φα=

− 
= = + + + + = + × − × × = 

 

  

1
12.5 , 256.3 2 17.3 221.7

221.72.5 32
17.3

e

w

e

L d d mm
r t
L
r

= = − × =

= × =

  

From table 6.6.3 (2) of NZS 3404, cα  is around 0.9. Then: 

0.9 0.9 9174 345 2563 482 . .bbR kN kN O Kφ = × × × = ≥  

Hence, no web stiffener is required based on this check. 

 

According to equation 12.9.5.2 (1) of NZS 3404, the design shear force for the panel zone 

of a moment resisting connection shall be based on the unbalanced moment generated as 

follows: 

*

( ) ( )
L r

p COL
b fb L b fb R

M MV V
d t d t

= + −
− −

  

Where the subscripts L and R denote the left and right hand beams at the connection. Also 

Vcol is the lesser of the column shear above or below the joint generated by the design 

moment acting on the column. 
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For the RSFJ MRF where only one bay is fixed, the first term in the above equation is 

substituted with the njFOR, the second term will be zero, and also Vcol is obtained as 

follows: 

2 OR
col

col

MV
H

=   

Where Hcol is the column inter-story height. Therefore, 

1022 70
3colV kN= × =   

* 464 70 394pV kN= − =   

On the other side, the shear capacity of the panel zone can be derived to equation 12.9.5.3 

(5) of NZS 3404 as follows: 

( ) ( )
2

* 3
0.6 1 c fc

c yp c wc p
b c wc p

b t
V f d t t

d d t t
η

 
= + + 

+  
  

Where 

2
*

1.15 1
s

N
Nη φ

  = − ≤    
  

tp = total thickness of the doubler plate(s) 

*

s

N
Nφ  = ratio of column design compression force = 0.4 

fyp
* = design yield stress for joint panel zone = wc yc p yp

yc
wc p

t f t f
f

t t
+

=
+

(no doubler plates exists)  

Hence 

( )21.15 0.4 1η = − ≈   
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( )
23 256.3 17.30.6 345 260.3 10.3 1 712 394 . .

303.4 260.3 10.3cV kN kN O K
 × ×

= × × × × + = ≥ × × 
  

 

For bolts design under shear, tension, and their interaction, VVS plus VVg will be considered 

as design shear force, V*, and 1.4VHS will be considered as the design tension force on the 

bolts, T*. This 40% increase is to consider the prying effects on the bolts. 

*

*

60 10 70
1.4 464 650

V kN
T kN

= + =

= × =
  

Four Grade 8.8 M24 bolts are used. Thus, 

( ) ( )
s

00.62 0.62
thread included

f uf r n c x uf r c cV f k n A n A f k n A= + =   

Where fuf is the ultimate strength of the bolt, Ac is the minor diameter of the bolt to AS 

1275, and kr is the reduction factor for bolted lap connections which is 1.0 here, and nn is 

number of shear planes with threads intercepting the shear plane. 

( ) *0.8 0.62 800 1 338.2 4 537 . .fV kN V O Kφ = × × × × = ≥   

Bolts nominal tension capacity is calculated below: 

tf s ufN A f=   

Where As is the tensile stress area of a bolt to AS 1275. 

*0.8 353 800 4 904 . .tfN kN T O Kφ = × × × = ≥   

The interaction is also checked as below: 

2 2 2 2* * 55.5 488 0.3 1.0 . .
537 904

f tf

f tf

V N
O K

V Nφ φ
       + = + = ≤                 
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These welds are full penetration butt welds of SP category with fuw of at least 410 MPa. 

A.7 Beam checks 

In this section, dimensions used for beam critical section are according to Figure A- 9. 

 

Figure A- 9: Beam end details for moment and shear check 

 

The bending of the beam at the end where the bottom flange is cut, is checked against the 

design moment. This moment is calculated about the centroid of the cut section induced 

by the vertical and horizontal forces on the pin. Also, the adequacy of this stiffener is 

checked later: 

( ) ( ) ( ) ( )* 70 340 482 196 178 15124 .VS Vg h HS hM V V l V l y kN mm= + × − × − = × − × − =   

,max
103 345 20.2

250 6 250
y

e
web

fb
t

λ
  = = =  

   
  

For this element, epλ  and eyλ are respectively 8 and 22 from Table 5.2 of NZS 3404. 

As
ep e eyλ λ λ≤ ≤ , Ze should be interpolated between Zc and Z but conservatively, it is 

considered to be equal to Z.  
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Thus, 340198806 225836
178e

IZ Z mm
y

= = = =   

0.9 225836 345 70122 . 15124 . . .sM kN mm kN mm O Kφ = × × = ≥   

Then, the member bending moment capacity is calculated in the following. 

2, 1, 1 340 2 680l t r ek k k L mm= = = ⇒ = × =   

[ ] [ ]
2 2

2 2

200000 40198806 80000 12748775 13222742 .
680

y
o

e

EI
M GJ kN mm

L
π π     ×   = = × =              

  

70122 701220.6 3 1.03 1
0.9 13222742 0.9 13222742sα

      = + − = ≈     × ×      
  

1 1 . .bx sxM M O K= × ×   

 

The web slenderness ratio of an unstiffened web, bounded on one longitudinal side by a 

free edge, shall comply with: 

1 90
250

yfd
t

   ≤  
   

  

Where d1 is the clear depth of the web between flanges ignoring fillets or welds and t is 

the web thickness. 

270 345 53 90 . .
6 250

O K    = ≤   
   

 

Then, the web panel slenderness ratio is calculated as follows: 

270 45
6

p

w

d
t

= =   
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As this ratio less is than 82 67
345 / 250

= , the nominal shear capacity of the web is 

calculated as follows: 

( )
*

0.6 0.6 345 270 6 335

70 0.9 335 302 . .
w y w

w

V f A kN

V V kN O Kφ

= = × × × =

= ≤ = × =
  

Since the ratio of member moment capacity over design moment is less than 0.75, then 

no need to check shear and bending interaction. 

A.7.2.1 Check shear buckling capacity 
Assuming an unstiffened web, shear buckling capacity is calculated as follows: 

2 2

82 82 1.74
270 345
6 250250

b v w w

v
p y

w

V V V

d f
t

α

α

= ≤

   
   
   = = =
        
               

  

Since 1vα ≥ , shear buckling capacity is O.K. 

A.7.2.2 Web compression capacity at the pin level: 
The load bearing capacity shall satisfy the following: 

*
syR Rφ≤   

Where Rsy is the nominal bearing yield capacity of the stiffened web which is 

sy by s ysR R A f= +   

Rby is the nominal bearing yield capacity. Here, conservatively, Rby is ignored. 

( )79 12 2 345 645 482 . .sy s ysR A f kN kN O K= = × × × = ≥   

 

The thickness of the end plate of beam is 20mm. By analogy to the column flange bending 

check using the yield line method which is thinner, the bending capacity of the end plate 
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is greater than the over-strength force of the RSFJ. The extension of these end plates over 

the beam flange is stiffened by a triangular stiffener using fillet welds of SP category and 

fuw of at least 410 MPa as shown in Figure A- 9. 

A.8 Consideration of corner column and beam stability  

 

This has already been considered in the design of the pin and the associated cleats by 

adding up 2.5% of the column compression capacity to the design force of the pins and 

cleats. 

 

The strength of the beam end details has been investigated for the torsion induced by 

taking 2.5% of the column compression capacity back to the floor edge whereafter the 

twist restraint is provided. Figure A- 10provides the details to calculate the twist. As such, 

the twist will be 2.5% 1140 440 9690 .kN mm× × = . The proposed detail including cleats, 

pin, beam end and column flanges should be able to take this. For the cleats, the twist can 

be taken by the force couple in the cleats as shown in Figure A- 11 which is 

9690 / 83.1 117kN= each. The contribution of the RSFJ in providing twist resistance is 

conservatively neglected.  

