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ABSTRACT: The use of seismic friction devices in damage resistant buildings is rapidly 

growing. The Asymmetric Friction Connection (AFC) and the Symmetric Friction 

Connection (SFC) are examples of the seismic friction devices developed initially for the 

Sliding Hinge Joint (SHJ) and the Rotational Slotted Bolted Connection (RSBC) 

respectively, the first for seismic Moment Resisting Steel Frames (MRSFs) and the second 

for both MRSFs and Eccentrically Braced Frames (EBFs). One of concerns expressed 

about the use of these friction devices in seismic resistant buildings is the possibility of 

increasing the likelihood of the building having noticeable residual inter-storey drift 

following a design level earthquake. The lessons learned from recent past severe 

earthquakes has not shown such residual inter-storey drift experienced by any building, 

hence a conceptual research project was undertaken to investigate the potential for self 

centering of these systems as a function of a number of building response parameters. 

A possible way of providing the AFC and SFC with a flag shape self-centred hysteresis 

curve is to add a pre-compressed spring to these systems. This paper first presents the 

required characteristics of such springs to make the AFC and SFC statically self-centre, 

followed by the result of non-linear time-history direct integration dynamic analysis of 

conceptual Single Degree of Freedom (SDOF) AFC and SFC models. The dynamic 

analyses look at the effect of vibration’s wind down and frequency, spring’s stiffness and 

pre-compression, and seismic mass. The paper discusses the significant difference between 

the self-centering capability of these systems in static and dynamic conditions. 

1 INTRODUCTION 

Structural standards and design procedures in New Zealand focus on life safety through the prevention 

of building collapse during a severe earthquake. Traditional capacity design based rigid welded 

connections used in seismic resisting moment-resisting steel frames (MRSFs) protect the lives of 

occupants in severe earthquakes by sustaining damage at specific regions called plastic hinges. Rigid 

frames are known to suffer from irrecoverable permanent deformation, requiring costly repairs and 

extensive business downtime. An alternative, more economically viable approach is the development 

and implementation of low-damage seismic resisting systems that are able to reduce the amount of 

disruption caused to earthquake-affected regions. 

Various self-centering connections for MRSFs have been investigated in the past, each with the aim of 

producing resilient systems that incur a minimal amount of residual damage and deformation. The post-

tensioned steel connection avoids structural damage to beams through the presence of high-strength steel 

strands which enable the frame to return to its pre-earthquake condition (Ricles, Sause et al. 2001; 

Garlock, Sause et al. 2007). Christopoulos, Filiatrault et al. (2002) analysed similar post-tensioned 

connections with the addition of energy dissipation devices (PTEDs). (Chou and Lai 2009; Iyama, Seo 

et al. 2009; Wolski, Ricles et al. 2009) investigated MRSFs with energy dissipating devices located on 
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the top or the bottom beam flange. 

The possibility of using shape memory alloys (SMAs) in low-damage connections has also been 

explored by researchers. Ocel, DesRoches et al. (2004) proposed a connection consisting of four large 

nickel titanium shape memory alloy bars. Sepúlveda, Boroschek et al. (2008) investigated the use of 

copper-based SMA bars. DesRoches, Taftali et al. (2010) and Ellingwood, Taftali et al. (2010) studied 

the effect of austenitic and martensitic SMAs in seismic resilient structures. 

2 SLIDING HINGE JOINT (SHJ) 

The Sliding Hinge Joint (SHJ) is a low-damage beam-column connection used in seismic resisting 

MRSFs, developed by Clifton (2005). The SHJ is expected to remain rigid during a serviceability limit 

state (SLS) earthquake, and allow beam-column rotation during a design-level ultimate limit state (ULS) 

earthquake. At the end of earthquake shaking, the joint becomes ideally rigid again. The point of rotation 

is located where the top of the beam is pinned to the column through the top flange plate, as shown in 

Figure 1. During inelastic rotation, sliding occurs in the Asymmetric Friction Connections (AFCs) – 

located in the bottom web and flange bolt groups, while dissipating energy through friction. 

 

Figure 1. The layout of the SHJ with AFCs (Ramhormozian, Clifton et al. 2016) 

Advantages of using the SHJ over conventional rigid connections include decoupled moment frame 

strength and stiffness, and confinement of inelastic demand to the bolts which may be retightened or 

replaced following a severe earthquake. A potential limitation of the current SHJ design is that the joint 

itself does not have a self-centering component, hence it does not statically self-centre, and might 

therefore experience residual drifts outside of the satisfactory limits. It is highly desirable that the 

building is able to return to its original position, within the construction tolerance limits, so that it is able 

to become fully functional promptly following a major earthquake. 

