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Abstract 
The Sliding Hinge Joint (SHJ) was conceived and initially developed by Charles 

Clifton from 1998 to 2005 and is now in use in over NZD 4 billion of new buildings. It is a 

low damage semi-rigid beam to column connection for MRSF seismic-resisting systems, 

that is intended to be rigid under serviceability conditions, become semi-rigid allowing 

column to beam relative rotation to occur in a severe earthquake and, at the end of the 

earthquake, seize up and become rigid again. A further desired criterion is that the MRSF 

has dynamic self-centring properties so that the post-earthquake residual drift of the 

building is sufficiently low not to require remedial straightening. 

Subsequent research under the supervision of Charles Clifton has shown that the 

post sliding strength and stiffness of the SHJ connection developed by Clifton is 

appreciably reduced, to the point where re-tightening or replacement of the bolts is likely 

to be necessary following a severe earthquake. This means the joint still falls short of 

meeting one of the key original low damage performance requirements of not requiring 

any structural intervention following a severe earthquake. Indications from research at the 

Universities of Auckland and Canterbury were that this loss of post sliding strength could 

be reduced with Belleville Springs, however these could reduce the self-centring ability of 

the MRSF. Determining the optimum combination of post sliding strength and stiffness 

retention and self-centring ability was not straight-forward and was the principal focus of 

this research project. Given the proven attractiveness of the SHJ to engineers and clients, 

this research work has been of high priority to generate the low damage performance from 

new SHJ systems that the profession and end-users have been expecting and which current 

systems will not fully deliver. 

This research has been undertaken into the highest priority areas identified for 

further development of the SHJ by previous and ongoing research as well as practical 

experience, which are as follows: 

• Proposing the methods of checking and preparing the HSFG bolts on site 

prior to installation as well as proposing a more accurate way of 

determining the part turn, to increase the reliability of the delivered 

installed bolt tension in comparison with the design installed bolt tension. 
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• Proposing a method of tensioning the installed bolts within their elastic 

range using Belleville Springs to provide an accurate measure of the 

installed tension. This makes it possible to install the bolts at any desirable 

elastic preload. 

• Proposing the optimum configuration of Belleville springs to maintain 

clamping force after active sliding. This may give better control of the 

frictional capacity and increase the residual joint strength.  

• Determining the bolt behaviour, sliding shear capacity, and hysteretic 

component force-displacement behaviour for the friction component with 

various options of Belleville springs, using a regime of real scale 

component testing. 

• Determining the residual friction component strength when Belleville 

springs are used. 

• Investigating the effects of the surface roughness, on the joint sliding 

behaviour to determine the optimum surface preparation level for the 

joint’s plies, and to reach to a more accurate coefficient of friction. 

• Investigating the possibility of using the Sliding Hinge Joint not only in dry 

internal environments as is recommended currently. 

• Determining the benefit of surface coating the shim plates using a 

commercial available Titanium Nitriding process to deposit a very hard 

coating on the steel shims that form one side of each sliding surface. 

• Investigating the behaviour of a shim-less Sliding Hinge Joint with an 

abrasion resistant cleat. 

• Investigating the behaviour of the Sliding Hinge Joint with abrasion 

resistant cleat and shims. 

• The AFC component tests on the MTS machine to establish the optimum 

level of installed bolt tension. 

• The SHJAFC component tests using customized Belleville springs to assess 

the efficiency of using customized Belleville springs in the SHJAFC. 

• Undertaking an analytical and numerical research on the use of linear 

springs such as Lurethane spring to establish the design of the linear 

springs, if they are possibly needed, to make the friction dampers statically 

and dynamically self centre. 
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1. Chapter 1 
Introduction 

1.1 Moment Resisting Frames (MRFs) 

Moment resisting frames (MRFs) are one of the most commonly used lateral force 

resisting systems for steel buildings. Steel MRFs typically consist of a simple rectangular 

arrangement of beams and columns, with the beams rigidly connected to the columns to 

permit transfer of moment. MRFs resist lateral loads through rigid frame action principally 

by the development of bending moment and shear force in the beams and columns. 

A key benefit of MRFs compared with braces or shear walls is their architectural 

versatility in providing maximum flexibility in space usage through their openness. The 

other benefit of MRFs is their high structural ductility capacity if are appropriately 

designed and detailed. On the other hand, a disadvantage of MRFs, compared to braced 

frames, is their lower stiffness, requiring larger members to satisfy specified drift limits. In 

a rigid framed MRF, stiffness and strength are coupled so that increasing the member sizes 

to control stiffness will also make the frames stronger than desired. This in turn will 

impose higher demands on the substructure/foundation system. 

Although steel MRFs have a history of good performance in past earthquakes, with 

few reported collapses and little loss of life related to these systems, their performance has 

not been entirely as expected in strong earthquakes. Fractures observed at welded moment 

connections in both the 1994 Northridge Earthquake [1] and the 1995 Kobe Earthquake 

[2] showed vulnerabilities in steel MRF systems. In the abovementioned earthquakes, 

many traditional rigid welded steel connections suffered unexpected fracture, mostly in the 

beam bottom flange to column flange welds, thus confirming the potential vulnerability of 

steel MRFs through connection failure. However, these partial failures did not lead to 

building collapse and demonstrated that semi-rigid MRFs, where the connections are 

weaker than the beams, can deliver satisfactory earthquake performance. 
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1.2 Improvements in steel MRFs’ seismic performance 

 The capacity design philosophy 

The experience of the 1994 Northridge Earthquake, followed by a similar 

experience in the 1995 Kobe Earthquake, showed a basic shortcoming in beam-to-column 

connections in steel MRFs [3] and led to the development of procedures to avoid weld 

failure in steel connections. These methods, such as the reduced beam section and bolted 

flange plate connections [4] are typically based on capacity design principles, where 

energy is dissipated through controlled damage in predefined plastic hinge locations 

without influencing the rest of the structural elements of the capacity-designed structural 

system. 

The capacity design philosophy was first proposed by professors R. Park and T. 

Paulay [5]. The concept of capacity design is comparable with the electrical wiring in a 

building. The electrical wiring is protected by a fuse “which is necessarily weaker than the 

wiring”, so that in case of an electrical overload, the fuse burns out before the wiring is 

damaged, hence the wiring is protected. 

In a seismic-resistant frame which is designed based on the capacity design 

philosophy, the designer must first choose the frame locations where yielding is intended 

to occur, i.e., the locations of plastic hinges “fuses” which in a rigid MRF are at the beam 

ends, and the other frame elements “columns and connections” are designed to develop the 

capacity design derived actions from the beams. In an earthquake, the plastic hinges limit 

the forces that can be transferred to the remainder of the frame, thereby suppressing 

inelastic demand in the remainder of the frame. The capacity design philosophy is 

intended to suppress yielding in regions other than the intended regions until the desired, 

stable, plastic collapse mechanism is developed. 

As an example, if a MRF is to develop a plastic mechanism with plastic hinges at 

the beam ends, it should be assured that the hinges actually form in the beam ends, and 

that all other frame elements (columns and connections) are designed to develop the 

overstrength capacity of the beams. Thus, the maximum realistic moment that can be 

generated at the end of a fully yielded and strain hardened beam should be determined at 

first. This provides a reasonable upper limit estimate of the maximum bending moment 

that can be developed at the beam ends, regardless of the intensity of the lateral 
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earthquake-induced forces on the frame. Next, the shear at the beam ends that is in 

equilibrium with the maximum end moments is then computed. These maximum beam 

end moments and shear forces are then considered to design the beam-to-column 

connections, joint panel, and column. Thus, the connections, joints, and columns are 

designed to resist the maximum forces that can be imparted on them by the yielded and 

strain hardened beams, i.e., they are designed to develop the capacity of the beams. 

Overstrength factors, OSFs, are necessary to be determined in the capacity design 

approach in which some ductile “primary” elements are permitted to yield, but other 

“protected” elements are prevented from yielding. These protected elements are generally 

designed for the maximum (or overstrength) force capacity which can be generated by the 

primary elements. Overstrength factors are multiplied by the specified or nominal primary 

element strength as part of determining the required strength of the protected elements. 

Despite being effective in providing safety and preventing collapse, the above-

mentioned capacity design based systems are usually associated with irrecoverable plastic 

deformation in the beams or joints. This can cause large economic losses both in the post-

disaster repair and downtime due to closure of the building [6].  

Additionally, because strength and stiffness are coupled in a rigid jointed MRF and 

the stiffness is often the governing factor for beam size selection, the frames can end up 

stronger than desired, which in turn puts large actions into the columns and foundation 

system, requiring increased costs of construction to avoid the risk of failures in the 

foundations. 

 Low damage steel MRFs 

To avoid the undesirable abovementioned economic effects of earthquakes, 

following recent damaging events, the global tendency has been moving toward the 

development and implementation of low damage seismic resisting systems. In addition to 

preventing building collapse, the aim is to make the building operational rapidly or, 

ideally, immediately after a major earthquake and to enable the fixing of any probable 

minor damage easily and cheaply.  

A number of low damage alternatives to plastic beam hinging in steel MRFs have 

been developed, all of which involve making the beam to column connections semi-rigid 

with the earthquake-induced rotation being accommodated within the connection. Such 



28 | P a g e  
 

systems include Rotational Slotted Bolted Connection using the symmetric friction 

connection [7], post-tensioned steel tendon systems [8], shape memory alloy systems [9], 

and the Sliding Hinge Joint connection using the Asymmetric Friction Connection [10] to 

minimise permanent deformation and residual drifts in buildings resulting from earthquake 

shaking. Low damage steel MRFs actually involve beam end connections providing 

nonlinear resistance that dissipate energy with negligible damage, while the structural 

members remain elastic. Beam stiffness and connection strength are decoupled meaning 

beams can be made stiffer to control lateral deflections without increasing the overstrength 

actions going into the columns. 

1.2.2.1 Rotational Slotted Bolted Connection: 

The slotted bolted connection (SBC) is a friction damper that dissipates energy 

through relative slip between the interfaces of bolted plates providing an inelastic and non-

linear behaviour whereby slip occurs at a predetermined friction force based on the level 

of clamping force and coefficient of friction. The SBC consists of the main plate (with 

slotted holes) sandwiched by two shims and two outer plates (with standard sized bolt 

holes) that are bolted together. 

Yang and Popov [7] proposed and tested a rotational beam-column moment-

resisting connection with SBCs in the top and bottom flanges of the beam. It was shown to 

provide ductility with limited degradation through sliding in the SBCs, but this system is 

expensive and difficult to be fabricated and erected. Additionally, the performance of the 

rotational SBC in the top flange is affected by the floor slab, meaning that lateral 

movement at floor slab level relative to the supporting column should be minimised in 

order to reduce the slab participation and slab damage from joint rotation. However, the 

Sliding Hinge Joint by Clifton [10] adopted the concept of pinning the beam to column at 

top flange, utilising the Asymmetric Friction Connection (AFC) at bottom flange and 

bottom web level instead of the SBC. The SHJ is described in section 1.2.6 and next 

chapters, and further development of this system is the focus of this PhD thesis. Figure 1.1 

shows the rotational SBC with symmetric sliding details. 
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Figure 1.1. The rotational slotted bolted connection (RSBC) layout [7] 

1.2.2.2 Post-tensioned (PT) systems: 

Post-tensioned (PT) steel tendon systems have been developed to provide low 

damage ductility and self-centering characteristics in steel MRFs. These systems involve 

compressing the beams into the columns with high strength steel tendons that are anchored 

to the exterior columns of the frame to develop joint moment capacity and act as the re-

centering element. Energy is dissipated through yielding of secondary elements such as 

angles or friction devices. When the moment in the beams exceed the resistance provided 

by the PT strands and energy dissipating devices, the joints rotate nonlinearly through gap-

opening between the beam-column interfaces, resulting in “expansion” of the frame. Upon 

removal of the applied moment, the tension in the strands close the gaps between the 

beam-column interfaces, and thus produce the ideal flag-shaped self-centering hysteresis 

curves and return the frame to its original plumb position. The ideal flag-shaped self-

centering hysteresis response of a self-centering system may be considered as the 

combination of the bi-linear elastic response and the elastoplastic response of the energy 

dissipating components as shown in Figure 1.2. 
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Figure 1.2.  Idealised flag-shape hysteresis response typically assumed for self-centering systems [11] 

Experimental studies described below have shown that in PT steel tendon systems, 

the joints provide stable, repeatable and predictable moment-rotational characteristics. The 

joint moment capacity and hysteretic behaviour is, however, adversely affected by the 

frame-slab interaction during gap opening, which causes unwanted additional strength, 

reduction in the self-centering characteristics and secondary damage to the connection 

elements. To mitigate these effects, a number of systems have been proposed and tested 

showing their effectiveness in isolating the floor slab during inelastic rotation of the joints. 