 

Figure A- 10: Details and dimensions needed to calculate the twist 
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Figure A- 11: Force couple induced by the twist and the lever arm considered  

A.8.2.1  Cleats under tension 
As per A.3.1, each single cleat has the capacity to stand a further 117kN force (

1041/ 2 482 / 2 280kN− = ) 

A.8.2.2 Cleats under compression 
As per A.3.2, each single cleat has the capacity to stand a further 117kN force (

1414 / 2 482 / 2 466kN− = ) 

A.8.2.3 Cleats under bearing 
As per A.2.2, each single cleat has the capacity to stand a further 117kN force (

992 / 2 482 / 2 255kN− = ) 

A.8.2.4  Bolts, end plate, and column flange check 
As per A.6, each single cleat has the capacity to stand a further 117kN force (

850 / 2 482 / 2 184kN− = ) 
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A.8.2.5  Beam and cleats under minor axis bending 
Cleats under minor axis bending has already been checked in A.3.7. For the beam end, 

the section undergoing bending is illustrated in Figure A- 12 with 𝐼𝐼𝑦𝑦 = 12748778 𝑚𝑚𝑚𝑚4. 

The section bending capacity considering elastic section modulus is as follows. 

 

Figure A- 12: Beam Section undergoing Minor Axis Bending 

345 127487780.9 0.9 53.3 .
82.5

y y
s

f I
M kN mm

x
φ ×

= × = × =   

The moment demand from previous calculation is 9.7kN.m. 
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Appendix B  
Design of  Connections for the RSFJ TO-Brace 

Application Investigated in Chapter 4 
Based on the RSFJ design in the tension-only bracing system, the ultimate force of the 

joint was determined to be 252kN. Assuming the over-strength factor of 1.5, the capacity 

design derived forces should be based on 250 1.5 375ORF kN= × = . 

B.1 DONOBRACE and corresponding design 

According to the information provided from the product catalogue (available for 

download here), tNφ  based on NZS 3404 is 367kN. This means that this brace with its 

components satisfy the capacity design derived forces (2% discrepancy). 

B.2 Gusset, bolts, column flange and web design 

The geometry of the gusset is dictated by different RSFJ concepts to be tested in the 

ROBUST test program. While the geometry and position of the gusset are designed in a 

way to impose the least force eccentricity on the column as shown in Figure B- 1. The 

column has been designed for this eccentricity. Since the same gusset will be used for the 

tension-only and tension-compression RSFJ systems and the design force is reasonably 

similar (RSFJ over-strength force), gusset, bolts, column flange and web design are 

reported in the RSFJ TC-Brace connection design given in Appendix C where 

compression force and buckling design will govern. 

https://donovangroup.co.nz/modnbp/downloads/MBP-DonoBrace-Brochure-December-2018.pdf
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Figure B- 1: Beam-brace angle and the working point  
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Appendix C  
Design of  Connections for the RSFJ TC-Brace 

Application Investigated in Chapter 4 
The brace components here are checked against the over-strength force of the RSFJs 

which is calculated as follows: 

115ultF kN=  

* 115 1.5 2 345OR ult jN F F n kNρ= = × × = × × =    

Having derived the design forces for the RSFJ brace components, the following checks 

are considered to complete the detailed design. 

• Brace body check for compression force 
• RSFJs check under compression force 
• Anti-buckling tube (ABT) design 
• Gusset plate design 
• Brace cleat and associated end plate design 

 
Two end conditions for the braces are considered; with spherical plain bearings (swivel 

bearings) and with pin only. Half of the braces used, will have swivel bearings and half 

will have pin. The intention is to find out the difference in response of the two concepts 

and if the swivel bearing is needed to have a no-damage system. The cleats and the 

associated end plate details for both concepts are illustrated in Figure C- 1 and Figure C- 
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2, respectively. These plates are made of high-strength steel. The pin diameter is 40mm 

made of high strength steel. 

 

Figure C- 1: Cleats and associated end plate dimensions for pin end 
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Figure C- 2: Cleats and associated end plate dimensions for swivel bearing end 

The designed gusset dimensions are given in Figure C- 3. The gusset plate is also made 

of high-strength steel. 

 

Figure C- 3: Gusset geometry and dimensions 
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The designed tubes are also shown in Figure C- 4 which are made of mild steel. 

 

Figure C- 4: Inner and outer tube dimensions 

In the following design of different components is given, as listed previously. 

C.1 Brace body design 

Since the RSFJ performance is similar in tension and compression, the brace body design 

is checked in compression. This design is based on NZS 3404 assuming the whole brace 

length is made up of the designed section and later on the ABT will be designed to support 

this assumption for having an integrated member. The section selected for the brace body 

is 203×203×60 UC S355. Then, from design of the RSFJs, we have: 

Then, 

*

*

,s

C

N N and
N N

φ

φ

≤

≤
  

Where NS and NC are the nominal section and member capacity in compression and 

S f n yN k A f=   

kf : form factor  

An : net area of the section  

e
f

g

Ak
A

=   
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Ae: effective area of the section which is calculated from the gross section area by 

summing the effective areas of the individual elements, whose effective widths are 

specified in accordance with 6.2.4 of NZS 3404 

Ag: gross sectional area 

The effective width of each flat plate element in the section depends on its slenderness, 

λe, and the element yield slenderness limit, λey. And for each element 
250

y
e

fb
t

λ
 

=  
 

 and 

λey is given in Table 6.2.4 of NZS 3404. Therefore, for each flange part outstanding the 

web, 
98.2 1.175 8.13

250 14.2
y

e

fb
t

λ
 

= = × = 
 

and 16eyλ = . 

For the web, 
181.2 1.175 22.65

250 9.4
y

e

fb
t

λ
 

= = × = 
 

and 45eyλ = . 

As for both flanges and web e eyλ λ≤ , the effective width, be, is equal to b meaning that 

e gA A=  and therefore 1fk = . 

In addition, An is assumed to be equal to Ag. Hence, 

0.9 1 7637 345 2634 345 . .SN kN kN O Kφ = × × × = ≥   

Then, the nominal section capacity is calculated as follows: 

C C SN Nα=   

2
901 1Cα ξ
ξλ

    = − −   
     

  

n a bλ λ α α= +   
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2

2

1
90

2
90

λ η
ξ

λ

  + + 
 =

 
 
 

  

250
ye

n f

fL k
r

λ
  =   

   
  

e eL k L=   

( )0.00326 13.5 0η λ= − ≥  

( )
2

2100 13.5
15.3 2050

n
a

n n

λ
α

λ λ
−

=
− +

  

αb: the appropriate member section constant given in Table 6.3.3(1) of NZS 3404 

ke: member effective length factor in accordance with 4.8.3 of NZS 3404 

ke is 1 in-plane as the brace is perfectly pinned. Conservatively, it is assumed 1 for out-

of-plane as well.  

0bα =   

Therefore, 

1 3880 3880eL mm= × =  (for the first story which is a bit longer that of the second story) 

{89.5
52

mm about strong axis
mm about weak axisr =   

3880 3451 87.67
52 250nλ    = =   

   
  

87.67nλ λ= =   

( )0.00326 87.67 13.5 0.2418 0η = − = ≥  
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2

2

87.67 1 0.2418
90 1.154

87.672
90

ξ

  + + 
 = =

 
 
 

  

2901.154 1 1 0.627
87.67 1.154Cα

    = − − =   ×     
  

0.627 1652 345 . .C SN N kN kN O Kφ φ= × = ≥  

C.2 RSFJs check under compression 

As the end condition of the RSFJs is fixed, the buckling load is significantly high. The 

joint buckling is studied in a different research by S.M. Mahdi Yousef-beik. 

C.3 Anti-buckling tube (ABT) design 

The procedure in this section is provided by S.M. Mahdi Yousef-beik. The RSFJ brace 

design is based on checking two design parameters: 

1. Stiffness check: it means that the ABT should stiffen the brace enough so that it 
does not buckle or experience any large lateral deflection until the force demand 
is reached. 

2. Strength check: it means that the brace should be strong enough so that none of 
the components yields or reach yielding capacity during both in and out-of-plane 
deformation until the force demand is reached. 