Khoo (2013) investigated the incorporation of a double acting, friction damping ring spring system – 

located above or below the beam bottom flange, as a self-centering component of the SHJ. The full-

scale experimental testing of the SHJ with ring springs showed closer to flag-shape response of the joint 

with increasing percentages of total joint moment capacity (PRS), where a joint with PRS of 0% 

corresponds to a SHJ with no ring spring contribution, and a PRS of 100% is equivalent to a joint with 

ring spring contribution only. However, the ring spring system is expensive to develop, and presents 

logistical issues regarding integration into the SHJ configuration, hence is not an ideal practical solution. 

3 STATICALLY SELF-CENTERING SFC AND AFC 

To provide the SHJ, or any other seismic resisting system incorporating the AFC or SFC, with the static 

self-centering capability, it is necessary and sufficient to make the incorporated AFC or SFC statically 

self-centre. A possible way of providing the AFC and SFC with a flag shape self-centred hysteresis 

curve is adding a component to these systems to reserve sufficient amount of force required to bring the 

system back into the initial position upon load removal. A pre-compressed spring may be clearly an 

appropriate component to this end. 

Figure 2 shows a Mass-Spring-Damper system in which the damper is either AFC or SFC and the spring 

is the required spring to make the system statically self-centre. The system is under a quasi-static 

loading, and the intention is to determine the required characteristics of the spring to make the system 
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self-centre. These spring characteristics are 1) The stiffness, 2) The level of required pre-tension (or pre-

compression) force, 3) The elastic displacement capacity, and 4) The elastic force capacity. 

 

Figure 2. Mass-Spring-Damper system incorporating AFC or SFC 

3.1 Statically self-centering SFC 

Figure 3 shows the first quadrant hysteresis loops of the system incorporating a perfectly rigid-plastic 

SFC and a statically self-centering SFC, i.e. SFC with pre-tensioned spring, in which FS is the SFC 

sliding force, and l is the maximum travel of the SFC. The amount of the dissipated energy in the first 

quadrant is FS×l and 2FS×l for the SFC and self-centering SFC respectively. 

    

Figure 3. First quadrant hysteresis loops of the perfectly rigid-plastic SFC (left) and statically self-

centering SFC (right) (not to scale) 

The following steps demonstrate the behaviour of a statically self-centering SFC: 

A. Before applying external load, F(x), at x=0: Equilibrium necessitates that FD=FP where FD is the 

damper (i.e. SFC) force and FD≤FS. Additionally, the static self-centering requirement in 

absence of any external load necessities that FP=FS where Fp is the spring pre-compression force. 

B. When sliding initiates at x=0: F(0)=FP+FS+ε=2FS+ε. Where ε is an infinitely small force. 

C. While 0≤x≤l under loading and sliding: F(x)=2FS+Kx+ε. Where K is the spring stiffness. The 

applied load at x=l would be F(l)=2FS+Kl+ε which is the maximum force generated by the self-

centering SFC could be known as the over-strength force. 

D. Relaxing external applied load from F(l)=2FS+Kl to F(l)=FS+Kl: At this stage the SFC force 

decreases from FS to zero i.e. F(l)=FS+Kl+(0≤ FD≤ FS). 

E. When sliding initiates in opposite direction at x=l: F(l)=FS+Kl-FS-ε=Kl-ε. At this stage the SFC 

force is equal but opposite in direction of that of stage b). 

F. Relaxing external applied load from F(l)=Kl-ε to F(0)=0: At this stage the applied external force 

would be F(x)=FS+Kx-FS-ε=Kx-ε at any point, x, from l to 0. 

The incorporated spring needs to be able to meet the following two limits: 1) Being able to accommodate 

the elastic displacement of (FS/K)+l and 2) Being able to generate the elastic force of FS+Kl. 