However, none of these methods are able to be used easily on large frames without 

introducing secondary damage or relying on assumed behaviour of the overall system that 

may be difficult to achieve in practice. 

Danner and Clifton [8] studied the feasibility of post-tensioning beams to the 

columns through a flush endplate connection, in which the end-plate does not extend 

above the beam flange, with conventional post-tensioning bars or with bars incorporating 

Ring Springs being inspired by the beam to column PRESSS system used in concrete 

structures [12] (Ring springs are friction damping springs consist of a set of inner and 

outer rings with tapered surfaces that slide during deformation).  These systems necessitate 

gap-opening at the beam-column interface during large storey drifts, resulting in severe 

damage to the overlaying floor slab. Thus, the ring spring option was recommended only 

to be used in the column bases. Herning, Garlock [13] have developed this concept further, 

with proposed detailing of the floor system to accommodate the gap opening, but they 

have not completely solved all the design and detailing issues associated with this form of 

construction yet, nor have they been tested with an integral floor slab cast in place. The 

deformed state of a post tensioned self-centering MRF connection at decompression, and 

the moment–rotation connection behaviour under seismic load, are seen in Figure 1.3. 
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Figure 1.3. Post tensioned self-centering MRF connection: (a) deformation at decompression; (b) 

idealized moment-rotation behaviour [13] 

1.2.2.3 Shape memory alloy systems: 

A number of researchers have proposed using the unique characteristic of shape 

memory alloys (SMAs) as part of a low damage system. These SMAs have the potential to 

recover large nonlinear deformations as generated by the earthquake through undergoing 

reversible micromechanical phase transition processes by changing their crystallographic 

structure [9]. SMAs exist in either the low-symmetry martensitic crystal structure below 

the martensite finish temperature (Mf), or the high-symmetry austenite crystal structure 

above the austenite finish temperature (Af). They exhibit thermomechanical properties 

where an increase in temperature is equivalent to a decrease in stress, which enables them 

to undergo phase transformation through the application of stress. 

When load is applied to austenitic SMAs, the strain increases linearly to the point 

where stressed-induced phase transformation from austenite to martensite occurs. Further 

deformation then takes place through phase transformation which also dissipates energy 

through hysteretic damping. Upon removal of the load, the SMAs revert to the austenite 

phase recovering strains of up to 8%. This is known as superelastic behaviour, which is 

suitable for use in seismic design as they provide both energy dissipation and self-

centering flag-shaped hysteresis loops (Figure 1.4). Below the (Mf) in the martensitic 

form, SMAs exhibit the shape memory effect (SME) where stress induced residual strains 

can be recovered through heating the material above the (Af) (Figure 1.5). 
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Figure 1.4. Superelasticity. At a constant high temperature the material is able to undergo large 

deformations with zero final permanent strain. Note the closed hysteresis loop. [9] 

 
Figure 1.5. Shape-memory effect. At the end of a loading-unloading path (ABC) performed at a 

constant low temperature, the material presents residual deformations (AC) which can be recovered 

through a thermal cycle (CDA). [9] 

Various beam-column connections using SMA bars to develop joint moment 

capacity, dissipate energy, and provide a re-centering property have been proposed, but the 

implementation has yet been limited by either the high cost and/or difficulties in 

machining and/or through the less than complete recovery of elongation and/or bar 

fracture in the prepared, threaded bars [6]. New forms of SMA are under development 

[14] which may offer better solutions for application in low damage systems as bolts and 

rods. 

1.2.2.4 The Sliding Hinge Joint connection (SHJ) 

The Sliding Hinge Joint (SHJ) is a low-damage beam-column connection 

developed by Clifton [10] used in steel moment-resisting frames. It allows large beam-

column rotation with minimal damage through sliding in the asymmetric friction 

connections (AFCs) that are located at the web bottom bolt and bottom flange level, as 

shown in Figure 1.6. The SHJ is ideally intended to be rigid under serviceability limit state 
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(SLS) conditions, become semi-rigid allowing column to beam rotation to occur in a major 

ultimate limit state (ULS) earthquake and, at the end of the earthquake, seize up and 

become rigid again. 

  

    a)                                                                        b) 

 

c)                                                                    d) 

Figure 1.6. The sliding hinge joint (SHJ) views (a) front (b) beam cross sectional, (c) back, and (d) 3D 

When subjected to an increasing bending moment, the SHJ initially behaves like a 

rigid connection, until the moment in the beam overcomes the frictional resistance of the 

bottom web and bottom flange AFCs. When this occurs, the beam rotates about the top 

flange plate (relative to the column) through sliding in the AFCs while dissipating energy 

through friction. The rotation about the top flange plate effectively isolates the floor slab 

limiting additional demands to the beam, column, and slab under large nonlinear rotations. 

The SHJ decouples joint strength and stiffness, limits inelastic demands in the beams and 

columns, and confines yielding to the bolts, in which the latter has been intended to be 

improved or ideally avoided by the current research. 

Khoo [6] suggested using the ring springs at the bottom of selected joints in a 

building helping the whole structure to be self-centered. However, this is costly and 
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creates the architectural limitations. An appropriate approach to evaluate and increase the 

self-centring capability of the whole building, if there is a need to increase, could be the 

followings. 

• Designing base of the continuous column in the elastic range. 

• Incorporating the effect of floor slab. 

• Incorporating the effect of non-structural elements. 

• Introducing an additional spring-type device “Lurethane spring” to the SHJ to 

develop a Self Centering Sliding Hinge Joint (SCSHJ) with Lurethane Springs. 

It is worth noting that out of plane flexibility of the floor slab as well as in plane 

flexibility of the non-structural elements, such as walls, have an influence on the dynamic 

characteristics of the building, as they tend to improve the self centering characteristics. 

This is mentioned also in sections 9.8 and 10.3. 

1.2.2.4.1 The Asymmetric Friction Connection in the SHJ 

At the onset of sliding, the SHJ moment-rotational behaviour is dependent on the 

AFC sliding characteristics. The configuration of the AFC in the beam bottom flange is 

shown in Figure 1.7(a). It consists of five components, including the beam bottom flange, 

bottom flange plate (cleat), cap plate, and two shims all clamped by the pre tensioned 

bolts. 

The cleat is sandwiched between the beam bottom flange and cap plate, with shims 

in between. The web plate AFC similarly consists of the web plate sandwiched by the 

beam web and cap plate, with shims in between. The cleat and web plate have elongated 

holes to allow sliding, with standard sized bolt holes in the beam flange, cap plate, and 

shims. Based on the design procedure that has been developed for the SHJ prior to the 

current research, the five plates are bolted with high strength Property Class 8.8 bolts, 

which are fully tensioned at installation (i.e. yielded) with the turn-of-nut method in 

accordance to the New Zealand Steel Structures Standard, NZS 3404 [15].  

The AFC has two sliding surfaces. The first is the bottom flange/web plate and the 

upper/inner shim interface, and the second is the bottom flange/web plate and the 

lower/outer shim plate interface. The rotational behaviour of the SHJ is dependent on the 

two sliding surfaces of the AFC. The idealised force-displacement behaviour of the AFC, 



35 | P a g e  
 

which is schematically the same as the idealized moment-relative rotation behaviour of the 

SHJ, is shown in Figure 1.7(b). 

 

Figure 1.7. (a) AFC in the bottom flange plate and (b) AFC idealised force-displacement behaviour 

[16] 

When the force overcomes the frictional resistance of the first sliding surface, this 

surface starts to slide (i.e. beam moving relative to the bottom flange/web plate), while the 

cap plate remains fixed to the bottom flange/web plate (shown as B). After a very short 

time or distance of movement along the first sliding surface, the cap plate also starts to 

move relative to the bottom flange/web plate, i.e. becomes fixed in position relative to the 

beam. From this point onwards for that direction of rotation, the bottom flange/web plate 

slides between two sliding surfaces, which doubles the sliding shear developed by the 

AFC (shown as C). At this stage, the bolts are in the double curvature state. Under load 

removal, the AFC retains its maximum displacement, and under load reversal shows a 

slightly lower stiffness than its initial stiffness. The sliding then occurs on the first 

interface (shown as D) followed by the second interface (shown as E) pushing the bolts 

again into double curvature but in the opposite direction. This gives the SHJ a “pinched” 

hysteretic behaviour, which is desirable for self-centering of the system, but on the other 

hand the AFC sliding mechanism is not desirable for the post-earthquake retention of 

elastic strength (the force threshold at which the AFC starts to slide) of the SHJ, which has 

been a main focus of this PhD research and is discussed onward. 

The elongated holes in the horizontal direction are sufficient for the SHJ beam 

bottom flange, however may not potentially be sufficient for the web connection. Slotted 

holes might be needed also in vertical direction to allow vertical displacements of web 

bolts resulting from their horizontal distance from the centre of rotation. This issue can be 

easily solved, if there is essentially a need, by having slightly higher clearance for the 

slotted hole in the web bottom bolts level. Considering a 530UB82 beam connected to a 
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column using a typical SHJ, the lever arm from the web bottom bolts level to the point of 

rotation may be 423+(25/2)=435.5mm. In case of experiencing a large beam-column 

relative rotation of 0.03 rad, the horizontal and vertical travel of a point on web bottom 

bolts level would be 13.06 mm and 0.2 mm respectively. The current recommended 

clearance is 2mm which will easily accommodate the 0.2mm vertical displacement. 

The original form of the SHJ connection developed by Clifton [10] used brass 

shims. Further development work has been undertaken by Khoo, Clifton [17] led to the 

replacement of the brass shims by high hardness steel shims. The difference in hardness of 

the cleat and shims minimises adhesive wear on the shims having harder surfaces, which 

in turn minimises abrasive wear on both surfaces. It also allows harder wear particles to 

embed into the softer surface which minimises wear on both surfaces [6]. Additionally, the 

high hardness steel shims produce stable, predictable, and repeatable AFC sliding 

characteristics with a low increase in strength over time enabling not to necessarily 

increase the overstrength factor, alongside a number of other design and practical benefits 

they provide [6]. 

1.2.2.4.2 The plastic theory based bolt model in the AFC 

The AFC bolts are subjected to a moment, shear, and axial force (MVP) interaction 

from bending in double curvature during joint sliding. The ideal bolt deformation, bearing 

areas on the bolt shank and/or thread, and the related bolt moment diagram are shown in 

Figure 1.8. 