Parameters used in this section are shown in Figure C- 5. As the first story brace is a bit 
longer than the second story brace, these parameters for the first story are as follows: 

1

3842
630
475

j

L mm
L mm
L mm

=
=

=
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Figure C- 5: Parameters used for the ABT design 

 

The critical buckling load of the brace body including ABT mechanism is derived as the 

following equation: 

2cr
EIP
L

α=   

Where α is the result of solving the following equation (characteristic equation): 

( ) ( )( ) ( )( )
( ) ( )( ) ( )

sin 2sin 2 1 sin 4 1
4

sin cos 2 1 cos 0

α α α δ α δ

β β α α α δ α α

 + − − − 

 − + − + = 

  

In which 

1L
L

δ = , relative length 

j L
EI

κ
β = , relative stiffness 

( )3
j

j
j

EI

L
κ = , ABT rotational stiffness 

The dimensions of the inner and outer tubes are given in Figure C- 6. 
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Figure C- 6: Inner and outer tube dimensions 

370 0.124
3870

δ = =  

( )4 4 4 43 200000 65 52 50 30
64 747016924 .

630j N mm

π

κ

 × − + − 
 = =  

β should be calculated for both in- and out-of-plane directions. For the brace section 

selected we have: 

8

747016924 3870 0.025
200000 5.844 10inβ ×

= =
× ×

 

8

747016924 3870 0.072
200000 2.007 10outβ ×

= =
× ×

 

Now, by solving the characteristic equation following α factors are obtained. 

0.53, 0.2in outα α= =   

Then, 

2

2

200000 2007000000.2 536
3870

200000 5844000000.53 3902
3870

cr out

cr in

P kN

P kN

−

−

×
= × =

×
= × =

  

Therefore, 

0.9 536 482 345 . .nP kN kN O Kφ = × = ≥   
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Notional load method is used to design the ABT for bending and shear. 

The overlap of the inner and outer tube recommended is to be consistent with the 

following relation. 

( ),max 2 ,1.2 130o out fL d RSFJ MCE travel mm≥ =   

Moreover, the terminal gap provided on each tube should be greater than the MCE 

displacement to prevent touching that may interfere the brace performance. From Figure 

C- 7, the adopted overlap and terminal gap provided are 140 and 245mm, respectively. 

The notional load is also considered to be 2.5% of the RSFJ over-strength force which is

0.025 345 8.625kN× = . 

 

Figure C- 7: Tubes overlap (mm) 

C.3.2.1  Bending check 
The maximum moment demand on tubes occurs when the maximum compression is 

experienced where the couple touching forces at the end of the two tubes will be at the 

farthest possible locations. Thus, 

( )* *
,0.025 RSFJ MCE o sM N L δ= × × ∆ + ×   

Where δs is the amplification factor due to second order effects, which is determined 

below. 
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*
1 1 2.834511 536

s

cr

N
P

δ = = =
−−

 

( )* 0.025 345 50 140 2.8 4589 .M kN mm= × × + × =   

The bending is checked for tubes. 

4 4 4( ) 267035
64inner out inI d d mmπ

= − =   

*

2 2670350.9 345 3316 .
50

4589 1.38 1 . .
3316

inner inner y

inner

M Z f kN mm

M Not O K
M

φ φ

φ

×
= = × × =

= = ≤
  

C.3.2.2 Shear check 
* *0.025 0.025 345 8.6V N kN= × = × =   

( )2 20.6 0.9 0.6 50 30 345 234 8.6 . .
4inner g yV A f kN kN O Kπφ φ= = × × − × = ≥   

It is recommended that the contact surfaces between the inner tube and the outer tube be 

greased to keep the contact friction force to a minimum. Also the outside surfaces of the 

inner tube should be rounded slightly to prevent the inner tube “digging into” the outside 

tube when under compression loading 

C.3.2.3 Weld design 
The tubes will be fillet welded to the end-plate with SP category. The design force per 

unit length of fillet weld with a circular pattern due to bending moment and shear force 

are obtained as follows: 

For inner tube: 

( ) ( )

* *
*

* *
*

2 2

2 2* * *

11 0.07
2 50

2846 1.45
25

1.45

V

M

V M

V V kNf mmA r
M M kNf mmS r

kNf f f mm

π π

π π

= = = =

= = = =

= + =
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Fillet weld with leg length of 10mm is selected for inner tube. Therefore, 

( ) ( )0.8 0.6 0.8 0.6 410 10 0.707 1.391

1.45 /1.39 1.04 . .
w uw t r

kNV f t k mm
say O K

φ = × = × × × × =

=
  

For outer tube: 

( ) ( )

* *
*

* *
*

2 2

2 2* * *

8.6 0.054
2 65

2846 0.86
32.5

0.86

V

M

V M

V V kNf mmA r
M M kNf mmS r

kNf f f mm

π π

π π

= = = =

= = = =

= + =

  

Fillet weld with leg length of 6mm is selected for outer tube. Therefore, 

( ) ( )0.8 0.6 0.8 0.6 410 6 0.707 0.83

0.86 / 0.83 1.036 . .
w uw t r

kNV f t k mm
say O K

φ = × = × × × × =

=
 

C.4 Gussets design 

The gusset layout is designed in a way to minimize eccentricity on the column, to provide 

deformation compatibility for beam-column in-plane rotation, and to allow different 

structural systems test to happen. Moreover, it is designed against the RSFJ over-strength 

force in tension and compression considering the out-of-plane actions as well as 

interaction check. Therefore, it is bolted to the column flange with the following 

dimensions.  
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Figure 5-1: Gusset geometry and dimensions 

Moreover, the Uniform Force Method (UFM) for gusset design here is not used since 

only one side of the gusset is attached to the column and the other side is free although it 

is stiffened by a plate. The centre-line of the brace body passes the centroid of the bolts 

group on the end-plate to prevent eccentricity as shown in Figure C- 8. 
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Figure C- 8: Brace body centre-line passing through centroid of the bolts group to 

minimize eccentricity 

The material used for the gusset is high strength steel with minimum yield stress of 690 

MPa and ultimate strength of 750 MPa. 

 

The gusset plate in tension is checked for the net section fracture, gross section yielding, 

shear failure, and block shear (tear-out) failure against the over-strength force from the 

tension-only RSFJ bracing system which is 375kN. Figure C- 9demonstrates the lengths 

used on each of these failure modes check. 
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Figure C- 9: Gusset failure modes under tension and the associated length 

C.4.1.1 Net section fracture 
0.85t te n uN k A f=   

Assuming kte, then we will have 

0.9 0.85 1 (317 41 2) 30 750 4717 375 . .tN kN kN O Kφ = × × × − − × × = ≥   

C.4.1.2 Gross section yielding 
0.9 0.9 320 30 700 6048 375 . .t g yN A f kN kN O Kφ = = × × × = ≥   

C.4.1.3 Block shear, pure shear 
Assuming two shear lines, we will have: 

( )0.75 0.6 ,0.6t nv u gv yN lesser of A F A fφ = ×   

Where Anv and Agv are net and gross sectional area of the shear path. Then, 
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( )( )0.75 0.6 2 30 90 20.5 1 750,0.6 2 30 90 700

1386 375 . .
tN lesser of

kN kN O K

φ = × × × − − × × × × ×

= ≥
  

C.4.1.4 Block shear, combined shear and tension 

( )( )
( )

0.75 0.6 ,0.6

8320.75 30 130 20.5 1 450 1832 345 . .
2 0.75

t nt u nv u gv yN A F lesser of A f A f

kN kN O K

φ = × +

 = × × − − × + = ≥ × 

  

 

To check the gusset under compression and its interaction with out-of-plane forces, the 

following procedure is followed: 

1 2 3

3avg
L L LL + +

=   

Figure C- 10 indicates how L1, L2, and L3 are obtained for general case. 

 

Figure C- 10: Illustration of L1, L2, and L3 parameters  

However, for the gusset used in this project, Lavg is considered to be 132mm as per Figure 

C- 11. 
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Figure C- 11: Lavg of the designed gusset 

C.4.2.1 Compression, in-plane 
For buckling check of the gusset plate, a compression member which has a cross section 

with width of pin diameter and thickness of the gusset palate is considered; length of this 

member is equal to the average length shown above. Thus 

31 700 3.46
15 250eλ  = = 

 
   

  λey: according to Table 6.2.4 of NZS3404, 45 in this case. 

ey
e

e

b b b
λ
λ

 
= ≤ 

 
  

 Where b is the width of the plate. 

4531 31 31 1
3.46e e e g fb b A A k = ≤ ⇒ = ⇒ = ⇒ = 

 
  

0.9 (31 30) 700 586 345 . .sN kN kN O Kφ = × × × = ≥  

Then, compression capacity of the assumed member is obtained as follows. 