 Example: The intention is to make a SFC clamped by four HSFG M20 bolts statically self-

center. Each bolt is tightened up to 75kN. The sliding surfaces’ coefficient of friction and the 

maximum travel of the SFC are considered as 0.5 and 12mm respectively. The following 

calculations are needed to determine the spring characteristics to make such SFC statically self-

center. 
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o FS=FP=4(=number of bolts)×75(=installed bolt tension)×0.5(=Coefficient of friction)×2(=number of sliding surfaces)=300kN. 

o Spring’s required elastic displacement capacity=((300kN)/K)+(12mm) 

o Spring’s required elastic force capacity=(300kN)+((12mm)×K) 

o The value of K can be chosen according to the desirable design over-strength action and 

available springs’ K values. 

3.2 Statically self-centering AFC 

Figure 4 shows the first quadrant hysteresis loops of the system incorporating a perfectly rigid-plastic 

AFC and a statically self-centering AFC, i.e. AFC with pre-tensioned spring, in which FS is the 

maximum sliding force, l is the maximum travel of the AFC, and l1 is the AFC initial travel distance at 

which the sliding transition from one sliding surface (0.5FS) to two sliding surfaces occurs. The amount 

of the dissipated energy in the first quadrant is FS×(l-0.5l1), FS×(2l-1.5l1), and FS×(2l-l1) for the AFC, 

first half cycle of the self-centering AFC, and subsequent half cycles of the self-centering AFC 

respectively. 

 

Figure 4. First quadrant hysteresis loops of the perfectly rigid-plastic AFC (left), First half cycle of the 

self-centering AFC (middle), and subsequent half cycles of the self-centering AFC which has gone to 

the left past the origin and then returned with both surfaces in stable sliding as it passes the origin 

moving to the right (right) (not to scale) 

The following steps demonstrate the behaviour of a statically self-centering AFC: 

 First half cycle of sliding: 

a) The static self-centering requirement in absence of any external load necessities that {0.5FS and 

FS}≤ FP, hence FP=FS. 

b) When sliding initiates at x=0: F(0)=FP+0.5FS+ε=1.5FS+ε. 

c) While 0≤x˂l1 under loading and sliding: F(x)=1.5FS+Kx+ε. The applied load at x=l1-δ would 

be F(l1-δ)=1.5FS+Kl1+ε. Where δ is an infinitely small displacement. 

d) When x=l1+δ: F(l1+δ)=1.5FS+Kl1+0.5FS+ε=2FS+Kl1+ε. 

e) While l1˂x≤l under loading and sliding: F(x)=2FS+Kx+ε. The applied load at x=l would be 

F(l)=2FS+Kl+ε which is the maximum force generated by the self-centering AFC could be 

known as the over-strength force. 

f) Relaxing external applied load from F(l)=2FS+Kl to F(l)=FS+Kl: At this stage the AFC force 

decreases from FS to zero i.e. F(l)=FS+Kl+(0≤ FD≤ FS). 

g) When sliding initiates in opposite direction at x=l: F(l)=0.5FS+Kl-ε. At this stage the AFC force 

is equal but opposite in direction of that of stage b). Note that the AFC starts to slide in opposite 

direction at a force of 0.5Fs and will slide over a length of 2l1 until reaching the point at which 

the sliding force increases to Fs. 

h) Relaxing external applied load at x=l to x=l-2l1+δ: At x=l-2l1+δ the applied external force would 

be F(l-2l1+δ)=0.5FS+K(l-2l1+δ)-ε. 

i) Relaxing external applied load at x=l-2l1+δ to x=l-2l1-δ: At x=l-2l1-δ the applied external force 

would be F(l-2l1-δ)=K(l-2l1-δ)-ε. 
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j) Relaxing external applied load from F(l-2l1-δ)=K(l-2l1-δ)-ε to F(0)=0: At this stage the applied 

external force would be F(x)=Kx-ε at any point, x, from l-2l1-δ to 0. 

 Subsequent cycles of sliding: 

o Sliding initiates at 2Fs similar to the SFC provided the AFC is in the stable sliding state 

(i.e. both sliding surfaces are active) at x=0. 

o External loading up to the point l would be similar to SFC’s. 

o External unloading would be similar to the first cycle of the AFC’s unloading. 

The incorporated spring needs to be able to meet the following two limits: 1) Being able to accommodate 

the elastic displacement of (FS/K)+l and 2) Being able to generate the elastic force of FS+Kl 

3.3 Available potential types of pre-compressed springs to be used 

There are different types of springs that can be considered to be used in the statically self-centering SFC 

and AFC discussed in sections 3.1 and 3.2. These include Belleville springs, Gas springs, Die springs, 

and Lurethane springs. 