 

Figure 1.8. AFC idealised bolt deformation, external forces, and bending moment distribution [18] 

Clifton [10] initially proposed a plastic theory based mathematical bolt model to 

predict the sliding shear capacity (VSS) which is defined as the amount of the shear force 

per bolt required to initiate a stable level of sliding in the AFC. The bolt model was then 

modified by MacRae, Clifton [18] then further by Yeung, Zhou [19] to give the current 

model which is presented in the equations 1-6. 
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where: 𝑀𝑀∗=bolt moment demand; 𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟,𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎=bolt moment capacity at the shank 

considering axial force interaction; 𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟,𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑=bolt moment capacity at the threads 

considering axial force interaction; 𝑉𝑉∗ =bolt shear demand; 𝑉𝑉𝑟𝑟𝑟𝑟,𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎=bolt shear capacity 

at the shank considering no axial force interaction; 𝑉𝑉𝑟𝑟𝑟𝑟,𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑= bolt shear capacity at the 

threads considering no axial force interaction; 𝑟𝑟𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎=nominal 

diameter; 𝑟𝑟𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑=threaded area effective diameter; N=stable sliding bolt tension; l=lever 

arm between points of bearing on bolt; µ=coefficient of friction between sliding surfaces; 

𝐼𝐼𝑢𝑢𝑟𝑟=average ultimate tensile stress of the bolt; c=constant taken as 1 or 2, without or with 

Belleville springs; 𝑆𝑆𝑟𝑟𝑟𝑟,𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎=plastic section modulus of the shank diameter; 

𝑆𝑆𝑟𝑟𝑟𝑟,𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑=plastic section modulus of the threaded area effective diameter; Ntf = nominal 

tension capacity of the bolt. 

Table 1.1 shows the values of the bolt proof load (the greatest load that can be 

applied to a bolt without straining the bolt beyond the elastic limit), stable sliding bolt 

tension (N), and the sliding shear capacity (𝑉𝑉𝑠𝑠𝑠𝑠) for different configurations of the AFC 

with and without Belleville springs. The results are based on solving the equations 1-6 

using MATLAB codes written by this PhD thesis author in which the coefficient of 

friction (µ) and the lever arm (l) are considered as [0.40] and [(cleat thickness)+(2×shim 

thickness)] respectively as suggested by Khoo, Clifton [16]. Shim thickness is 5mm. The 

average ultimate tensile stress of bolts (𝐼𝐼𝑢𝑢𝑟𝑟) is considered “1.12×830=930 MPa” where 

1.12 is the ratio of average to nominal strengths [10]. Because of this use of the average 

ultimate tensile strength of the bolts, the results are given the subscript av in Table 1.1. 

The table is also based on one contact surface being at the shank and one at the threads, 

which will be the case for almost all applications in practice. 
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Table 1.1. Results of solving the equations 1-6 for different AFC configurations 

Bolt 𝒅𝒅𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒅𝒅 

(mm) 

Cleat 
thickness 

(mm) 

Bolt proof 
load 

(kN) 

Without Belleville 
springs 

With Belleville 
springs 

Nav 

(kN) 

𝑽𝑽𝒔𝒔𝒔𝒔,𝒕𝒕𝒂𝒂 

(kN) 

Nav 

(kN) 

𝑽𝑽𝒔𝒔𝒔𝒔,𝒕𝒕𝒂𝒂 

(kN) 

 

M16 

 

14.14 

12  

91.1 

50.75 40.60 60.49 48.39 

16 46.78 37.42 55.85 44.68 

20 43.43 34.75 51.87 41.49 

 

M20 

 

17.66 

12  

147 

87.62 70.1 103.92 83.13 

16 81.33 65.07 96.84 77.47 

20 75.99 60.79 90.67 72.54 

 

M24 

 

21.2 

12  

211.8 

136.12 108.89 160.49 128.39 

16 127.05 101.64 150.62 120.50 

20 119.28 95.43 141.92 113.54 

M30 26.73 20 336.6 207.06 165.65 244.94 195.96 

25 193.88 155.11 230.38 184.31 

1.2.2.4.3 Loss of the AFC bolt tension and its effects on the post-earthquake joint 

behaviour 

Experimental testing had also shown that the post-sliding behaviour of the SHJ is 

significantly different from its pre sliding behaviour [6, 10]. During sliding, the bolts lose 

some of their installed tension, causing the point at which the joint commences to slide on 

subsequent cycles of deformation to reduce after severe earthquake induced sliding. This 

is discussed in details in chapters 3 and 4. The key reasons behind this bolt tension loss are 

as follows: 

• When the joint starts to slide, the moment and shear in the bolt combine with the high 

axial force and further plasticize the bolt, which has already been tightened into the 

plastic range. The prying of the cleat can also potentially over stretch and plasticize the 

bolts. 

• Due to the very high clamping force, very high localized bearing stress makes the 

whole plates and shims thinner which also drops the bolts out of the plastic range 

tension. This can be because of the change of the contact points’ locations on the 

sliding surfaces and the abrasion of the sliding surfaces. 
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Experimental tests have confirmed that once the joint is forced into the sliding 

state, the AFC bolts lose installed tension and this is associated with a decrease in the VSS 

[19]. This can be seen also in Table 1.1 which shows that even the stable sliding bolts’ 

tensions, which are higher than the bolts’ tensions in the straight (not double curvature) 

state, are appreciably lower than their proof loads. 

Thus, to restore the joint to its pre-earthquake condition, the bolts will need 

replacing and retightening, depending on the magnitude of sliding that has occurred. This 

will impose the post-earthquake restoration costs and is highly desirable and beneficial to 

be avoided. A remedy to this shortcoming could be using Belleville springs in the SHJ’s 

AFCs to help the bolts to retain their installed tension, along with modifications to the 

connection to reduce the prying effects. These have been the main focus of this PhD 

research. 

1.2.2.4.4 Using Belleville springs in the AFC 

Belleville springs, known also as “disc springs, Belleville washers, and conical 

compression washers” are truncated conical washer-type elements of very high strength 

steel that compress elastically to a flat disk under a closely defined level of force [20]. 

When the AFC bolt is subject to stress relaxation due to creep in service, or, more 

significantly, stress reduction during sliding due to being plastically stretched and/or 

becoming shorter due to the cumulative thickness of the  plates and shims decreasing, The 

Belleville spring pushes out to maintain most of the installed level of tension. This is 

mathematically formulated in chapter 3. 

A typical Belleville spring shape and dimensions is shown in Figure 1.9 where: 

S=thickness; d=inside diameter; D=outside diameter; h+S=overall height; h=maximum 

deflection. Belleville springs can be assembled in various ways, as demonstrated in Figure 

1.10, to generate elastically compressible spring elements with varying strength and 

stiffness. They come in a wide range of rated strength and sizes and are similar size to 

standard washers so can be used in conventional layout bolted connections. 
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Figure 1.9. A typical Belleville spring design 

 

Figure 1.10. Various configurations of Belleville springs 

Figure 1.11 demonstrates the bolt tension loss during a displacement controlled 

finite element modelling on the SHJ moving the cleat relative to the beam flange [10]. 

During sliding in the positive and negative directions, the bolt losses a considerable 

amount of its installed tension which was slightly under 350kN, until it reaches the stable 

sliding tension which is slightly above 175kN. 

 

Figure 1.11. Bolt tension vs relative slip between beam flange and cleat [10] 

The aim of the current research was, ideally, to prevent any loss of the AFC bolt 

tension during sliding and to get as close to that condition as practicable. An approach to 

achieve this could be to install the bolts initially in the elastic range, as well as using the 

Belleville springs to compensate any probable loss of the bolt tension. One of the 
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requirements then could be choosing the type and number of Belleville springs along with 

the method of installing them. Supposing that n is the number of Belleville springs in flat 

parallel stacking configuration, needed to generate a force equal to the designed installed 

bolt tension N, the Equations 7-11 could be a primary guide to calculate the amount of 

turn “rotation” of the wrench “or nut” needed to just flatten the Belleville washers from 

the uncompressed state [21]. The method of tightening has been established in this PhD 

research presented in chapter 6. 

 

𝑎𝑎 = 𝜇𝜇
𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵×ℎ

                                                                                                                         (7) 

𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 = 𝐴𝐴𝐴𝐴
𝐿𝐿

                                                                                                              (8) 

∆𝑟𝑟= 𝜇𝜇
𝐾𝐾𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡

= 𝜇𝜇𝐿𝐿
𝐴𝐴𝐴𝐴

                                                                                                       (9) 

∆𝑡𝑡= ∆𝑟𝑟 + ℎ                                                                                                          (10) 

𝑅𝑅 = ∆𝑡𝑡
𝑃𝑃

× 2𝜋𝜋                                                                                                         (11) 

Where 

𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 = stiffness of each Belleville spring, 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 = longitudinal stiffness of the bolt, 

h = maximum deflection of each Belleville spring shown in Figure 1.9, A = equivalent 

cross sectional area of the bolt, E = elastic modulus of the bolt material, ∆𝑟𝑟 = elongation of 

the bolt due to the force N, ∆𝑡𝑡 = total vertical displacement of the nut necessary to just 

flatten the stack of Belleville springs, R = amount of rotation of the nut in radians to just 

flatten the stack of Belleville springs, P = pitch of the bolt threads, L = effective length of 

the bolt=[beam flange thickness+cleat thickness+cap plate thickness+(2×shim 

thickness)+hardened washer thickness+(n×S) +(0.5×nut height)]. 

The equations 7-11 are based on the following assumptions: 

• The load-deflection curve of the Belleville spring is a straight line “linear”. 

This is correct for most of the Belleville springs. However, some of the 

Belleville springs have bilinear load-deflection curve which is linear up to 

about 80-90% of the flat load, and after that point the load increases 

progressively as the spring begins to bottom out (roll on) [20, 22]. This can be 

because the Belleville springs roll on when they reach 80-90% of the maximum 

deflection, the lever arm of the bending force which is acting on the Belleville 



42 | P a g e  
 

springs’ edge from the underneath plate suddenly decreases and requests much 

higher imposing force to flatten the spring. 

• The bolt is considered as a spring having a longitudinal stiffness. The bolt is 

initially considered simply as two springs in series i.e. shank and threaded part, 

to calculate the equivalent cross sectional area of the bolt and then to be used in 

equations 8-9. A detailed mathematical methodology to calculate bolt 

longitudinal stiffness is presented in chapter 3. 

• By turning the nut, the bolt thread can perfectly stretch the bolt. 

If the bolts are initially installed with Belleville springs in the elastic range, they 

are expected not to lose much of this tension during sliding in a severe earthquake, 

especially if the influence of prying is minimised. This is because they are under an 

installed tension force which is less than the proof load and not the very large initial 

tension force associated with the part turn method which would cause a severe MVP 

interaction and lead to the rapid drop in bolt tension shown in Figure 1.11. Additionally, 

any reduction in tension due to a stress relaxation and/or decrease in the effective bolt 

length will be compensated for by the elastic stored energy of the Belleville springs. Thus, 

it was expected that the AFC, and as a result the SHJ, would show the same or very 

similar behaviour after the earthquake as before the earthquake without any considerable 

changes in their stiffness and hysteresis curve. It was also found [6] that Belleville Springs 

have the potential to reduce variability in sliding shear capacity (VSS) due to their ability 

to control, retain and moderate bolt tension, as the VSS is a function of the stable sliding 

bolt tension (N) and the coefficient of friction between the sliding surfaces (µ) as 

determined from the bolt model and which the former is less than the proof load, however 

this research, as with that of Clifton [10], involved conventional Belleville Springs in 

conjunction with bolts tightened into the plastic range during installation. 