331 15 4.33
12 31 15

Ir mm
A

×
= = =

× ×
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 132 7001 51
4.33 250nλ    = =   

   
  

( )
2

2100 51 13.5
20.35

(51) 15.3 51 2050aα
−

= =
− × +

  

αb conservatively is considered to be 1. 

51 20.35 (1) 71.35λ = + × =   

( )0.00326 71.35 13.5 0.189η = − =   

2

2

71.35 1 0.189
90 1.45

71.352
90

ξ

  + + 
 = =

 
 
 

  

2901.45 1 1 0.735
1.45 71.35Cα

    = − − =   ×     
  

0.735 431 345 . .c sN N kN kN O Kφ φ= × = ≥  

C.4.2.2 Compression, considering out-of-plane 
The notional load method has been used to account for out-of-plane actions on the gusset. 

1 132 0.034
3870

L
L

ξ = = =   

132 0.032
2 3870 2 132
avg

avg

L
L L

η = = =
+ + ×

  

Then, the following equation shall be met for notional load out-of-plane action. 

( )
( )

( )
L

max ,
2 1 1 2

nl avg s nl sg
p

N L N
M

δ ξ δ
η ξ

 
≥   − − 

  

Where Nnl is the notional load and 
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*

0.9 1g
p y

C

NM Zf
N

 
= − 

 
 where Nc is the brace nominal member capacity under 

compression to NZS 3404.  

( )
( )

( )

( )
( )
( ) ( )

L
max ,

2 1 1 2

8.6 0.034 3870 1.478.6 132 1.47max , max 861,1785 1785 .
2 1 0.032 1 2 0.034

nl avg s nl sN L N

kN mm

δ ξ δ
η ξ

 
  − − 

 ×× ×
= = =  − − × 

 

The section for moment calculation can be considered as shown in Figure C- 9 (b). 

Therefore 

2
3320 152 24000

6
Z mm×

= =   

3450.9 24000 345 1 6050 . 1785 . . .
1652 / 0.9

g
pM kN mm kN mm O K = × × − = ≥ 

 
 

 

This is a full-penetration V butt weld of SP category and fuw of at least 700 MPa. 

 

By inspection and according to design of the end plate in the RSFJ MRF, there is no need 

to check the end plate, bolts, column flange and web here as due to the dimensions, they 

are less critical. 

 

The bearing capacity of the gusset is checked against the over-strength force of the RSFJ 

in tension-only system. 

( )0.9 1.4 345 40 30 1 1059 375 . .bV kN kN O Kφ = × × × × = ≥  
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C.5 Brace cleat and associated end plate design 

The dimensions of the cleats and end plates used for the pin and swivel bearing end 

conditions are shown in Figure C- 1 and Figure C- 2, respectively. These plates are made 

of high-strength steel. 

 

This check should be undertaken for both pin and swivel bearing details. Similar to the 

failure modes considered in section C.4.1, we will have: 

C.5.1.1 For pin details 
( )( ) 1 250.9 0.85 0.9 0.85 130 41 2 760 1265 345 . .t te n uN kN kA N Kk Ofφ × × × × × − − × = ≥= =   

0.9 0.9 130 25 700 2047 345 . .t g yN A f kN kN O Kφ = = × × × = ≥   

( )( ) ( )( )
( )

0.75 0.6 2 25 65 20.5 1 760,0.6 2 25 65 700

0.75 1106,1365 744 345 . .
tN lesser of

lesser of kN kN O K

φ = × × − − × ×

= × = ≥
  

( )( )
( )

0.75 0.6 ,0.6

7440.75 25 65 20.5 1 760 620 345 . .
2 0.75

t nt u nv u gv yN A F lesser of A f A f

kN kN O K

φ = × +

 = × × − − × + = ≥ × 

  

C.5.1.2 For swivel bearing detail 
( )( ) 1 400.9 0.85 0.9 0.85 150 69 2 760 1837 345 . .t te n uN kN kA N Kk Ofφ × × × × × − − × = ≥= =   

0.9 0.9 150 40 700 4032 345 . .t g yN A f kN kN O Kφ = = × × × = ≥   

( )( ) ( )( )
( )

0.75 0.6 2 40 75 69 / 2 1 760,0.6 2 40 75 700

0.75 1328,2016 1080 345 . .
tN lesser of

lesser of kN kN O K

φ = × × − − × ×

= × = ≥
  

( )( )
( )

0.75 0.6 ,0.6

10800.75 32 75 55 / 2 1 760 849 345 . .
2 0.75

t nt u nv u gv yN A F lesser of A f A f

kN kN O K

φ = × +

 = × × − − × + = ≥ × 
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Similar to previous analogy, this is checked by assuming a compression member with 

section width of pin diameter and thickness of cleats, and a length equal to the distance 

between pin centre and end plate which is 180 65 115mm− = . By analogy, this check is 

only performed for the pin detail as the equivalent section under compression is more 

critical. Thus 

40 700 2.8
25 250eλ  = = 

 
   

  λey: according to Table 6.2.4 of NZS3404, 45 in this case. 

ey
e

e

b b b
λ
λ

 
= ≤ 

 
  

 Where b is the width of the plate. 

453 41 41 41 1
2.8e e e g fb b A A k = = ≤ ⇒ = ⇒ = ⇒ = 

 
  

0.9 (41 25) 700 651 345 . .sN kN kN O Kφ = × × × = ≥  

Then, compression capacity of the assumed member is obtained as follows. 

341 25 7.22
12 41 25

Ir mm
A

×
= = =

× ×
  

 125 7001 29
7.22 250nλ    = =   

   
  

( )
2

2100 29 13.5
13.3

(29) 15.3 29 2050aα
−

= =
− × +

  

αb conservatively is considered to be 1. 

29 13.3 (1) 42.3λ = + × =   
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( )0.00326 42.3 13.3 0.095η = − =   

2

2

42.3 1 0.095
90 2.98

42.32
90

ξ

  + + 
 = =

 
 
 

  

2902.98 1 1 0.89
2.98 42.3Cα

    = − − =   ×     
  

0.89 488 434 345 . .cN kN kN O Kφ = × = ≥  

 

This is checked for both pin and swivel bearing details. 

C.5.3.1 Pin detail 
( )0.9 1.4 700 40 25 1 882 375 . .bV kN kN O Kφ = × × × × = ≥  

C.5.3.2 Swivel bearing detail 
Based on the detail of the swivel bearing selected for the test, the bearing width is equal 

to C b−  as per Figure C- 12. 

 

Figure C- 12: Details of the selected swivel bearing 

( )0.9 1.4 700 55 25 1 1212 375 . .bV kN kN O Kφ = × × × × = ≥  
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This is checked by analogy for only pin detail. 

* 345 170 25 12500 .
2 2

M kN mm−
= × =   

2210 250.9 700 13781 . . .
6nM kN mm O Kφ ×

= × × =   

 

The welding between end plate and the brace body is full penetration V butt weld at the 

flanges and fillet weld with leg length of 8mm of SP category and fuw of at least 410 MPa 

as shown in Figure C- 13. 

C.6 Pin design 

The adopted pin diameter is 40mm made from high-strength steel. 

 

0.62f yp s pV f n Aφ φ= ×   

20.8 0.62 690 2 ( / 4 40 ) /1000 860 375 . .fV kN kN O Kφ π= × × × × × = >   

 

p ypM f Sφ φ=   

30.8 690 (40 / 6) 5888 .pM kN mmφ = × × =   

* 375 (48 15) 5906 .
4 4

5906 1.003 . .
5888

RV lM kN mm

Say O K

× × +
= = =

=

  

Where l is the distance between the centreline of the two cleats. 

 



Appendix C Design of Connections for the RSFJ TC-Brace Application 
Investigated in Chapter 4 

 

176 

 

Figure C- 13: Welds between the end plate and brace body 



Appendix E Deformation Compatibility of the Column Bases 
 

177 

 

 

 

 

 

 

Appendix D  
Column Bases for Applications Investigated in 

Chapter 4 
The column base configuration is kept similar during the whole test program, but with 

putting in or taking out of specific bolt groups or plates to change the performance as 

required for the superstructure seismic resisting system being tested. In the following 

sections the design for different components of the column bases is included, for different 

test configurations of the RSFJ 

D.1 RSFJ TO- and TC-Braces 

The column base configurations are not altered between these two RSFJ applications. 