Belleville springs: Belleville springs are truncated conical washer-type elements of high strength steel 

that compress elastically to a flat disk under a closely defined level of force. Belleville springs come in 

a wide range of rated strength and sizes and can be pre-compressed and assembled in various ways to 

generate elastically compressible elements. However, they could potentially be an expensive option for 

this purpose. 

Gas springs: Gas springs are tools containing nitrogen gas under high pressure that can be pre-

compressed. They are mainly used in press tooling and are durable when treated and mounted correctly, 

being able to achieve millions of cycles. However these springs rely on their seals to retain the nitrogen 

gas, so occasional replacement of seals and re-charging with gas will be required. The period of time 

between maintenance depends on how the gas springs are being used and the environment in which they 

are situated. Hence they might not be a practical option for this purpose. 

Die springs: Die springs are heavy duty metal compression springs manufactured using round wire, 

specifically designed to be used as Die springs or as heavy duty coil springs in any heavy stress, heavy 

load application. Rectangular wire springs are made from a trapezoidal cross section wire, which 

changes to a “D” cross section during coiling. This shape results in a lower maximum stress level, 

substantially contributing to longer spring life. Although die springs can be pre-compressed they are 

possibly too weak for this application, requiring several springs in parallel to generate the required force 

to statically make the SFC or AFC self-center. They are also large sized making them difficult to fit into 

the confined space within a SHJ. 

Lurethane springs: Lurethane is the trade name for an industrial polyurethane product, manufactured 

by LEP Engineering Plastics Ltd. Lurethane is available in a range of shapes and sizes. Physical 

characteristics of Lurethane include a toughness and durability far in excess of most rubbers and plastics, 

and a higher resistance to corrosion and abrasion than metals. Lurethane can take the form of a spring 

block in this application. The load-deflection curve of the Lurethane spring is linear and also elastic 

within a specific area e.g. 25% deformation (The harder is the Lurethane material and the smaller is the 

% of the linear elastic area). The Lurethane spring comes back to its initial position instantly, however 

this needs to be experimentally confirmed. It is possible to define an elastic modulus (following ISO 

7743) for the Lurethane spring but it will be unique for each material and each spring profile. Also the 

elastic modulus depends on the spring being free around during work or enclosed. The durability of the 

Lurethane springs is very linked to the context. Regarding the application, the work load, frequency, 

contact with aggressive liquids, etc. it could last days, month, or years. The pre-compressed Lurethane 

springs are susceptible to creep known as DRC (deformation remanence à la compression – pre-

compressed creep) based on ISO 815. These values depend on the temperature and the compression, for 

example, on Danflex U167 the obtained numbers are from 10% to 25% (for extreme test context). 
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3.4 Potential use of Lurethane spring block in the SHJ 

The Lurethane spring is proposed as a potential alternative self-centering component for the SHJ after 

considering a range of potential spring options including the die spring, nitrogen gas spring, and 

Belleville spring. Relative to ring springs, Lurethane is cheap to make and install, meaning it would be 

viable for implementation in every SHJ, rather than a select few. The spring block will also fit within 

the physical boundaries of the SHJ i.e. in the beam-column gap above the cleat, as shown in Figure 5; 

this is beneficial with regards to architectural detailing. Upon rotation of the column towards the bottom 

of the beam during a severe earthquake, the Lurethane spring, which may be pre-compressed, will 

operate by compressing, thereby generating resistance to further sliding. Unlike the double acting ring 

spring system, the Lurethane spring acts only in compression, meaning only half of the installed springs 

act in each direction in the MRSF. 

 

Figure 5. Elevation and Plan Views of Lurethane Spring in the SHJ 

4 NUMERICAL STUDY ON THE DYNAMIC SELF-CENTERING CAPABILITY OF THE 

AFC AND SFC SDOF SYSTEMS 

The effect of various parameters on the self-centering capability of the SFC and AFC, and hence the 

SHJ in the dynamic condition are investigated. These parameters are:  

 Two displacement controlled loading regimes: the same loading regime with or without wind-

down, denoted by WD and NWD respectively. 

 Four different levels of loading regime frequency: 0.75f, 1f, 2f and 4f, where f is the general 

frequency of the main loading regime. 

 Four different levels of contributing seismic weight: 1M, 1.5M, 2M and 4M, where M is the 

seismic mass of one level of a typical building (950kN). 