Consequently, the AFC with Belleville Springs could potentially meet the original 

objective of the SHJ, which is to return to effectively rigid following a major earthquake 

with sufficient residual joint strength that enables it to be rigid in a subsequent 

serviceability limit state event. However, beside the beneficial aspects of using Belleville 

springs in the AFC, there was an important possible disadvantage that had to be 

considered. The idealized hysteresis curve of the AFC without Belleville springs is closer 

to the flag shaped hysteresis curve which would provide for dynamic self-centering 

capability for the SHJ.  Using Belleville springs in the AFC was initially expected to 
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potentially provide a closer to square hysteresis curve for the AFC, which can negatively 

affect the self-centring capability of the SHJ. The aim of this research was to investigate 

this effect and reach an optimum balance between the two abovementioned characteristics 

i.e. post-earthquake strength and self-centering capability of the SHJ and to look to the 

influence of other elements in the system to generate the self centering ability. However, 

this PhD research showed that the optimum design and use of Belleville springs can 

provide even closer to the flag shape hysteresis loop for the SHJ having a smoother 

transition from sliding in one interface to both interfaces. 

1.3 Objectives and scope of the PhD research and the thesis 

outline 

The overall objective of this research is to enhance the seismic behaviour of the 

sliding hinge join, minimize the post-earthquake loss of its strength, and to remove the 

uncertainties regarding the design and construction of the seismic friction dampers. The 

specific research objectives and undertaken steps which are presented in the thesis 

chapters are as follows: 

Chapter 2: The High Strength Friction Grip (HSFG) Bolts: Proposed Changes on 

Australia and New Zealand Standards and Bolting Practice 

Based on the undertaken analytical and extensive experimental research, concerns 

regarding the bolting standards and practice are raised and discussed. Recommendations 

regarding the HSFG bolting practice in Australia and New Zealand, to increase the 

reliability of the bolted connections, are made including the pre installation checks and 

preparations, the more accurate way of determining the part turn, and considerations 

during installation. The HSFG bolts are a key component of the friction dampers 

providing the clamping force. Proposed additions and changes are for three Australia and 

New Zealand Steel Structures Standards (NZS3404, AS/NZS1252, and AS/NZS 5131). 

They have been already implemented in 2016 editions of the latter two standards. 

Chapter 3: Stiffness-Based Approach for Belleville Springs use in Friction Sliding 

Structural Connections 

In this chapter, the reasons for the AFC bolt tension loss are discussed, and 

solutions to prevent this bolt tension loss, including the optimum use of Belleville springs 
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(BeSs) and installing the bolts within the elastic range, are proposed. This chapter 

analytically shows that these solutions can generate significantly improved retention of 

AFC bolt tension, improved AFC sliding behaviour, higher displacement capacity to 

accommodate prying effects, and better AFC self-centring characteristics. Examples of 

AFC bolt installation within elastic range and tension loss with and without BeSs are 

provided. Similar models are developed for symmetric friction connections (SFCs) and 

compares differences in behaviour. 

Chapter 4: Experimental Studies on Belleville Springs use in the Sliding Hinge 

Joint Connection 

This chapter describes nine real-scale SHJ’s AFC component tests at quasi-static 

and dynamic rates of displacement controlled loading, with bolts either tightened in the 

elastic range using no BeSs as well as with four different configurations of BeSs which are 

deliberately not fully deflected at installation, to avoid the system self-centering capability 

deterioration and to minimize the additional imposed tension on the AFC bolts during 

stable sliding. It is concluded that using partially deflected BeSs with sufficient axial 

deformation to reach the installed bolt tension, with these being installed at both head and 

nut sides of the AFC bolts, will reduce the post-sliding clamping force loss, improve the 

self-centering capability, increase the system coefficient of friction, reduce the additional 

imposed tension on the AFC bolts during stable sliding due to prying actions and/or MVP 

interactions, and reduce the severity of the sliding surfaces’ wearing. 

Chapter 5: Experimental Studies on the Asymmetric Friction Connection (AFC) 

Optimum Installed Bolt Tension and Influence of the Customized Belleville Spring in 

Retaining the Bolt Tension 

This chapter presents the results of a set of ten real-scale experimental tests on the 

MTS AFC test setup on a range of the installed bolt tension all in the bolts elastic range, to 

reach the optimum value. This optimum bolt tension is recommended in this chapter. 

Customized Belleville Springs have also been tested and showed excellent performance in 

retaining the bolt tension following severe events. 

Chapter 6: Establishing the Method of Bolt Tightening with Belleville Springs in 

the Elastic Range of the Bolt Preload 
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Establishing a feasible and reliable method of bolt tightening with BeSs in the 

elastic range of the bolt preload, was the main goal of the research explained in this 

chapter. 

Chapter 7: Influence of the Surface Roughness on the AFC Sliding Behaviour 

This chapter presents the results of fifteen real-scale experimental tests examining 

the effects on the seismic behaviour of the AFC due to; different commonly available 

surface preparation treatments as well as mild surface rust on the sliding surfaces. It was 

found that there is a relationship between surface roughness and coefficient of friction 

(CoF) and bolt tension loss. The optimum surface preparation is recommended for future 

use to give the best compromise between maximizing strength and stiffness and 

minimizing bolt tension loss. Mild surface rust showed an increase in strength and no loss 

of stability or repeatability. Therefore no special protection is required if the joint is 

located in a dry internal environment, and the plates do not need to be replaced following 

an ultimate limit state (ULS) or stronger seismic event. 

Chapter 8: Experimental Studies on three new potential Asymmetric Friction 

Connection (AFC) ply configuration, surface condition, and material 

The research presented in this chapter aimed at investigating the possibility of 

minimizing the AFC sliding surfaces’ degradation using Titanium Nitride (TiN) coated 

shims or abrasion resistant steel shims and cleat. One set of tests also was performed to 

investigate the behaviour of the AFC with abrasion resistant cleat and no shims to 

potentially decrease the construction cost while maintaining the AFC seismic behaviour. 

The chapter explains the seven real-scale experimental tests on the AFC performance with 

abrasion resistant cleat and no shims, Titanium Nitride (TiN) coated shims, and abrasion 

resistant shims and cleat along with the significance of the results. 

Chapter 9: Self-Centering Capability of the Seismic Friction Dampers: A 

Conceptual Study on the Static and Dynamic Self-Centering Requirements for the Single 

Degree of Freedom (SDOF) Asymmetric and Symmetric Friction Connections (AFC and 

SFC) 

One of concerns expressed about the use of the 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 
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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 chapter 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 chapter discusses the significant 

difference between the self-centering capability of these systems in static and dynamic 

conditions. 

Chapter 10: Ongoing Research 

This chapter presents the ongoing research being undertaken or intended to be 

undertaken by the PhD student and the PhD supervisor. 
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2 Chapter 2 
The High Strength Friction Grip 

(HSFG) bolts: Proposed Changes on 
Australia and New Zealand Standards 
and Bolting Practice 

2.1 Introduction 

Bolts are one of two principal types of fasteners widely used in current 

construction of steel structures. The other type is welds. While welds are usually preferred 

to be used in the shop portion of the fabrication procedure, using specialized equipment 

and skilled operators and inspectors, bolts are preferred to be used on site. This is because; 

bolts are manufactured items, can be installed using simple equipment, are independent of 

the weather and can be installed and inspected by people with a small amount of training 

to generate simple to rigid connections on site. However, design and specification of a 

bolted joint requires the structural designer to select the type of fasteners, understand how 

they are supposed to be used, and to recommend the appropriate methods of installation 

and inspection. On the other hand, for welded joints, the structural designer only requires 

to select a standardized specification, technique of inspection, and acceptance criteria, or 

soliciting the expertise of a specialist [23]. As a result, the structural designers need to 

know more about the bolts than about welds. 

There are two types of bolts, namely the common bolts (ordinary or machine or 

rough bolts) and the high strength structural bolts; this chapter deals only with the latter. 

Traditionally, bolts made of mild steel were used occasionally in the early days of steel 

structures, while rivets were the principal fastener. Batho and Bateman [24] first suggested 

that high-strength bolts can be used. They found that bolts having a yield strength of at 

least 372MPa can be pre-tensioned sufficiently to prevent slip of connected material. 

Another early study [25] showed that pre-tensioned high-strength bolted joints have a 

fatigue life at least as good as that of the riveted joints. 
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The High Strength Friction Grip (HSFG) property class 8.8 bolts are widely being 

used in steel structures construction. A common application of the HSFG 8.8 bolts is to 

provide the friction-type (or slip-critical) connections with the required clamping force to 

satisfy the design provisions under the serviceability and ultimate limit state earthquakes 

(SLS and ULS). The use of friction-type connections in the earthquake resistant buildings 

is growing as the key energy dissipating components for the low damage structural 

systems such as the Asymmetric Friction Connection (AFC) in the Sliding Hinge Joint 

(SHJ) [10]. 

2.2 Importance of the bolt tension in friction-type connections 

According to the New Zealand Steel Structures Standard, NZS 3404 [15], the 

friction-type connection is defined as a “connection effected using high-strength bolts 

tightened to induce a specified minimum bolt tension, such that the resultant clamping 

action transfers the design shear forces at the serviceability limit state acting in the place 

of the common contact surfaces by the friction developed between the contact surfaces”. 

The nominal shear capacity of a friction-type connection per bolt (𝑉𝑉𝑠𝑠𝑟𝑟) used to design the 

connection under the SLS loading is calculated by the equation 1 below, from Clause 

9.3.3.1 of NZS 3404 [15]. 

h
K

ti
N

ei
n

ssf
V µ=  (1) 

Where:
s

µ = [minimum] slip factor which shall be taken as 0.35 or be based upon 

test evidence; 
ei

n =number of effective interfaces; 
ti

N =minimum bolt tension at 

installation explained in section 2.3; 
h

K =factor for different hole type taken as 1.0, 0.85, 

and 0.7 for standard, short slotted and oversize, and long slotted holes respectively. 

Thus a bolt which is intended to be designed only to satisfy a design shear force 

demand (𝑉𝑉𝑠𝑠𝑟𝑟∗ ) in the plane of the interface under SLS condition shall satisfy the equation 2 

below: 

sf
VsfV φ≤*  (2) 

Where φ  is the strength reduction factor determined by NZS 3404 [15] as 0.7. 
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Equations 1 and 2 show that the friction-type connection’s design shear force 

capacity per bolt under the SLS loading is directly related to the minimum bolt tension 

(𝜇𝜇𝑡𝑡𝑖𝑖) at installation as well as the slip factor. The slip factor value may itself be influenced 

by the bolt tension too, as the bolt tension provides the clamping force of the connection 

plies which influences the nature of the contact across the surfaces. Note also that the slip 

factor used is the minimum static slip factor before the commencement of sliding. 

According to NZS 3404 , the design for shear resistance of a friction-type 

connection component for the ULS case shall also be separately assessed based on the 

tension bearing (TB) mode taking the bolt shear and tension interaction into account. 

However, this is not applicable to the seismic friction sliding connection components in 

which the component must generate slip in the stable sliding condition. This slip is directly 

influenced by the bolt tension too. Consequently the bolt tension is an important 

influential parameter of the friction-type connections design procedure and behaviour. 