Corner and middle columns have different detailing as the corner columns will undergo 

biaxial deformations as a result of the braced and rocking frame actions in the longitudinal 

and transverse frames accordingly. All the column bases at these two configurations are 

designed to have a behaviour close to pinned connection i.e., free to rotate and rigid under 

uplift. The reason for having such configuration is to concentrate nonlinearity into RSFJs.   

 

The column base detail at column C1 (as per Figure 4-1) is as shown Figure D- 1. The 

central shear rod is loosened to allow for 3% rotation, in- and out-of-plane. This is to 

provide deformation compatibility on the column base through a rigid body free rotation, 
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however, the uplift is not prevented up to filling this gap and will be suppressed further 

than that; indeed, the uplift deformation is minimized considering rotational deformation 

compatibility.  

 

Figure D- 1: Corner column base details 

Note that the end plate which is welded to the column end, should not yield under the 

uplift force to limit the uplift deformations required for rotational deformation 

compatibility. Items to be specified and designed for are as follows: 

• The gap for the nut 
• Shear strength of the shear rods 
• Bending strength of the end plate 

The detailed calculations of the abovementioned items are given in the following. 

( )max , 3% 260 3% 7.8 8Nut gap column height column width mm mm= × = × = ≈   

Considering two 8.8M24 rods/bolts, shear resistance of the rods is as follows: 

( )( ) ( )( )0.62 2 0.9 0.62 800 1 1 338 301f r uf r c c x oV n f k n A n A kNφ φ= + = × × × × × =   

In which nr is the number of rods used. The shear demand of the columns is considerably 

less than 301kN. Considering the MCE base shear from Figure 4-23 (b) to be 400kN, shear 

demand on each column in the longitudinal direction will be 400 676 kN= . 

For the end plate yielding, the Eurocode 3 document is used similar to calculations in 

section A.6 but with the yield patterns shown in Figure D- 2. For this column base the 

calculation is as follows: 
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1 2

49.75
112.7

256 110 73
2

m mm
m m mm

e mm

=
= =

−
= =

  

Then, 

( ) ( )
,

,

2 2 49.75 313

2 4 1.25 2 5.8 49.75 4 49.75 1.25 73 286.85
eff cp

eff nc

l m mm

l m m e mm

π π

α

= = × =

= − + = × × − × + × =
  

Where α depends on m and m2 parameters and is obtained from Appendix G of the 

Eurocode 3. 

1

2
2

49.75 0.4
49.75 73

112.7 0.92
49.75 73

m
m e

m
m e

λ

λ

= = =
+ +

= = =
+ +

  

Having these values, α is obtained to be 5.8. As such 

Mode 1: complete flange yielding 

,1 min(313,287) 287effl mm= =   

( ) 2
,1, 0.25 2 287 25 345 /1 30942 .pl RdM kN mm= × × × × =   

( )
( ),1,

8 73 2 10.4 30942
2910

2 49.75 73 10.4 49.75 73T RdF kN
× − × ×

= =
× × − × +

  

Mode 2: bolt failure with flange yielding 

,2 , 287eff eff ncl l mm= =   

( ) 2
,2, 0.25 2 287 25 345 /1 30942 .pl RdM kN mm= × × × × =   

,2,
2 30942 73 (2 254) 806

49.75 73T RdF kN× + × ×
= =

+
 

Mode 3: bolt failure  
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( ),3, , 2 0.9 353 800 508T Rd t RdF F kN= = × × × =∑   

*
,1, ,3, ,2,300 min( , , ) 508 . .T Rd T Rd T RdN kN F F F kN O K≈ ≤ =   

 

Figure D- 2: Yield Line Patterns for Checking the Column End Plate Yielding  

 

This column base detail and the associated components are shown in Figure D- 3. In fact, 

it is a combination of the AFC column base and a vertical web plate to suppress the uplift 

force which is welded to the shear key as shown in this figure. In these two configurations 

of the RSFJ (tension-only and tension-compression RSFJ braces), the clamping bolts on 

the flange plates are loosened to provide a pinned connection.  

 

Figure D- 3: Column Base Detail at the Middle Column 

Uplift-suppression plate 

Shear key 
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The following items need to be designed excluding design of the flange plates and the 

relevant bolts. 

• Shear key bolts 
• Column web bolts 
• Uplift-suppression plate, shear key, and column web design/check 

 

The detailed calculations for the mentioned items are given in the following. 

D.1.2.1 Shear key bolts 
Four 8.8M24 bolts are used to tie the column base into the base plate and then to the 

underlying ring beam. Shear, tensile and combined shear-tensile capacity of these bolts 

are calculated below. 

( ) ( )0.62 4 0.8 0.62 800 338 1 1/1000 536 67 . .f b uf c s rV n f A n k kN kN O Kφ φ= = × × × × × = ≥  

(nb is number of bolts). 

( ) ( )4 0.8 800 353 /1000 904 300 . .tf b uf sN n f A kN kN O Kφ φ= = × × = ≥  

2 2 2 2* * 300 67 0.126 1 . .
904 536tf f

N V O K
N Vφ φ

       + = + = ≤                 
  

D.1.2.2 Column web bolts 
Two 8.8M24 bolts are used to connect the uplift-suppression plate to the column web. 

These bolts are under double shear only and the capacity is given below. 

( ) ( )0.62 2 0.8 0.62 800 338 2 1/1000 536 300 . .f b uf c s rV n f A n k kN kN O Kφ φ= = × × × × × = ≥  

D.1.2.3 Uplift-suppression plate, shear key, and column web checks 
These two plates are for decoupled jobs of resisting the uplift and shear forces of the 

column which are welded to each other through full-penetration V butt weld of SP 

category and fuw of at least 410 MPa. More details including all dimensions are given in 

Figure D- 4. 
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Figure D- 4: Shear Key and Uplift-suppression Plates Details 

The vertical suppression-plate is checked against net and gross section capacity, bearing 

capacity, and two possible failure modes for block-shear (tear-out). 

( )
( )( )( )

( )

0.9 min ,0.85

2 0.9 min 100 8 345,0.85 1 100 24 2 1 8 450

min 422,402 402 300 . .

t p g y te n uN n A f k A f

kN kN O K

φ = × ×

= × × × × × × − + + × ×

= = ≥

  

Here, np is the number of plates. 

The bearing of these vertical plates is not checked as their combined thickness is greater 

than the column web thickness which is 10.5mm. 

For block shear, two failure modes shown in Figure D- 5 are checked, first one is shown 

by dashed lines and the second one is shown by dashed-dotted lines. 



Appendix E Deformation Compatibility of the Column Bases 
 

183 

 

Figure D- 5: Two Failure Modes Considered for the Block Shear 

( )

( )
( ) ( )( )

( )

1

1

2

2

60 8 480

24 2 160 8 3722

60 70 8 1040

60 70 24 2 1 1.5 8 716

24 2 150 8 2922

gv

nv

gv

nv

nt

A mm

A mm

A mm

A mm

A mm

= × =

+ + = − × = 
 

= + × =

= + − + + × × =

+ + = − × = 
 

  

Thus, the block shear capacity for these two failure modes are obtained as follows. 

( )( )
( )( )

( )( )

1 1 10.75 min 0.6 ,0.6

2 0.75 292 450 min 0.6 450 372,0.6 345 480

3001.5 131.4 min 100.4,99.4 346 150 . .2

n p nt u nv u gv yP n A f A f A f

kN kN O K

φ = +

= × × × + × × × ×

= × + = ≥ =

  

( )( )
( )( )

( )( )

2 2 20.75 min 0.6 ,0.6

2 0.75 292 450 min 0.6 450 716,0.6 345 1040

1.5 131.4 min 193,215 487 300 . .

n p nt u nv u gv yP n A f A f A f

kN kN O K

φ = +

= × × × + × × × ×

= × + = ≥
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The column web is 10.5mm thick and has 32mm holes on it to allow for deformation 

compatibility as calculated in section Appendix E. Bearing and two failure modes for 

block- shear are checked herein. 