 Four different levels of spring stiffness: 1kN/mm, 5kN/mm, 10kN/mm and 15kN/mm, denoted 

by 1S, 5S, 10S and 15S respectively 

 Four different levels of spring precompression: 0%, 25%, 50% and 75% pre-compression, 

denoted by 0P, 25P, 50P and 75P respectively. 
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Non-linear time-history direct integration dynamic analysis of 1,088 SDOF conceptual models was 

undertaken using the software SAP2000 version 18. Each model consisted of a mass-spring-damper 

system as shown in Figure 6, which is representative of a single building level with 20 beam-column 

joints. A joint with a fixed support was used to model a strong wall or strong floor. A second joint with 

a roller support and an assigned seismic weight of 950kN has been determined from the average mass 

of a floor in a typical five-storey MRSF building. Mass displacement is permitted in the x-direction 

only. A link was used to define the SFC and AFC as dampers. Another link was added to represent the 

spring. 

 

Figure 6. SDOF mass-spring-damper system modelled in SAP2000 

Multilinear plastic kinematic links representing SFC and AFC were assigned different displacement and 

force values to define their respective behaviours, shown in Figure 7. A displacement interval of +/-

20mm was used to define performance within a range that is likely to occur in practice in a severe 

earthquake. 

A typical SHJ is considered to have two AFCs or SFCs located in the bottom web and flange bolt groups. 

The stable sliding force of the AFC or SFC with four and three bolts is considered as 300kN and 225kN 

respectively. The contribution of the beam bottom flange AFC or SFC is assumed to be 100% and the 

contribution of the beam bottom web bolt level AFC or SFC is considered proportional to its lever arm 

to the SHJ point of rotation, with respect to that of the beam bottom flange SFC or AFC. Based on 

assuming the SHJ beam top flange plate thickness of 25mm, beam size being 530UB82, and the SHJ 

detailing presented in (Clifton, Butterworth et al. 2002), this contribution is calculated as 

(438/528)=83%. Hence the stable sliding force of each SFC or AFC SDOF system is calculated as 

(300+0.83×225)=487kN. This results in the stable sliding force of the SFC and AFC systems at each 

level of the building being calculated as 20×487=9740kN (each level has 20 SHJs). Figure 7 shows the 

first part of the SFC load-displacement graph is elastic, and the second part (the plateau) is plastic, with 

an associated slip force of 9740kN. The displacement at which the plateau is initiated is 0.1mm, a value 

derived from the consideration of longitudinal elastic stiffness of the free part of the cleat, with a length 

equal to the beam-column gap. The cleat is assumed to be 16mm thick and 150mm wide, with a gap of 

100mm. Based on the properties of the cleat, elastic stiffness is calculated to be 

(150×16×200/100)=4800kN/mm. Thus, the elastic deformation of the friction damper up to the point at 

which sliding commences is 487/4800 = 0.1mm. Using a very small elastic deformation (i.e. 0.001mm), 

was deemed to be impractical, as this would increase the analysis run time. A higher value (i.e. 1mm) 

was too flexible; preliminary analyses showed that this causes the system response to be considerably 

different. 

 

Figure 7. Hysteresis definition of the SFC (left) and AFC (right) 
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Figure 7 shows sliding is initiated earlier in the AFC, at half the force required by the SFC. Maximum 

travel of the cap plate relative to the cleat from stable sliding in one direction to the other has been 

observed to be ~6.6mm from experimental testing (Ramhormozian, Clifton et al. 2016). Hence, the 

displacement at which the stable sliding force is reached is 3.4mm. The value of 0.1mm for elastic 

elongation of the cleat is considered the same as previously calculated for the SFC. 

The loading regimes applied to each SDOF model have been adapted from the recommended testing 

procedures for steel MRF’s initially developed by (SAC-Joint-Venture 2000) and then modified by 

Clifton (2005) and Ramhormozian, Clifton et al. (2015). The loading regimes used in this application 

were simulations of the average floor response of a typical MRSF building during a severe earthquake. 

Four different levels of loading regime frequency: 0.75f, 1f, 1.5f and 4f, with and without wind-down 

were applied. 0.75f is a case that takes into account the effect of sliding, where it is expected that the 

natural frequency of a structure decreases. Higher levels of loading regime frequency (2f and 4f) were 

investigated to determine the effect of building higher modes of dynamic response. 