2.3 Existing NZS3404 recommended part turn method of 

tightening 

According to NZS3404 [15], the HSFG property class 8.8 bolts, when installed in 

the Tension Bearing (TB) and/or Tension Friction (TF) bolt modes, must be installed 

based on the part-turn method of tightening or using a direct-tension indication device, to 

be fully tensioned i.e. reaching the minimum proof load. The TF bolt mode guarantees the 

joint to remain rigid under a defined level of loading in the operating condition and thus is 

a Serviceability Limit State (SLS) design, rather than design for Ultimate Limit State 

(ULS) loading. The TB bolt mode is for ULS design and makes the joint very likely to 

remain rigid under both SLS and ULS loading, however the joint may slip if overloaded 

e.g. by a severe earthquake. Those friction-type connections that are expected to undergo 

stable friction sliding e.g. the Asymmetric Friction Connection (AFC) in the Sliding Hinge 

Joint (SHJ), should be designed based on the TF mode and stable sliding shear capacity 

for the SLS and ULS respectively. It is worth noting that according to NZS3404 the 

methods of bolt tensioning are 1) snug tight and 2) full tensioning, and the design criteria 

to transfer the shear force are 1) tension bearing (TB) and 2) tension friction (TF). Only 

TB, and not TF, mode of shear force transfer must be considered to design the bolted 

connections for ULS condition, regardless the SLS considered design criteria being TB or 
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TF. In any case, it is very likely that the joint remains rigid under SLS and ULS 

conditions. This is because the method of tightening for both TB and TF modes must be 

full tensioning, using PC8.8 bolts, which generates a high clamping force. For the TF 

mode this is guaranteed to have a rigid joint under SLS condition, but for TB mode there 

is no guarantee. As for the ULS also there is no guarantee to have a rigid joint, but it is 

expected that the joint likely remains rigid at ULS load and below that. 

The part-turn method of tightening first requires bolt tightening to snug tight, 

intended to bring all plies into direct contact, followed by rotating the item to be turned 

(typically the nut) by a specific amount i.e. part-turn to ensure reaching the code specified 

minimum bolt tension. The minimum bolt tension at installation is specified in [15] and is 

approximately equivalent to the minimum proof load given in AS/NZS1252 [26] (Table 

2.1). 

Table 2.1. Minimum bolt tension for HSFG property class 8.8 bolts to NZS3404 [15] & AS/NZS1252 

[26] 

Nominal bolt diameter (mm) Minimum bolt tension, (kN) 

M16 
M20 
M22 
M24 
M30 
M36 

95 
145 
180 
210 
335 
490 

The part-turn is identified by NZS3404 [15] with respect to the bolt length-to-

diameter ratio and contact angle of the outer faces of the bolted parts. Table 2.2 shows the 

NZS3404 [15] specified part-turn to fully tension the HSFG property class 8.8 bolts. 

Additional notes to table 2.2 are given in [15]. 
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Table 2.2. Nut rotation from the snug-tight condition to fully tension HSFG property class 8.8 bolts to 

NZS3404 [15] 

Bolt length (Underside of 
head to end of bolt) 

Disposition of outer face of bolted parts 

Both faces 
normal to bolt 

axis 

Once face normal 
to bolt axis and 

other sloped 

Both faces 
sloped 

Up to and including 
4 diameters 1/3 turn 1/2 turn 2/3 turn 

Over 4 diameters but not 
exceeding 8 diameters 1/2 turn 2/3 turn 5/6 turn 

Over 8 diameters but not 
exceeding 12 diameters 2/3 turn 5/6 turn 1 turn 

There are two other requirements identified by NZS3404 [15] for bolting. One is 

the projection of all types of bolt from the nut face to be one clear thread following 

tightening. This provision intends to ensure the full thread engagement over the total nut 

depth. This is accepted practice for snug-tight bolting categories, but is of critical 

importance for tensioned bolting categories (8.8/TF and 8.8/TB), where the achievement 

of the specified initial bolt tension necessitates the full thread engagement. The other 

requirement is the minimum number of clear threads run out beneath the nut after 

tightening for fully tensioned HSFG bolts. This requires the existence of five, seven, or ten 

free threads under the nut loaded face with respect to different bolt length-to-diameter 

ratios and is based on avoiding excessive plastic strain demand in threaded region of the 

grip length when the bolt is fully tensioned. 

2.4 Bolt Fracture and variable installed tension observed in the 

bolt tightening research 

Ramhormozian, Clifton [27] observed a larger than expected variability in the 

HSFG property class 8.8 installed bolt tension during the first round of the bolt tightening 

tests of the Sliding hinge joint asymmetric friction connection (SHJAFC) with and without 

Belleville Springs. They also observed a few unexpected bolt fractures, during tightening, 

at a measured tension far below the yielding point e.g. 50% of the bolt proof load. The test 

setup, procedure, and results are explained below: 



52 | P a g e  
 

 Bolt tightening test setup and measurements from Supplier A 

A test set up was designed for the bolt tightening tests incorporating five plates 

with four normal or slotted holes “simulating the plies in a sliding hinge joint (SHJ)”. It 

was clamped by a vice to a solid bench (Figure 2.1) for support. The plates are 

representing a 16mm thick mild steel cap plate with normal holes, a 5mm thick high 

hardness shim with normal holes, a 16mm thick mild steel cleat with slotted holes, another 

5mm thick high hardness shim with normal holes, and a 16mm thick mild steel beam 

bottom flange with normal holes. This is a typical overall thickness for a bolt in a SHJ. 

The focus was on just one bolt while the other three holes were bolted to snug tight. 

 

 
Figure 2.1. Bolt tightening test setup 

The tension in the bolt was monitored and recorded continuously using a donut 

load cell “Transducer Techniques TT-LWO-60” which was sandwiched between two 

hardened washers (Figure 2.2a). The bolt length was measured using an ultrasonic bolt 

tension metre “G5 Bolt Monitor” (Figure 2.2b), before, during, and after tightening as well 

as after untightening. A high speed pneumatic torque multiplier “Torqlite TLSM-1475” 

(Figure 2.2c) was used to turn the nut after snug-tight condition. Torque control was also 

achieved by adjustment of the air pressure which was related to the applied torque by a 

graph provided by the manufacturer. The nut rotation was monitored and recorded 

visually. 

The bolts tested were all M20 High Strength Friction Grip (HSFG) property class 

8.8 and purchased initially from SUPPLIER A, a specialist engineering bolt supply 
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company. Five different configurations were designed and considered. These involved 

first having no Belleville spring (NS) and then having one, two, three, and four Belleville 

springs (S1, S2, S3, and S4) in series for the bolt assemblage. The bolt lengths that were 

tested were 110mm, 120mm, 120mm, 130mm, and 140mm for NS, S1, S2, S3, and S4 

respectively. These lengths allowed showing at least one clear thread above the nut after 

tightening which is recommended by Clause 14.3.6.1.2 of NZS 3404 [15]. 

     
       a)                                      b)                                     c) 

Figure 2.2. a) donut load cell b) ultrasonic bolt tension meter c) pneumatic torque multiplier 

The requirement for the minimum number of clear threads in the grip length 

beneath the nut after tightening given in Clause 14.3.6.1.2 of NZS3404 [15], which is 

required for full tensioned bolts (i.e. into the plastic range), was not followed since the aim 

of the research was to tighten the bolts under their elastic range but not fully tensioned. 

The tightening tests were designed to be carried out with three repeats on each 

configuration i.e. NS, S1, S2, S3, and S4 using fifteen SUPPLIER A as-received bolts. At 

first, three bolts were snug tightened and then the followings were performed for the 

fourth bolt, which was the target bolt: 

Bench mark: The nut was turned until touching its underneath hardened washer; 

Hand tight: The nut was turned as much as possible by hand; 

Snug tight: The nut was tightened according to NZS 3404 [15] recommendation 

i.e. the “tightness achieved by the full effort of a person using a standard podger spanner”; 

Increasing the bolt tension by turning the nut using the torque wrench: The 

torque was being increased to turn the nut more until reaching a bolt tension equal to the 

proof load; 
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Untightened: The nut was turned anti-clockwise until removing all of the tension 

in the bolt; 

For each one of the abovementioned stages, the bolt tension, clockwise nut rotation 

from the bench mark, bolt length, and pneumatic torque wrench air pressure associated 

with the applied torque were measured. 

A few bolts unexpectedly fractured during the tightening trials at a measured 

tension far below the yielding point e.g. 50% of the bolt proof load, as is mentioned above. 

Initially the problem was considered to be because of having less than the NZS 3404 [15] 

specified minimum threads in the grip length, however, as the bolts were being tightened 

to a target 50% of bolt proof load, this should not have been a factor. When additional 

hardened washers then used under the head of the bolt to show 8 threads in the grip length 

in compliance with NZS 3404 [15], the bolt still fractured. Hence, it was decided to 

perform the tensile tests on three bolts to ascertain the mechanical properties. 

 Tensile tests on the bolts from supplier A 

Three tensile tests were carried out on three 110mm long “excluding bolt head 

thickness” M20 HSFG property class 8.8 bolts of SUPPLIER A using a 500 kN MTS 

tension/compression actuator (Figure 2.3a) to validate the accuracy of the donut load cell 

readings as well to determine the mechanical properties of the bolts. The tensile test results 

confirmed that the donut load cell readings accuracy are all acceptable , particularly below 

the proof load and the bolt material complied with the AS/NZS1252 [26] based inspection 

certificate issued by the SUPPLIER A manufacturer. 

Necking was observed in all samples associated with the yielding of bolt material 

showing a ductile behaviour (Figure 2.3b). The bolt sample 2 was intentionally loaded to 

the point of fracture. The fracture surface was conical in  shape, as shown in Figure 2.3c 

which was different from the previous tightening trial bolts’ flat fracture surface shown in 

Figure 2.3d, suggesting a different mode of fracture. Both modes of fracture were ductile, 

exhibiting a grey, fibrous appearance associated with the ductile fracture rather than bright 

granular appearance of a brittle fracture [28]. Figures 2.4a, b, and, c show the bolt tension 

versus actuator displacement curves of these three tensile tests. 

It is worth noting that the donut load cells can be sensitive to uneven surface 

loading. Hence they were always sandwiched between thick washers or plates according to 
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manufacturers’ recommendations as is explained in this chapter. Additionally, following 

testing and calibrating the donut load cells used in this chapter’s experiments, it was 

concluded that the load cells have adequate accuracy, especially up to the bolt proof load 

(i.e. ≈145kN for M20 PC8.8). However, the unexpected bolts fractures occurred at a bolt 

preload level far below the bolt proof load, i.e. within the accurate range of the load cells 

readings. This suggests that the load cells potential inaccuracy may have not been playing 

a role here. Additionally, the fracture mode of the bolts in tightening tests was different 

from that of for tensile tests. This suggests that in tightening tests the bolts did not reach 

close to their tension capacity with no necking or conical fracture surface observed, but a 

torsional/shear type of fracture. So, it was concluded that the thread physical 

quality/smoothness and galvanizing quality were the key reasons as was explained. This 

failure can be avoided at a minimum cost/effort through “nut free turn” pre installation test 

as is proposed and explained in this chapter. 

    
       a)                          b)                                              c)                                              d) 
Figure 2.3. a) tensile test setup b) necking in tensile test “sample 3” c) fracture surface in tensile test 

“sample 2” d) fracture surface in tightening trial 
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                a)                                                               b) 

 
                                                c) 

Figure 2.4. bolt tension vs actuator displacement curves of tensile tests: a) sample 1 b) sample 2 

“fractured” c)  sample 3 

 Tightening tests on bolts from supplier B 

The excellent material properties of the bolt steel necessitated a re-consideration of 

the reason for bolt fracture before the required bolt tension was obtained, as shown in 

Figure 2.3d. It had been observed that the galvanized surface on the bolts from SUPPLIER 

A in general, including the threads, was rough compared with previously used HSFG bolts 

and that the nuts would not run freely on the threads prior to installation. Bolts are 

tightened by application of torque onto the nut and the relationship between applied torque 

and installed bolt tension has been shown to be critically dependent on the condition of the 

threads on the nut and on the bolt [29]. It was therefore considered likely that the poor 

quality of the galvanized finish was the principal contributor to the premature fracture. 