( )
( )( )( )

( )

1 1 0.9 min 3.2 ,

0.6 0.9 min 3.2 24 10.5 450, 60 32 2 / 2 10.5 450

3000.54 min 362.8,203 110 75 . .2 2

b f p up e p upC V C d t f a t f

kN kN O K

φ = × ×

= × × × × × − + × ×

= × = ≥ =×

  

Also, two block shear failure modes considering two pure shear lines, are shown in Figure 

D- 6. 

 

Figure D- 6: Block Shear Failure Modes Considered for the Column Web Check 

( )

( )
( )( )

1

1

2

2

80 10.5 2 1680

32 2 180 10.5 2 1312.52

80 70 10.5 2 3150

80 70 32 2 1 1.5 10.5 2 2599

gv

nv

gv

nv

A mm

A mm

A mm

A mm

= × × =

+ + = − × × = 
 

= + × × =

= + − + + × × × =

 

( )( )
( )( )

( )

1 1 10.75 min 0.6 ,0.6

0.75 0 min 0.6 450 1312.5,0.6 345 1680

3000.75 min 354,348 260 150 . .2

n nt u nv u gv yP A f A f A f

kN kN O K

φ = +

= × + × × × ×

= × = ≥ =
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( )( )
( )( )

( )

2 2 20.75 min 0.6 ,0.6

0.75 0 min 0.6 450 2599,0.6 345 3150

0.75 min 702,652 489 300 . .

n nt u nv u gv yP A f A f A f

kN kN O K

φ = +

= × + × × × ×

= × = ≥

 

The shear key thickness is adjusted to support the column on sides up to 3% in- and out-

of-plane rotation. The internal distance between column flanges is 225.4mm and then the 

minimum shear key thickness is 

,min 225.4 3% 6.8 20 . .st mm mm O K= × = ≤   

Moreover, there is 1mm gap between the shear key and the internal face of the column 

flange on each side for installation purposes. 

In the following, the bending, shear, and combined bending-shear capacity of the shear 

key under column uplift force is assessed. The effective section is assumed to include the 

whole length of shear key which is 223mm long as per Figure D- 4.  

2223 200.9 0.9 345 6925 .
4s yM f S kN mmφ ×

= = × × =   

( )
*

* 300 39 8 4650 . 6925 . . .
2 2

NM l kN mm kN mm O K= × = × − = ≤   

0.9 0.6 0.9 0.6 345 223 20 831s y sV f A kNφ = × = × × × × =   

*
* 300 150 831 . .

2 2
NV kN kN O K= = = ≤  

Since 
*

0.75
s

M
Mφ ≤ , it is not required to check the bending and shear interaction. 

D.2 MRF RSFJ application 

The column base details for columns C1 and C2 are exactly like those in the braced 

applications with the only difference of including friction plates at the column flanges 

and pre-stressing the column flange bolts to a specified level to have a rigid state up to 
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MCE and then to start slipping afterwards. This pre-stressing force is calculated in the 

following section. 

 

As mentioned earlier, in the MRF concept, the clamping bolts on the vertical friction 

plates or flange plates should be pre-stressed to provide a rigid state up to SLS and to 

slide and provide greater flexibility after SLS. In this section the required stable sliding 

shear force or fs for different columns of the RSFJ-MRF system is calculated for these 

clamping bolts. For this, the SLS bending moment at the column base from SAP2000 

model needs to be extracted and then fs is calculated. SLS base bending moment for 

different columns are given in Table D- 1. 

Table D- 1: SLS base moment for different columns in RSFJ-MRF system 

Column 

location 

Corner in the pinned 

frame 
Middle Corner in the fixed frame 

SLS moment 

(kN.m) 
16 16.3 16.5 

As the numbers are reasonably equal, 16.5 kN.m is taken for all column calculations. This 

bending moment is resisted by the prying action of the flange plate and axial force of the 

column. The remaining should be resisted by the friction force of the flange plate bolts. 

The equations and calculations are given below. 

The flange plate size is required for calculation the prying moment. The size of the flange 

plate is assumed to be 12x200x256mm. 

𝑀𝑀𝑃𝑃𝑃𝑃𝑦𝑦𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚

⎝

⎜
⎛𝜎𝜎𝑦𝑦𝑏𝑏𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓𝑓𝑓2

4
;

𝐻𝐻𝑓𝑓𝑓𝑓2 𝜃𝜃
𝐻𝐻𝑓𝑓𝑓𝑓3

12𝐸𝐸𝐼𝐼𝑓𝑓𝑓𝑓
+

𝐻𝐻𝑓𝑓𝑓𝑓
𝐺𝐺𝐴𝐴𝑓𝑓𝑓𝑓⎠

⎟
⎞

= 3 𝑘𝑘𝑘𝑘𝑚𝑚  

where: 

σy  = yield stress of the plate 

bfp  = width of the flange plate 

tfp  = thickness of the flange plate 
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E  = young modulus of steel 

G  = shear modulus of steel  

Ifp = second moment area of flange plate about weak axis 

Hfp  = height of the flange plate 

Afp = section area of flange plate 

Four M12 bolts are used on each face of the column. 

16.5 12 3 1.07 .
1.4

1.07 1.03
4 0.26

x prying x axial x
slid x

OS sliding

slid x
s

bolts

M M M
M kN m

Mf kN
n d

φ
− −

−
−

−

− − − −
= = =

= = =
× ×

  

Where ϕOS-sliding is sliding overstrength factor. 

The calculated fs is negligible which means that the resisting moments from the prying 

actions of the flange plates and from the axial force of the column are enough to provide 

the required moment resistant for SLS shaking. In other words, no pre-stressing is needed. 

However, the column base configuration is used since other structural systems included 

in the test program use the column base with the bolts pre-stressed.
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Appendix E  
Deformation Compatibility of  the Column Bases 

This section contains the detailed calculations of the considerations of the deformation 

compatibility of the corner and middle column bases (at C1 and C2). Components to be 

considered for deformation compatibility are nut gap/location, flange plate, and uplift 

suppression plate. Nut gap is previously discussed and in the following deformation 

compatibility of flange and uplift -suppression plates are discussed.  

Based on Figure E- 1and as circular holes will be provided, resultant displacement of each 

bolt on each hole should be considered. In Figure E- 1, first hole has the largest 

displacement as it has the largest lever arm. 

∆𝜃𝜃1 = ∆𝜃𝜃2 = ∆𝜃𝜃 = 3 % 

𝛿𝛿1 = 𝑅𝑅1 × tan∆𝜃𝜃 ≈ 𝑅𝑅1 × ∆𝜃𝜃 = 212 × 0.03 = 6.4 𝑚𝑚𝑚𝑚 

𝛿𝛿𝑑𝑑𝑑𝑑−𝑜𝑜𝑜𝑜𝑜𝑜 = 𝛿𝛿1 = 6.4 𝑚𝑚𝑚𝑚 

The oversized wholes will be equal to: 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑃𝑃𝑜𝑜𝑃𝑃 + 𝛿𝛿𝑑𝑑𝑑𝑑−𝑜𝑜𝑜𝑜𝑜𝑜 + 2𝑚𝑚𝑚𝑚 = 12 + 6.4 + 2 = 20.4 𝑚𝑚𝑚𝑚 
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E.1 Flange plate - Out-of-plane 

 

Figure E- 1: Base Plate Deformation Compatibility, Out-of-plane (mm, deg) 

E.2 Flange plate - In-plane 

The in-plane deformation of the column base takes place as shown in Figure E- 2. 

Following a similar analogy mentioned in the previous section and according to Figure 

E- 2, vertical and horizontal deformations can be calculated as shown below. 