A loading regime with wind-down follows behaviour that is expected to occur in reality during 

earthquake shaking: upon reaching peak amplitude, the ground motions are gradually brought to an end. 

Loading regimes with no wind-down are investigated to determine the effect of wind-down on the self-

centering capability of the SHJ. Figure 8 shows both loading regimes; i.e. with and without wind-down. 

In the latter case, upon reaching maximum displacement, the displacement of the joint representing the 

strong floor is suddenly stopped and then gradually reduces to zero. 

 

Figure 8. WD and NWD loading regimes 

The SDOF model represents one floor of a typical five-storey MRSF building. Each floor has 20 beam-

column moment resisting joints fitted with SHJs. The Lurethane spring acts in compression only, 

therefore only 10 springs act in each direction. The stiffness of the spring link in the SDOF model is 

representative of the stiffness provided by Lurethane springs for the whole floor in each direction. The 

four levels of stiffness per spring investigated were: 1kN/mm, 5kN/mm, 10kN/mm and 15kN/mm. This 

equates to stiffness levels of 10kN/mm, 50kN/mm, 100kN/mm and 150kN/mm for the entire floor. In 

SAP2000, the spring was modelled as a multilinear elastic link. 

Spring pre-compression was determined as a function of stable sliding force, 9740kN. 100% pre-

compression equates to a spring pre-compressed by a force equal to 9740kN. F is the amount of force 

the spring is pre-compressed by, and was calculated as F=9740×(P/2) where P is percentage of spring 

pre-compression (0%, 25%, 50% or 75%) which is divided by two, to account for only half of the springs 

being active in each direction. XX is the force reached when spring stiffness also contributes to the 

generation of resistance. Figure 9 illustrates the relationship between F and XX, which is calculated as 

XX=F+[K(20-0.1)] where XX is spring’s stiffness included force and K is spring stiffness of the entire 

floor, according to the investigated levels of spring stiffness and pre-compression. 
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Figure 9. Relationship between F and XX 

The output time step size of the models was adjusted to minimise analysis run time, without 

compromising the accuracy of the results. For each loading regime frequency, the output time step size 

was decreased until residual displacement became constant. The number of output time steps produced 

for each loading regime frequency is shown in Table 1. The number of output time steps is determined 

by dividing the length of the loading regime by the output time step size. 

Table 1. Output time steps 

 

Following each model run, link deformations and forces, as well as joint displacements and reactions 

were recorded. The models analysed in SAP2000 produce residual displacement attributed to the bottom 

of the beam. The residual inter-storey drift is determined from residual displacement (residual drift 

(%)=(R/555.5)×100). The value 555.5mm is the distance from the point of rotation i.e. the middle of the 

top flange plate, to the middle of the cleat. Residual drift results were compared against a threshold of 

+/- 0.14%. This value was found to be satisfactory from the assessment of structures affected by the 

2011 Christchurch earthquake (Clifton 2013). 

5 RESULTS 

Two sets of 544 models were run, each assigned with SFC and AFC friction dampers. Table 2 provides 

a summary of the results, showing the number of models per seismic mass and frequency group that 

self-centered within the tolerable threshold of +/- 0.14%. Each group consisted of 34 individual cases. 

Out of the 1088 models run, 884 cases self-centered within the threshold, although none of them were 

statically self-centered. This equates to 81% of cases that demonstrated satisfactory self-centering 

capability. 

Table 2. Number of self-centering SFC and AFC cases 

 

The following results will focus on the AFC cases, as this is most relevant to the SHJ system. 

Wind-down: To investigate the effect of wind-down, loadings regimes with and without wind-down 

(NWD) were applied to a total of 544 models. Table 3 outlines the number of models per seismic weight 

and frequency group that were capable of self-centering within the tolerable threshold. Out of 272 WD 

models, 185 cases produced residual drift within +/- 0.14%. Of the 272 NWD models, 206 self-centered 

within the threshold. This equates to a 75.7% of wind-down cases, and 68.0% of no wind-down cases 

that demonstrated satisfactory self-centering capability. The following results will focus on cases with 

wind-down as this is what typically occurs during an actual earthquake. 