It was decided to change the bolt supplier to one supplying bolts with a visually 

observed smoother finish. Therefore, the bolts then were ordered and purchased from 

SUPPLIER B, another New Zealand based supplier. Based on the visual and physical 

comparison, the following differences were quite noticeable between the SUPPLIER B 

and the SUPPLIER A bolts: 
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• The galvanizing finish was on the SUPPLIER B bolts was smoother to the 

touch and more even compared with the rough surface of the SUPPLIER A 

bolts; 

• The thread quality of the SUPPLIER B bolts was superior; much fewer rough 

spots and much less localised build-up of galvanizing (Figure 2.5); 

• Most of the SUPPLIER B bolts showed visible bolt lubrication, which is a 

requirement of the bolt supply standard AS/NZS 1252 [26], while most of the 

SUPPLIER A bolts did not show signs of lubrication (Figure 2.5); 

• The nut could freely turn around the thread over the full threaded length of 

most (but not all) of the SUPPLIER B bolts, however this was not possible for 

most of the SUPPLIER A bolts; 

• The identification markings on the SUPPLIER A and the SUPPLIER B bolt 

heads were compliant with AS/NZS 1252 [26]. However the SUPPLIER A 

nuts did not always have the three segments of curved lines, which the 

SUPPLIER B nuts did have. 

 
Figure 2.5. Thread quality and lubrication condition of SUPPLIER A and B bolts 

The tightening test procedure used for SUPPLIER B bolts was exactly same as the 

procedure used for the SUPPLIER A bolts, which is explained in section 2.4.1. 

 Tightening tests results and discussion 

Only the results of the NS samples can be directly compared with the NZS 3404 

[15] specified part turn and/or fastener manufacturers specified torque values, as there is 
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no recommendation in the standard for the cases of using Belleville springs. Figures 2.6a, 

b, and c show the bolt tension versus turn of the nut, applied torque on the nut, and bolt 

length after snug-tight condition for NS samples. 

   
  a)                                                                              b) 

 
                                       c) 

Figure 2.6. Bolt tension vs a) nut turn b) torque on the nut c) bolt length 

Based on the tightening tests results, the following key points were obtained: 

• The bolts showed a variable behaviour in the tightening tests in terms of the nut 

turn and applied torque on the nut required for a certain bolt tension (Figure 

2.6); 

• It was not always possible to reach even the bolt proof load of a HSFG grade 

8.8 bolt by turning the nut, even for the SUPPLIER B bolts and nuts and not at 

all for any of the SUPPLIER A bolts and nuts; 

• All of the bolts were subject to the permanent elongation after untightening. 

The required turn to reach at least 145kN of the bolt tension for the NS samples 

specified by NZS 3404 [15] is 180 degrees after snug-tight. However that load was not 

achieved in any of the tests (Figure 2.6a). The maximum amount of the applied torque on 

the nut to reach 75% of the NS bolt samples proof load, i.e. 110.25kN, specified by bolt 
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manufacturers, is 430Nm [30]. This was close to being met for NS2 but for the other two 

cases was not achieved (Figure 2.6b). The bolt tension vs length curve was expected to be 

linear up to the proof load due to the linear elastic behaviour, which was not the case for 

the tests (Figure 2.6c). 

The poor thread and finish quality was identified in this research as the reason for 

the underachievement of the specified installed bolt tension, due to the nut-turning energy 

being converted mostly into bolt torsional plastic strain rather than bolt tensile plastic 

strain. In other words the low quality thread and finish is a significant issue for the HSFG 

bolts, causing the bolt body to twist instead of being stretched by turning the nut. In 

practice where applicators fully tension these bolts in accordance with the part turn 

method, they are unlikely to notice this difference in behaviour if the material is 

sufficiently ductile to allow plastic twisting of the bolt to occur instead of plastic 

tensioning. 

 Recommendations based on the research undertaken 

• It is strongly recommended from this research to do a pre-installation nut turning 

test by hand on all bolts to divide them into three categories where nuts turn 

freely, almost freely, or not full length when turned by hand and to reject all but 

the first category when they are being used in friction sliding-type connections or 

in any connection where /TB or /TF (ie fully tensioned) bolts are required.  

• According to Clause 3.2.5.4 of AS/NZS 1252 [26] the bolt/nut set should be 

supplied lubricated. However, from this research it is recommended to apply an 

appropriate lubricant e.g. molybdenum disulphide paste at least on the bolts which 

are not lubricated before installation on site. 

• It is highly recommended not to reuse previously fully tensioned bolts to avoid 

high variability in the bolt behaviour (this is also a requirement of the NZS 3404 

[15]). 

• NZS 3404 does not allow bolts to be fully tensioned via torque setting. This has 

been also confirmed by this research. 

• Turning of the bolt head while turning the nut during tightening happened in 

almost all cases in this research proved to be because of the smooth surface of the 

load cell, smooth surface of the Belleville spring “in cases which used Belleville 

springs”, and the very high amount of the torque due to the poor thread quality. 
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Thus, in usual use of the HSFG bolts in practice with no donut load cell and/or 

Belleville springs, turning the bolt head can be a potential sign of over torqueing 

and risk of plastic torque development. 

The abovementioned research and conclusions explained in section 2.4 led to 

define and perform another piece of research which is explained in section 2.5 below. 

2.5 Research to investigate the existing NZS3404 recommended 

part turn method of tightening 

Ramhormozian, Clifton [31] performed research to explore the practical and 

theoretical concerns about the current NZS3404 [15] recommended part-turn method of 

HSFG bolt tightening. A practical concern is that the joints’ grip lengths are quite variable 

in practice and, as a result, satisfying the minimum thread length requirement at the nut 

loaded face has been an issue reported frequently by the industry. The research 

investigated whether the minimum number of clear threads run out beneath the nut after 

tightening introduced during the 2007 amendment of NZS 3404 could be relaxed to 

remove the difficulties that erectors have been faced with in order to comply with the 

current minimum thread provisions of NZS3404 [15]. 

It is worth noting that the minimum thread requirements were introduced in the 

amendment in NZS3404 [15] in 2007 to overcome examples of bolt fracture reported at 

that time in bolts which had been correctly installed, which were attributed to too short a 

threaded length within the grip length. However, based on [27] explained in section 2.4, it 

is more likely that bolt fracture was generated by the poor quality of the thread finish, bolt 

surface cleanliness, and lack of lubrication supplied and not the bolt threaded length 

within the grip length. 

As for the theoretical concern, the applied part-turn imposes a longitudinal strain 

significantly beyond yield on the loaded parts of the bolt to reach the required bolt tension. 

The free unloaded bolt threaded portion beyond the nut is the only part of the bolt which 

does not contribute in accommodating this applied strain. Hence, a more precise criterion 

should exclude this part to identify the required part-turn, otherwise the applied part-turn 

can lead to excessive tightening of long bolts with short grip lengths. This is discussed in 

section 2.6. 
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 Bolt tensile tests 

Six M20 and six M24 bolts i.e. three bolts of each size from each supplier i.e. 

STEELMASTERS and EDL were at first tensile tested (Figure 2.7) to validate the bolt 

material quality according to the NZ3404 [15] and AS/NZS4291 [32]. The speed of 

loading imposed by the MTS machine was less than 25mm/min specified by AS/NZS 

4291 [32]. Eight free threads were at the loaded face of the nut for the bolts which were 

tensile tested according to AS/NZS 4291[32]. Figures 2.8 and 2.9 show the bolt tension vs 

MTS arm displacement of the tensile tests. 

The ultimate bolt tensions of the weakest and strongest bolts of each 

size/manufacturer were 230kN and 234kN, and 221kN and 224kN for M20 bolts from 

EDL and STEELMASTERS respectively, and 337kN and 343kN, and 317kN and 371kN 

for M24 bolts from EDL and STEELMASTERS respectively. 

All of the bolts behaved as expected in the tensile tests according to the inspection 

certificates provided by each bolt supplier. The fracture surfaces of the tensile tested bolts 

are shown in Figure 2.7. All of the fractured surfaces confirmed the ductile fracture of the 

bolts in tensile tests. 

       
Figure 2.7. Bolt tensile test on 500kN MTS (left) and Fracture surfaces of the tensile tested bolts 

(right) 
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Figure 2.8. The tensile tests bolt tension vs MTS displacement graphs of M20 bolts: 

STEELMASTERS (left) and EDL (right) 

  
Figure 2.9. The tensile tests bolt tension vs MTS displacement graphs of M24 bolts: 

STEELMASTERS (left) and EDL (right) 

 Bolt tightening tests 

A test setup was designed for the tightening tests. This test setup included different 

250mm×250mm mild steel plates. Each plate included four standard holes. The plates 

came with different thicknesses so that the grip length could be adjusted as required to 

ensure having the desired number of free threads at loaded face of the nut. This test setup 

is shown in Figure 2.10 (a). The upper plate was marked to measure the nut turn, as 

shown in Figure 2.10 (b). According to Clause 14.3.6.3 of NZS 3404 [15], oil, dirt, loose 

scale, loose rust, fins and any other defects on the surfaces of contact, which prevent solid 

seating of the parts in the snug-tight condition, shall be removed. This was done in the 

tests. 

The HSFG Property class 8.8 M20 and M24 bolts were purchased from two 

different specialist bolt manufacturers, EDL Fasteners and STEELMASTERS. The bolts 

were tensile tested at first with three repeats for each bolt size from each supplier, as is 

described in previous section, to validate the bolt material quality. The bolts with 1, 3, 4, 

5, 6, 7, and 8 free threads at the loaded face of the nut were tested in the part turn 

tightening experiments of the bolts with three repeats for each case. Each test concluded 
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by tightening the bolts to fracture, to investigate the required turn of the nut after snug 

tight condition to fracture the bolt. 

The bolts were 100mm long HSFG M20 with 50mm long shank, and 110mm 

HSFG M24 with 55mm long shank. A physical pre-installation check was undertaken for 

all of the bolts before the tightening tests in accordance with the recommendations of [27] 

to ensure the nut could run freely over the whole threaded part of the bolt, both down and 

back up the bolt threads. All of the bolts were lubricated before the tightening tests by GA 

50 MOLYBUND paste containing 50% molybdenum disulphide. The lubricant was 

applied along the threads, and the nut was then turned over the whole threaded part of the 

bolt to spread the lubricant all around the threads. The specialist donut load cells were 

used to monitor the bolt tension during tightening (Figure 2.10 (d)). The load cells were 

sandwiched between two appropriate grade 350 steel washers that were designed and 

supplied to maximize the accuracy of the load cell readings. The LWO-80 and LWO-60 

load cells were used for M24 and M20 bolts respectively. The load cells were supplied by 

Transducer Techniques (TT) Company. 

    
 a)                                                  b)                                  c)                                 d) 
Figure 2.10. Bolt tightening test setup (a), Measuring the nut turn (b), The torque wrench to apply the 

part turn (c), and The load cell (d) 

As recommended in clause 15.2.5.2 of NZS 3404 [15], for a 100mm long M20 or a 

110mm long M24 bolt (i.e. Over 4 diameters but not exceeding 8 diameters of M20 and 

M24 bolts), the part-turn that should be applied to fully tension the bolts is 1/2 turn. 