𝛿𝛿𝛿𝛿1 = 𝛿𝛿𝛿𝛿2 = 𝛿𝛿𝛿𝛿 = ∆𝜃𝜃 × 𝐻𝐻 = 270 × 0.03 = 8.1 𝑚𝑚𝑚𝑚 

𝛿𝛿𝐻𝐻1 = ∆𝜃𝜃 × 𝛿𝛿1 = 54 × 0.03 = 1.62 𝑚𝑚𝑚𝑚 

𝛿𝛿𝐻𝐻2 = ∆𝜃𝜃 × 𝛿𝛿2 = 129 × 0.03 = 3.87 𝑚𝑚𝑚𝑚 

𝛿𝛿𝐻𝐻1 and 𝛿𝛿𝐻𝐻2 are accommodated by out-of-plane flexibility of the uplift-suppression 

plates, however, adequate room for 𝛿𝛿𝛿𝛿 will be provided. Then: 

𝛿𝛿𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃 = 𝛿𝛿𝛿𝛿 = 8.1 𝑚𝑚𝑚𝑚 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑃𝑃𝑜𝑜𝑃𝑃 + 𝛿𝛿𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃 + 2𝑚𝑚𝑚𝑚 = 12 + 8.1 + 2 = 22.1 ≈ 23 𝑚𝑚𝑚𝑚 
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In total, we will have: 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = max (𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑃𝑃𝑃𝑃,𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜) = 23 𝑚𝑚𝑚𝑚 

 

Figure E- 2: Base Plate Deformation Compatibility, In –plane (mm, deg) 

Note that the location of this oversized hole should be in a way that the bolt at rest be 

located at the bottom of the hole. Figure E- 3 illustrates this detail. 
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Figure E- 3: Final Look and Relative Location of the Holes on the Vertical Friction 

Plates and Column Flanges 

E.3 Uplift suppression plate – in-plane 

By inspection, the room needed for deformation compatibility is obtained using the 

following procedure. Note that the over-sized holes here will be placed on the column 

webs. 
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Figure E- 4: In-plane Deformation Compatibility of Vertical Plate (mm, deg) 

𝛿𝛿𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃 =  𝛿𝛿 = 𝑅𝑅 × ∆𝜃𝜃 = 187 × 0.03 = 5.6 𝑚𝑚𝑚𝑚 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑃𝑃𝑜𝑜𝑃𝑃 + 𝛿𝛿𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃 + 2𝑚𝑚𝑚𝑚 = 24 + 5.6 + 2 = 31.6 ≈ 32 𝑚𝑚𝑚𝑚 

E.4 Uplift suppression plate - Out-f-plane 

 

Figure E- 5: Out-of-plane Deformation Compatibility of the Vertical Plate (mm, deg) 
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𝛿𝛿𝛿𝛿 = ∆𝜃𝜃 × 𝐻𝐻 = 141 × 0.03 = 4.23 𝑚𝑚𝑚𝑚 

𝛿𝛿𝐻𝐻 = ∆𝜃𝜃 × 𝛿𝛿 = 151 × 0.03 = 4.53 𝑚𝑚𝑚𝑚 

Here, 𝛿𝛿𝛿𝛿 is addressed through providing oversized hole while 𝛿𝛿𝐻𝐻 is accounted for by out-

of-plane flexibility of the uplift-suppression plates. 

Thus, we have: 

𝛿𝛿𝑑𝑑𝑑𝑑−𝑜𝑜𝑜𝑜𝑜𝑜 =  𝛿𝛿𝛿𝛿 = 4.23 𝑚𝑚𝑚𝑚 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑃𝑃𝑜𝑜𝑃𝑃 + 𝛿𝛿𝑑𝑑𝑑𝑑−𝑃𝑃𝑃𝑃 + 2𝑚𝑚𝑚𝑚 = 24 + 4.23 + 2 = 30.2 ≈ 31 𝑚𝑚𝑚𝑚 

 And, finally: 

𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = max (𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑃𝑃𝑃𝑃,𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑜𝑜𝑜𝑜𝑜𝑜) = 32 𝑚𝑚𝑚𝑚 

For this component, the oversized hole is on the column web to make possible tightening 

of the washer and bolt head. Note that here top of the holes on the column web and uplift-

suppression plate should be at the same level. Figure E- 6 demonstrates this detail. 
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Figure E- 6: Final Look and Relative Location of the Holes on the Uplift-suppression 

Plates and Column Webs
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Appendix F  
Ground Motion Selection, Scaling, and Bidirectional 

Input 
F.1 Overview 

The ROBUST test program intends to have only one earthquake record which is scaled into 

different levels e.g., 0.5SLS, SLS, ULS, 1.5ULS, and MCE. The reason for selecting only 

one record is that numerous structural and non-structural systems imply a total number of 

runs on the table, which is not feasible from time and funding perspectives. Therefore, the 

objective of this section is to provide guidelines on selecting the record that suits the best 

for the program. 

On the other hand, the ROBUST test comprises of four structural concepts/groups and two 

non-structural groups all working together, which will be tested one by one. This means 

that the building will behave differently as each of these systems is installed on the structure 

and therefore will have different structural periods of vibration. 

Having said the above conditions, the ROBUST team has been looking for a single record 

with the following technical properties. 

 

The selected record response spectrum should match perfectly with the target spectrum for 

a period range of interest that covers the whole structural configurations; this range starts 
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from 0.4 of the fundamental period of the stiffest system to µ  times the fundamental 

period of the most flexible system. Note that 0.4 and µ  coefficients are to take into 

account higher modes effects and nonlinearity effects on period lengthening, respectively. 

This range is 0.08sec to 1.97sec. Note that this criterion intends to expose different 

structural configurations with different periods to the same level of shaking e.g., to a 500 

years return period for the ultimate limit state (ULS) event; if a proper matching is not 

provided, different configurations will subject different events with various return periods, 

which is not of interest. 

 

The selected record should have Peak Ground Acceleration (PGA), Peak Ground Velocity 

(PGV), and Peak Ground Displacement (PGD) which are all well below the corresponding 

table capacities to make possible shaking levels higher than ULS. The table capacities are 

given in Table F- 1. 

Table F- 1: ILEE tables B and C capacities 

Parameter Displacement (mm) Velocity (mm/sec) Acceleration (g) 

Table capacity ±500 ±1000 ±1.5 

F.2 Single record options 

There are two prospective natural earthquake records and two prospective artificial 

records. The characteristics of these records are given in the next sections. 

 

The information of the unscaled record is given in Table F- 2 

Table F- 2: El Centro 1979 record information 

Name Date Station Orientation PGA (g) PGV 

(mm/sec) 

PGD 

(mm) 

Imperial 

Valley 

15/10/1979 El Centro, 

Array #8 

140deg 0.61 545 418 

The scaling factor of this event to the target spectrum is 1.1.  The target spectrum is built 

to represent a ULS event with a 500 years return period (an IL2 building with a design 
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working life of 50 years), which is located on a soil class C and with a 5km distance from 

the nearest fault. The target, unscaled, and scaled acceleration spectra for this record are 

depicted in Figure F- 1. The PGA, PGV, and PGD of the scaled record, which are 1.1 

times the values reported in Table F- 2, as well as the Arias Intensity (AI) and Significant 

Duration (DS595) are given in Table F- 3. 

 

Figure F- 1: Target, unscaled, and scaled acceleration spectra for the EL Centro 1979 

Table F- 3: Ground motion parameters of the scaled El Centro 1979 record  

PGA (g) PGV (mm/sec) PGD (mm) AI (mm/sec) DS595 (sec) 

0.67 600 460 1979.25 6.82 

By comparing the PG parameters of the scaled record with the table capacities, it is 

possible to figure out how far the record can be scaled up. For this record, the PGD 

parameter is the critical parameter. Therefore, it is possible to offset the table so that it 

reaches the positive or negative table displacement capacity simultaneously. By so doing, 

the shaking intensity doable will be 1.39 times the ULS scaled event.  

The advantages and disadvantages of using this record are mentioned in Table F- 4. 
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Table F- 4: The advantages and disadvantages of using El Centro 1979 record 

Advantages • A good match with the target spectrum to produce the same level 
of shaking in different structural periods. 

Disadvantages • Being unable to generate an MCE level of shaking (1.39×ULS, 
maximum) 

 

The information of the unscaled record are given in Table F- 5. 

Table F- 5: El Centro 1940 record information 

Name Date Station Orientation PGA (g) PGV 

(mm/sec) 

PGD 

(mm) 

Imperial 

Valley 

19/05/1940 El Centro, 

Array #9 

180 deg 0.28 309 86.6 

The scaling factor of this event to the target spectrum is 1.45.  The target, unscaled, and 

scaled acceleration spectra for this record are depicted in Figure F- 2. The PGA, PGV, 

and PGD of the scaled record, which are 1.45 times the values reported in Table F- 5, as 

well as the AI and DS595 are given in Table F- 6. 