0.75f 1f 2f 4f

Output time step size 0.005 0.004 0.002 0.001

No. output time steps 9400 8750 9000 9500

Group 1M_0.75f 1M_1f 1M_2f 1M_4f 1.5M_0.75f 1.5M_1f 1.5M_2f 1.5M_4f 2M_0.75f 2M_1f 2M_2f 2M_4f 4M_0.75f 4M_1f 4M_2f 4M_4f Total

SFC 34 34 34 29 34 34 29 27 34 34 32 22 34 34 29 17 491

AFC 34 34 33 9 34 34 24 7 34 34 29 10 34 32 9 2 393
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Table 3. Number of self-centering cases by loading regimes with or without wind-down 

 

Loading regime frequency: Loading regimes with 0.75f, 1f, 2f and 4f were applied to 68 models each. 

Figure 10 shows the number of cases that successfully reduced residual drift to within the +/- 0.14% 

threshold. All 0.75f and 1f cases, 52 of the 2f cases, and 19 of the 4f cases self-centered effectively. This 

equates to 100%, 100%, 76.5% and 27.9% respectively. 

 

Figure 10. Summary of self-centering cases by loading regime frequency 

Seismic weight: Seismic weights of 1M, 1.5M, 2M and 4M were applied to 68 models each. Figure 11 

shows the number of cases that achieved residual drift within the +/- 0.14% threshold. 58 of the 1M 

cases, 51 of the 1.5M cases, 55 of the 2M cases, and 43 of the 4M cases self-centered effectively. This 

equates to 85.3%, 75%, 80.9% and 63.2% respectively. 

 

Figure 11. Summary of self-centering cases by seismic weight 

Spring stiffness: Four levels of spring stiffness: 1S, 5S, 10S and 15S, were applied to 17 models each. 

Table 4 highlights the cases that were able to self-center effectively. All cases shown have springs with 

the specified stiffness and zero precompression. 10 of the 1S cases, 10 of the 5S cases, 10 of the 10S 

cases, and 11 of the 15S cases self-centered effectively. By comparison 10 of the cases with no springs 

produced residual drift values within +/-0.14%. 

Table 4. Number of self-centering cases by spring stiffness (grey represents self-centered case) 

 

Spring pre-compression: Four levels of spring precompression: 0P, 25P, 50P and 75P, were applied to 

68 models each. Table 5 shows the number of cases that self-centered within the tolerable threshold. 41 

of the 0P cases, 48 of the 25P cases, 53 of the 50P cases, and 55 of the 75P cases self-centered effectively. 

This equates to 60.3%, 70.6%, 77.9% and 80.9% respectively. 

Group 1M_0.75f 1M_1f 1M_2f 1M_4f 1.5M_0.75f 1.5M_1f 1.5M_2f 1.5M_4f 2M_0.75f 2M_1f 2M_2f 2M_4f 4M_0.75f 4M_1f 4M_2f 4M_4f Total

NWD 17 17 16 2 17 17 12 2 17 17 14 4 17 15 1 1 185

WD 17 17 17 7 17 17 12 5 17 17 15 6 17 17 8 1 206

Group 1M_0.75f 1M_1f 1M_2f 1M_4f 1.5M_0.75f 1.5M_1f 1.5M_2f 1.5M_4f 2M_0.75f 2M_1f 2M_2f 2M_4f 4M_0.75f 4M_1f 4M_2f 4M_4f Total

NS 10

1S 10

5S 10

10S 10

15S 11



11 

Table 5. Number of self-centering cases by spring pre-compression 

 

6 DISCUSSION 

Wind-down: The majority of 0.75f and 1f cases self-centered, regardless of whether the loading regime 

applied was with or without wind-down. At higher frequencies of 2f and 4f, wind-down had a more 

noticeable effect on dynamic self-centering capability. This is shown through a greater number of wind-

down cases achieving residual drift within the threshold than equivalent models without wind-down. 

Figures 12 presents an example of improved residual displacement with the presence of wind-down. In 

total, an additional 7.7% of cases self-centered effectively with wind-down compared to without wind-

down. 

 

Figure 12. Displacement-time graph with no wind-down (left) and with wind-down (right) 

Loading regime frequency: The loading regime with 1f is associated with first mode of building’s 

behaviour, which typically has the largest contribution in the building’s seismic response. 0.75f takes 

into account the effect of sliding, where the natural frequency of a structure tends to be reduced. 0.75f, 

1f and 2f cases are considered to have the most significance in this application. All 0.75f and 1f cases 

produced residual drift values within +/- 0.14%, and all 1M_2f cases self-centered effectively. 