However, this recommendation is based on having at least 7 free threads at the loaded face 

of the nut. Table 2.3 shows the turn of the nut applied in the tightening tests after snug 

tight condition for the cases with different numbers of free threads at the nut loaded face. 
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Table 2.3. The applied part turn for each number of bolt free threads 

The number of free 
threads at nut loaded face 

The applied part-turn 
M20 Bolt M24 Bolt 

Turn Degree Turn Degree 
1 1/4 90 1/4 90 
3 1/4 90 1/4 90 
4 1/4 90 1/4 90 
5 1/4 90 1/4 90 
6 3/8 135 1/4 90 
7 1/2 180 1/2 180 
8 1/2 180 1/2 180 

The tightening tests included the following steps: At first, four bolts were snug 

tightened to firmly bring the plates into contact. One bolt then was removed and the target 

bolt was installed with the load cell. The nut was turned by a standard wrench according to 

the snug tight definition presented in NZS3404 [15]. Then the part turn values shown in 

table 2.3 were applied to the associated bolt nuts using an electronic torque multiplier 

(Figure 2.10 (c)). After tightening the bolt, the nut was turned in reverse direction using 

the electronic torque wrench to untighten the bolt. 

The bolt tension was continuously recorded by the donut load cell. This includes 

the bolt snug tight tension and the bolt part turn tension. Considering the constant 

rotational velocity applied by the electronic torque wrench for the part turn, the required 

rotation to just reach the bolt proof load was calculated. After stopping the part turn, a 

small drop of the bolt tension was observed before reaching the stable part turn bolt 

tension. This bolt tension drop was also calculated. Figure 2.11 shows two typical bolt 

tension-time graphs of the tightening tests with their associated data analysis tables. 
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Figure 2.11. Typical bolt tension vs time graphs of the tightening tests (left) and associated data 

analysis tables (right) 

 Bolt fracture tests 

All of the tested bolts were cleaned by mineral turpentine so that all of the particles 

generated by the tightening tests were removed. The bolts then were lubricated by GA 50 

MOLYBUND paste, which had also been used for the initial tightening tests. Then the 

target bolts were tightened up to the snug tight condition, using the same procedure carried 

out for the tightening tests. Four hardened washers as thick as the load cell were used at 

head side of the bolts instead of the load cell. This was to prevent damaging the load cells 

given the expected higher tension forces. Using the electronic torque multiplier, the target 

bolt nut was turned to tighten the bolt until the bolt was fractured. The amount of the nut 

turn from the snug tight condition up to the point of fracture then was visually measured 

and recorded. 

 Results and discussion 

EDL bolt samples: 

• For the M20 bolts that had 1,3, 4, and 5 free threads at loaded face of the nut, 

applying 1/4 turn as the part turn after the snug tight was sufficient to reach the 

bolts’ proof load.  

No DATA ANALYSIS OUTCOMES Unit Values
1 Snug tight tension kN 121
2 Proof load kN 145
3 Bolt tension after applying the part turn kN 201
4 Bolt tension drop after tightening % 3
5 Applied turns (After snug tight) Turn 0.25
6 Applied rotation (After snug tight) Degree 90
7 Required turn recommended by NZS 3404 Turn  N/A 
8 Required rotation recommended by NZS 3404 Degree  N/A 
9 The turn required after snug tight to just reach the proof load Turn 0.08

10 The rotation required after snug tight to just reach the proof load Degree 27
11 The turn to fracture after snug tight Turn 1.3125
12 The rotation to fracture after snug tight Degree 472.5
13 Nut turning condition before tightening test Free
14 Nut turning condition during untightening Free
No DATA ANALYSIS OUTCOMES Unit Values
1 Snug tight tension kN 97
2 Proof load kN 210
3 Bolt tension after applying the part turn kN 290
4 Bolt tension drop after tightening % 2
5 Applied turn (After snug tight) Turn 0.5
6 Applied rotation (After snug tight) Degree 180
7 Required turn recommended by NZS 3404 Turn 0.5
8 Required rotation recommended by NZS 3404 Degree 180
9 The turn required after snug tight to just reach the proof load Turn 0.29

10 The rotation required after snug tight to just reach the proof load Degree 105
11 The turn to fracture after snug tight Turn 1.25
12 The rotation to fracture after snug tight Degree 450
13 Nut turning condition before tightening test Free
14 Nut turning condition during untightening Free

Snug tight 

Snug tight 

Part turn 

Part turn 
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• For the M20 bolts that had 6 free threads at loaded face of the nut, applying 3/8 

turn as the part turn after the snug tight was sufficient to reach the bolts’ proof 

load. 

• For the M20 bolts that had 7 free threads at loaded face of the nut, applying 1/2 

turn as the part turn after the snug tight, which is specified by NZS3404 [15], 

was sufficient to reach the bolts’ proof load. 

• For the M20 bolts that had 8 free threads at loaded face of the nut, applying 1/2 

turn as the part turn after the snug tight, which is specified by NZS3404 [15], 

was not sufficient to reach 1 out of 3 bolt samples to the proof load. 

• For the M24 bolts that had 1, 3, 4, 5 and 6 free threads at loaded face of the nut, 

applying 1/4 turn as the part turn after the snug tight was sufficient to reach the 

bolts’ proof load. 

• For the M24 bolts that had 7 and 8 free threads at loaded face of the nut, 

applying 1/2 turn as the part turn after the snug tight, which is specified by 

NZS3404 [15], was sufficient to reach the bolts’ proof load. 

STEELMASTERS bolt samples: 

• For the M20 bolts that had 1, 3, 4, and 5 free threads at loaded face of the nut, 

applying 1/4 turn as the part turn after the snug tight was sufficient to reach the 

bolts to the proof load except for one sample with 1 free thread. 

• For the M20 bolts that had 6 free threads at loaded face of the nut, applying 3/8 

turn as the part turn after the snug tight was sufficient to reach the bolts’ proof 

load. 

• For the M20 bolts that had 7 free threads at loaded face of the nut, applying 1/2 

turn as the part turn after the snug tight, which is specified by NZS3404, was 

sufficient to reach the bolts’ proof load. 

• For the M20 bolts that had 8 free threads at loaded face of the nut, applying 1/2 

turn as the part turn after the snug tight, which is specified by NZS3404, was 

not sufficient to reach 1 out of 3 bolt samples to the proof load. 

• For the M24 bolts that had 1, 3, 4, 5 and 6 free threads at loaded face of the nut, 

applying 1/4 turn as the part turn after the snug tight was sufficient to reach the 

bolts to the proof load except 1 out of 3 samples of having 4 free threads as 

well as 1 out of 3 samples of having 5 free threads. 
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• For the M24 bolts that had 7 and 8 free threads at loaded face of the nut, 

applying 1/2 turn as the part turn after the snug tight, which is specified by 

NZS3404, was sufficient to reach the bolts’ proof load. 

Figures 2.12 and 2.13 demonstrate the required part turn value for each bolt sample 

of each manufacturer to just reach the bolt proof load and to fracture them for M20 and 

M24 bolts, respectively. As was expected, the bolts with the greater number of free threads 

at loaded face of the nut required more part turn of the nut to reach the proof load. As was 

also expected, the variability of the snug tight tension was high. 4.76% of the bolts were 

failed to reach the proof load by applying the associated part turn values. The bolt tension 

drop after applying the part turn was calculated as 1% to 4% for most of the bolts. 

However, this bolt tension drop was calculated as 5% to 13% for a few cases. Due to 

wearing of the threads, which prevented the nut being able to continue to tighten the bolt, 

seven bolts failed to reach the point of bolt fracture. 

The trendline in Figure 2.12b shows for the tested M20 bolts that as the number of 

free bolt threads increases there is a slight increase in the rotation to reach fracture.  The 

increase is substantially less than a direct correlation with the number of clear bolt threads, 

however. The trendline in Figure 2.13b shows for the tested M24 bolts that as the number 

of free bolt threads increases there is negligible increase in the rotation to reach fracture. 

Therefore there is at best a poor correlation between number of clear threads and rotation 

to fracture.  M20 bolts and M24 bolts with any number of free bolt threads achieved 

greater than 180 degrees of rotation past snug tight before bolt fracturing which is 

currently specified in NZS 3404 [15] for bolts of these lengths. 
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Figure 2.12. The nut rotation “after snug-tight condition” needed to: just reach the M20 bolt proof 

load (left) and reach the M20 bolt facture point (right) 

   
Figure 2.13. The nut rotation “after snug-tight condition” needed to: just reach the M24 bolt proof 

load (left) and reach the M20 bolt facture point (right) 

The results of this research are presented in [31, 33] and were used to support 

proposed changes on NZS3404, AS/NZS1252, and AS/NZS 5131. The proposed changes 

are presented in [34] and section 2.7 of this chapter, and have already been implemented in 

the latter two 2016 standards editions. 

2.6 Calculating the required nut turn, based on a bolt length 

definition to reach the bolt proof load 

Ramhormozian, Clifton [21] proposed a set of equations to calculate the required 

turn of the nut to tighten the bolts with Belleville springs up to an arbitrary amount of the 

bolt preload. The equations were modified for the case with no Belleville spring and re-

presented in [33] to calculate the required turn of the nut to tighten the bolt up to a certain 

amount of the elastic bolt preload. A detailed analytical model is proposed by 

Ramhormozian, Clifton [35] taking the flexibility of the joint plies, the bolt head, shank, 

thread, engaged thread with nut, nut, and hardened washer into account to calculate the 

required nut rotation to tighten the bolt. This analytical model is explained in chapter 3 
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and has been applied in this chapter to the whole bolt length ranges of HSFG property 

class 8.8 M20 bolts included in the table 2.2 of [26]. This includes the bolt length from 

45mm to 150mm. It is worth noting that the AS/NZS1252 [26] defines the bolt length as 

the distance from underside of the head to end of bolt. Tables 2.4 and 2.5 show the 

characteristics of the bolts, nuts, and hardened washers calculated based on the 

information given in [26]. 

Table 2.4. Characteristics of the bolts according to [26] used to apply the analytical model 

 

Table 2.5. Characteristics of the bolts, nut, washer according to [26] used to apply the analytical 

model 

 

The theoretical nut rotation required to take the M20 bolts just to the proof load i.e. 

145kN from the point at which the bolt’s head underside, plies, hardened washer, and 

bolt’s nut underside are all initially perfectly in contact with zero tension in the bolt, has 

been calculated for all bolt length ranges and is shown in Figure 2.14. This calculation was 

performed for each bolt length, and over the whole possible (ply+washer) thickness ranges 

being able to be clamped by the bolt. The lower (ply+washer) thickness is considered as 

(shank length+one pitch), and the upper (ply+washer) thickness is considered where there 

Nom. Min. Max. Average Ls (min) Lg (max) Average Max. ( NZS3404 provisions ) Min. ( Shank )
45 43.75 46.25 45 10 17.5 13.75 31.25 18.6 13.75 3.48
50 48.75 51.25 50 10 17.5 13.75 36.25 23.6 13.75 5.48
55 53.5 56.5 55 10 17.5 13.75 41.25 28.6 13.75 7.48
60 58.5 61.5 60 10 17.5 13.75 46.25 33.6 13.75 9.48
65 63.5 66.5 65 11.5 19 15.25 49.75 38.6 15.25 10.88
70 68.5 71.5 70 16.5 24 20.25 49.75 43.6 20.25 10.88
75 73.5 76.5 75 21.5 29 25.25 49.75 48.6 25.25 10.88
80 78.5 81.5 80 26.5 34 30.25 49.75 53.6 30.25 10.88
85 83.25 86.75 85 31.5 39 35.25 49.75 58.6 35.25 10.88
90 88.25 91.75 90 36.5 44 40.25 49.75 63.6 40.25 10.88
95 93.25 96.75 95 41.5 49 45.25 49.75 68.6 45.25 10.88
100 98.25 101.75 100 46.5 54 50.25 49.75 73.6 50.25 10.88
110 108.25 111.75 110 56.5 64 60.25 49.75 83.6 60.25 10.88
120 118.25 121.75 120 66.5 74 70.25 49.75 93.6 70.25 10.88
130 128 132 130 70.5 78 74.25 55.75 103.6 74.25 13.28
140 138 142 140 80.5 88 84.25 55.75 113.6 84.25 13.28
150 148 152 150 90.5 98 94.25 55.75 123.6 94.25 13.28

Maximum possible
number of free threads

Thread length (mm)Bolt overal length (mm) Shank length (mm) Theoretically possible ply thickness (mm)

Min. Max. Average Min. Max. Average
19.40 20.70 20.05 11.60 13.40 12.50

Min. Max. Average Min. Max. Average
37.29 39.26 38.28 19.16 20.84 20.00

Min. Max. Average Min. Max. Average
33.00 34.00 33.50 22.00 22.52 22.26

Min. Max. Average Min. Max. Average
3.10 4.60 3.85 40.40 42.00 41.20

Bolt proof load (kN) Thread diameter (mm)
145.00 17.66

Nut OD (Average) (mm)

Shank area (mm^2)

35.89

314.16
Pitch (mm)

2.50

Washer OD (mm)
245.00

Washer ID (mm)

Washer thickness (mm)

Head height (mm)

Shank diameter (mm)

Nut height (mm)

Nut Max OD (mm)

Nut Min OD (mm)

Stress area of thread (mm^2)
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is only one free thread beyond the nut according to [15] recommendation. The graph 

shows the required nut turn versus the length from head’s underside to the nut’s underside. 