 

Figure F- 2: Target, unscaled, and scaled acceleration spectra for the El Centro 1940 

Table F- 6: Ground motion parameters of the scaled El Centro 1940 record  

PGA (g) PGV (mm/sec) PGD (mm) AI (mm/sec) DS595 (sec) 

0.405 446 124 3212 24.2 
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By comparing the PG parameters of the scaled record with the table capacities, it is 

possible to figure out how far the record can be scaled up. For the second natural record, 

the PGV parameter is the critical parameter. The maximum shaking intensity possible 

will be 2.23 times the ULS scaled event.  

The advantages and disadvantages of this record are given in Table F- 7. 

Table F- 7: The advantages and disadvantages of using El Centro 1940 record 

Advantages • Being able to generate MCE level of shaking (2.23×ULS, 
maximum) 

Disadvantages • Not a perfect match with the target spectrum to produce the same 
level of shaking in different structural periods 

In Figure F- 3, the scaled spectrum of this record alongside with spectra corresponding to 

500, 1000, 2000, and 2500 years return period events are depicted. 

 

Figure F- 3: Scaled spectrum of the second natural record compared with the spectra of 

500, 1000, 2000, and 2500 years return period events 

 

The ground motion parameters of this record are given in Table F- 8. 

Table F- 8: Ground motion parameters of the first artificial record  

PGA (g) PGV (mm/sec) PGD (mm) AI (mm/sec) DS595 (sec) 

0.504 347 54 4.47 17 

Based on the PG parameters, the maximum shaking possible on the table is 2.88 times 

the ULS event. Also, the acceleration, velocity, and displacement time series of this 

record are presented in Figure F- 4. 
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Figure F- 4: Acceleration, velocity, and displacement of the first artificial record 

Figure F- 5 gives the target spectrum and acceleration response spectrum for this record. 

 

Figure F- 5: Target and acceleration response spectra for the first artificial record 
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The ground motion parameters of this record are given in Table 5-1. 

Table 5-1: Ground motion parameters of the second artificial record  

PGA (g) PGV (mm/sec) PGD (mm) AI (mm/sec) DS595 (sec) 

0.513 332.78 52.31 3.087 10.2 

Based on the PG parameters, the maximum shaking possible on the table is 2.92 times 

the ULS event. Also, the acceleration, velocity, and displacement time series of this 

record are presented in Figure 5-2. 

 

 

 
Figure 5-2: Acceleration, velocity, and displacement of the second artificial record 

Figure 5-3 gives the target spectrum and acceleration response spectrum for this record. 
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Figure 5-3: Target and acceleration response spectra for the second artificial record 

Table F- 1 contains the advantages and disadvantages of the generated artificial records. 

Table F- 9: Advantages and disadvantages of using artificial records 

Advantages • Being able to generate MCE level of shaking (2.88×ULS, 
maximum) 

• Good match with target spectrum over the period range of 
interest 

Disadvantages • AI seems much different from the natural records, however, 
other ground motion parameters look good enough 

• Not having complementary components 
 

F.3 Possible scenarios for the shaking input for the tests 

As discussed in section F.2, each of the records has pros and cons to be used. This section 

discusses the possible choices of the records proposed, which could be a combination of 

different records to cover the whole range of testing up to MCE and higher. The options 

are as follows: 

 

This option matches well the target spectrum, however, due to having a high PGD, it is 

not possible to scale it more than 1.39ULS. This scenario is called shortly EC79, for later 

referencing. 
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This option makes the shaking to MCE and higher achievable and uses a combination of 

the natural and artificial records. This scenario is called shortly EC79-Artif, for later 

referencing. 

 

The advantages of using this input shaking are as follows: 

• Providing shaking level up to MCE 
• Being a natural record with two available complementary components 
• Widely being used by other studies which makes the record suitable for 

comparison studies 
• ILEE staff has dealt with this record previously meaning that we will unlikely face 

any unexpected problem with the record 
This scenario is called shortly EC40, for later referencing. 

 

This option also makes the shakings to MCE and higher possible and uses a single 

artificial record for that. This scenario is called shortly Artif, for later referencing. 

 

This option also makes the shaking to MCE and higher achievable. It scales the first 

natural record to the maximum level possible to take advantage of its good match with 

the target spectrum. It uses another natural record to achieve higher levels of shaking. In 

this option, only natural records are used, which is preferable. This scenario is called 

shortly EC79-EC40, for later referencing. 

F.4 Bi-directional shakings 

Bidirectional shaking is to have two complementary components of an event striking a 

building simultaneously in orthogonal directions. Note that the artificial records do not 

have complementary components, which is a pitfall.  

To find the major or principal orientation of shaking, we need to find the orientation 

among all the orientations from 0 to 360 degrees, that causes the maximum response at 

the first mode of the structure considered; this procedure involves elastic analyses in 

different orientations. An elastic SDOF oscillator is simulated, having a period equal to 
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the fundamental period of various structural systems. The two natural events, each with 

its complementary components, are considered in the analysis. Each of these components 

is then scaled to the target spectrum over the period range which has already been used, 

0.08 to 1.97 sec, and k1 factor is obtained for each of them, individually. Note that the 

component with the lower k1 is identified as the primary component and the other 

component is identified as the secondary component. Then, the least k1 factor out of the 

two is selected for both components; for the events used here, the smaller k1 factor 

belongs to the component given in Table F- 3 and Table F- 6. These two scaled records 

have then been applied to the structure in different angles from 0 to 360 degrees in an 

increment of 1 degree. At each angle, the maximum displacement response of the SDOF 

oscillator is obtained. The orientation which has generated the largest response among all 

maxima is selected as the principal orientation for bi-directional shaking and the direction 

generating the least response among all maxima is identified as the secondary orientation.  

Note that the primary orientation depends on the pair of records and their direction of 

application i.e., either positive or negative, and the period of the oscillator. Figure F- 6 

gives the principal and secondary orientation of motions for the events and fundamental 

period given. 
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(b) 

 

(c) 

 

(d) 

Figure F- 6: Maximum displacement response of the SDOF oscillator with different 

periods to bi-directional loading of different events with respect to the strike angle 
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case where two complementary components are applied simultaneously. Figure F- 7 

contains and compares the results for these two loading cases. 
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(d) 

Figure F- 7: Response of the SDOF to primary component and complementary 

components 

In this figure, the dashed orange curve represents the response of the SDOF to the primary 

component only while the curve in black shows the response to the complementary 

components simultaneously. As can be observed, the difference between the SDOF 

responses to these two loading cases at the primary orientation is less for the Imperial 

Valley El Centro 1940 earthquake record. 

F.5 Subjective Quantitative Assessment for input shaking scenarios 

This section uses the Subjective Quantitative Assessment (SQA) to select the scenario for 

conducting the shaking table test among the possible scenarios stated in section F.3. SQA 

involves rating different characteristics in terms of what may be better according to a 

subjective scale. Different points are subjectively given to different characteristics to 

assess the suitability of each scenario. Furthermore, each characteristic can have a 

different weighting factor to represent its importance level. The characteristics considered 

for the selection, including but not limited to those given in sections F.1.1 and F.1.2, are 

explained and numbered as follows: 

1- Matching well the target spectrum over the period range of interest 
2- Possibility of being scaled to MCE level and higher 
3- Having constant seismic characteristics e.g., frequency content, duration, PG 

parameters, etc. at different levels being scaled to 
4- Having complementary components for conducting bi-directional loading 
5- Giving a uniform response of the structure in the direction with the longest period, 

by spinning the attacking angel of the complementary components 
6- Being used by other studies 
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7- Being used/dealt with by the ILEE staff  
Table F- 10 gives the points, on a scale of 0-5, and weighting factors, ranging 1-3, for the 

characteristics mentioned above, as well as the total score for different scenarios 

described in section 0.  

Table F- 10: Characteristics, weighting factors, and scores considered for different 

record scenarios based on SQA method 

Scenario EC79 EC79-Artif EC40 Artif EC79-EC40 

Characteristics # Weighting factor      

1 3 4 3.5 3 4 3.5 

2 2 2 5 5 5 5 

3 2 0 0 5 5 0 

4 2 5 3 5 0 5 

5 1 3 2 4 0 3 

6 1.5 2 2 4 0 3 

7 1 2 2 4 0 4 

Total score 34 33.5 53 32 42 

Based on the information in Table F- 10, it seems that scenario 3-3, Imperial Valley El 
Centro 1940 for every level, is the best option for conducting the shaking table tests.
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