Regarding 2f and 4f cases, as seismic weight increased, the percentage of self-centering cases decreased. 

In particular, 4f models struggled to self-center with a drop from 76.5% of 2f cases to 27.9% of 4f cases 

meeting the threshold. In practice, the contribution of higher modes above 2f is likely to be very small.  

Seismic mass: Increased levels of seismic weight were investigated to determine their effect of higher 

levels on dynamic self-centering capability of lower levels. Residual drift generally increased with 

higher levels of seismic weight. The greatest difference was between 2M and 4M cases, with a drop in 

the number of self-centering cases by 17.6%. Figure 13 provides a comparison between the same case 

with 2M and 4M applied. The 2M case produces residual drift values that fall within the threshold for 

all springs with precompression. The 4M case is less consistent, with cases entering and exiting the 

threshold according to different levels of spring stiffness and pre-compression. 

 

Figure 13. Residual drift for 2M case (left) and 4M case (right) (dotted lines represents +/- 0.14% 

threshold) 

Spring stiffness: Increasing spring stiffness in the investigated range had a marginal effect on self-

Group 1M_0.75f 1M_1f 1M_2f 1M_4f 1.5M_0.75f 1.5M_1f 1.5M_2f 1.5M_4f 2M_0.75f 2M_1f 2M_2f 2M_4f 4M_0.75f 4M_1f 4M_2f 4M_4f Total

0P 4 4 4 0 4 4 0 0 4 4 3 1 4 4 0 1 41

25P 4 4 4 2 4 4 4 0 4 4 4 0 4 4 2 0 48

50P 4 4 4 3 4 4 4 1 4 4 4 2 4 4 3 0 53

75P 4 4 4 1 4 4 4 4 4 4 4 3 4 4 3 0 55
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centering capability. 10 models out of 17 self-centered effectively for no spring, 1S, 5S and 10S cases. 

The 15S case improved this value by 1, with 11 models achieving residual drift within +/- 0.14%. This 

difference is not conclusive enough to claim that increasing spring stiffness within the investigated range 

improves dynamic self-centering capability of the AFC. 

Spring pre-compression: Spring precompression had the most significant impact on the self-centering 

capability of the AFC. For most cases, any level of precompression: 25%, 50% or 75%, reduced residual 

drift to within the +/- 0.14% threshold. Figure 14 demonstrates a sample of the spring pre-compression 

effect on residual drift. It can be seen that previous to precompression, all cases lay outside of the 

threshold. Upon the application of 25%, 50% or 75% spring precompression, all cases self-centered 

effectively. The only exception to this observation was with regards to 4f and 4M cases, where some 

residual drift values were outside of the threshold. This may not be critical as 4M and 4f are cases that 

are unlikely to occur in reality, and were included in this investigation for completeness. 

 

Figure 14. Residual drift-spring pre-compression level graph 

7 CONCLUSIONS 

This paper presented the required characteristics of pre-compressed springs to make the AFC and SFC 

statically self-centre, followed by the result of non-linear time-history direct integration dynamic 

analysis of 1,088 conceptual SDOF AFC and SFC models to determine the effect of various parameters 

on the dynamic self-centering capability of the SFC and AFC, and hence the SHJ. 

The following conclusions can be drawn from this investigation: 

 Static requirements can be significantly relaxed to make a system dynamically self-center. 

Instead of static self-centering, the dynamic self-centering capability needs to be considered 

while investigating the self-centering capability of a seismic resisting system. 

 The presence of wind-down tends to aid self-centering. 

 Increased loading regime frequency to 2f and 4f, had a negative effect on self-centering 

capability. 

 Increased levels of contributing seismic mass – particularly to 4M, generally resulted in larger 

residual drift values. 

 Increased spring stiffness up to 15kN/mm had a negligible effect on the minimisation of residual 

drift. 

 The application of spring pre-compression of any level improved self-centering capability of 

the AFC for most cases. 

It must be noted that this is a SDOF study only. In practice, each level of the structure is linked to other 

levels with columns that are designed and detailed to be elastic and continuous. Taking these conditions 

into account is an ongoing next stage of the research. This is involving dynamic analysis of a complete 

multi-storey seismic resisting building allowing for the consideration of positively influential self-

centering factors such as column continuity and column base, beam, diaphragm, and AFC bolts 

flexibilities. 
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