Although the part-turn of the nut to be applied after snug-tight condition is 

different from the required turn which is demonstrated in Figure 2.14, it still shows the 

behaviour of the bolts with different lengths, shank to thread lengths ratio, and grip lengths 

in tightening. This helps to present a robust definition for the bolt length while specifying 

the part-turn. 

 

Figure 2.14. Nut rotation required to reach the HSFG property class 8.8 bolts just to the proof load 

It can be concluded from Figure 2.14 that the required nut rotation is mainly 

related to and governed by the (ply+washer) thickness and not the bolt length or shank to 

thread lengths ratio. For a given (ply+washer) thickness to be clamped by two bolts with 

different lengths and shank to thread lengths ratios, the bolt with a longer shank requires 

slightly less rotation, as it is stiffer. However, this difference is very small, being less than 

2 degree. On the other hand, for a given bolt length, the nut rotations required to reach the 

bolt to the proof load, when for example, the bolt is used to clamp the minimum and 

maximum possible (ply+washer) thicknesses, are considerably different. 

According to [23], the laboratory based specified part-turn is identified based on 

the bolt length, however it is expected that the end of the bolt will either be flush with the 

outer face of the nut or project slightly beyond it, and if the combination of  bolt length 
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and grip is such that there is a large "stick through", then it is advisable to treat the bolt 

length as the distance from the underside of the bolt head to the outer face of the nut for 

the purpose of selecting the proper turn to be applied. The specified part-turn values 

identified in [15] are the same as the Canadian code [23]. 

In conclusion, an appropriate definition for the bolt length to determine the part-

turn should be (ply+washer) thickness (or grip length) plus/minus a constant value. This 

constant value may be the nut thickness, resulting in defining the bolt length as underside 

of bolt head to outer face of nut, with the purpose of extracting the part-turn value from 

Table 2.2. This definition is supported by the analytical and experimental results. 

2.7 Recommendations for Australia and New Zealand bolting 

practice and standards 

It is highly recommended to follow all of the recommendations presented in [27] 

and [31] in Australia and New Zealand bolting practice to assure the reliability of the 

bolted connections. These include the recommendations on the bolt storage and lubrication 

conditions, bolt inspection and preparation prior to installation, and method of bolt 

tightening, are based on the research explained in sections 2.4 and 2.5, and are outlined 

below. 

• Regarding the lubrication, three categories can be named for the bolts that were 

purchased from the suppliers as follows: 

o The bolts that had fresh lubricant around the bolt/nut threads. These 

bolts were the best as there were no need to apply extra lubrication 

and they could be used if the thread/finish quality was OK. 

o The bolts with no sign of any lubricant. These bolts were also OK if 

the thread/finish quality was OK so could be used after lubricating 

before the test. 

o The bolts which had been lubricated, but due to being stored 

probably for a long time and/or in an inappropriate place, the 

lubricant was dried and possibly had absorbed some dust or other 

tiny particles and became a problem causing the bolts to fail in pre-

installation “free turn of nut down and up the bolt treads” 

inspection/check. 
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• It is recommended that the bolts are lubricated when they are very close to 

be used in construction so that there is visible evidence of lubrication on the 

bolt threads and that this is in “fresh” condition (i.e. not dried and cracked) 

and extra lubrication should be supplied if this is not met. It is worth noting 

that AS/NZS1252 [26] specifies that the nuts of HSFG bolts be provided 

with supplementary lubrication, however this requirement was not 

necessarily always satisfied for the bolts that were ordered and received for 

this research, as many of the bolts were not lubricated. Additionally the 

torque-control method of tensioning is not generally permitted by NZS3404 

[15], because of the high variability in the torque-tension relationship. 

Hence, having a nut-turn based method, it is needed to make sure that there 

is a smooth turn of the nut to reach the bolt tension, and torque-tension 

relationship does not play a direct role here. Existing too smooth nut/thread 

surface to cause self-loosening under vibration may also be needed to be 

considered, especially at low level of preload, which is not desirable. Using 

double nut and/or Loctite as well as high enough preload is recommended 

in chapter 5 to avoid the potential self-loosening. Lubricating the bolts can 

be done by one of the following ways: 

o The bolts are delivered to the erector in dry/not lubricated condition, 

and the erector will lubricate and/or check the bolts on site. This 

will increase the construction time. 

o The supplier lubricates and/or checks the bolts just before sending 

them off on site. This may increase the bolt price. This option is 

preferred. 

• It is recommended to apply the required part-turn as a non-stop procedure. 

• It was found that brushing the bolt threads by a metal handle brush for just few 

seconds could remove the tiny particles and upgrade the "almost-freely" bolts 

to "free" category. These categories are proposed by Ramhormozian, Clifton 

[27] and mentioned in section 2.4.5. This can be an additional operation that 

the suppliers may need to do to the bolts before they sell them e.g. by adding a 

charge to the bolt sales. Hence the bolt users will receive a guaranteed set of 

clean bolts and pay slightly more per bolt set than to have to check each one 

and do this cleaning themselves. Also the users should have a contractual 
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arrangement with the bolt manufacturer to take the payment for this work from 

the manufacturer who should be supplying clean bolt sets. 

• It is recommended that, for all bolts to be installed /TF and /TB mode or into 

friction sliding joints the test for free running of the nut along the bolt should 

be carried out, and nuts shall run freely when part of a bolt/nut assembly, and 

shall be checked by running the nut along the bolts threads by hand before 

being used in a connection. This is highly recommended as a necessary 

requirement in the contract documents with written guarantees from the 

erectors that this has been done. As for the /S category, the bolts from the first 

or second category may be used i.e. freely or almost freely. Hence the bolts 

which are from the third category i.e. not free, should not be used for any 

applications. 

• The minimum thread length requirements of NZS3404 [15] can be relaxed to a 

minimum of two threads at loaded face of the nut, provided the above-

mentioned recommendations are all followed. The minimum of two threads is 

only required to provide a margin of safety. There is one exception which is 

with moment endplate connections as noted below.  

• It is recommended to define the bolt length as follows: 

o Bolt length is the distance from the underside of the bolt head to the 

outer face of the nut. 

This is the sum of the joint’s ply thicknesses, hardened washer, and 

nut height.  

• The minimum post snug-tight turn to fracture observed in the experiments was 

greater than the maximum part–turn specified by NZS 3404 [15]. Hence the 

bolt fracture possibility in practice is expected to be very low, provided the 

above mentioned recommendations are all followed. 

 The following recommendations have been proposed to be included in the next 

amendment of NZS 3404 [15]: 

Addition to clause 14.3.6.1.1: 

Nuts shall run freely when part of a bolt/nut assembly. This shall be checked by 

running the nut along the bolts threads by hand the full length of the thread before 
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being used in a connection. Only bolt/nut assemblies that pass this test shall be used. 

Once a bolt/nut assembly has been so tested neither component shall be substituted. 

Change on clause 14.3.6.1.2: 

(c) For tensioned bolts to either 15.2.5.2 or 15.2.5.3, at least two clear threads 

run out shall be clear beneath the nut after tightening. 

Addition of Clause 14.3.6.1.2:  

(d) For tensioned bolts to either 15.2.5.2 or 15.2.5.3 in moment resisting endplate 

connections [keep the existing subclause (c) requirements] 

Change on table 15.2.5.2: 

The bolt length is defined as underside of bolt head to outer face of nut. 

According to AS/NZS1252 [26] the dimensions of the HSFG bolt/nut/washer are 

identified with allowable tolerances. These conditions need to be always satisfied, 

otherwise if the bolt diameter is below tolerance or nut internal diameter above tolerance, 

there will be a free movement of nut along the threaded part but the assembly will fail 

prematurely. Moreover in practice the HSFG bolts are usually supplied as an assembly, 

and the imported bolts should have a test certificate which includes direct tensioning test, 

which were all also passed in the direct tension tests of this research. Hence, the 

engagement of the nut/bolt to transfer the preload may not be a serious concern, but 

tensioning the bolt during tightening is a concern. Also, threads failure rarely occurred in 

this research, hence the threads engagement quality is adequate to transfer and carry the 

bolt preload as is expected in direct tensioning. Consequently, “free turn of nut” test may 

be the quickest and easiest practical way of assessing the thread physical conditions as 

well as coating/surface smoothness conditions dealing with the bolt behaviour during 

tightening until reaching the installed tension. This has been assessed through testing 

around 500 bolts during the whole PhD different experiments either SHJAFC or tightening 

tests, showing expected “nut rotation-bolt tension” relation with no unexpected behaviour 

that had been initially observed. 

It is recommended to consider the current NZS 3404 [15] recommended minimum 

number of threads only for the bolts in Moment Resisting Endplate (MRE) connections. 

MRE connections can potentially increase the plastic tension strain on the bolt if the 
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system including the connection is put into inelastic action through severe earthquake 

actions. If the governing mode of endplate failure is mode 1 (i.e. complete flange 

yielding), there will not be expected separation at the bolt line but there will be an amount 

of rotation of the bolt head or nut depending on which is in contact with the deforming 

plate. If the governing mode of failure is mode 2 (i.e. bolt failure with flange yielding), 

there is expected separation at the bolt line i.e. additional plastic strain on the bolt. The 

failure modes are explained in [36] .Fortunately, MRE connections involve large grip 

lengths, so meeting the current criteria for these is always straightforward. 

Figure 2.15 shows the plastic elongation accommodated by the free threaded 

region under the loaded face of the nut from the proof load to the point of fracture (note 

that the results are so close that the lines lie on top of each other). This is calculated and 

plotted for the three longest HSFG property class 8.8 M20 bolts i.e. 130, 140, and 150 mm 

based on the following simplified assumptions: 

1. The strain associated with the proof load in HSFG G8.8 bolts is 0.003 i.e. 

600MPa/205GPa. 

2. The strain associated with the point of fracture in HSFG G8.8 bolts is 0.12 

[37]. 

3. When the bolt reaches the proof load, the weakest part i.e. threaded part under 

the loaded face of the nut, yields while the shank, head, and nut engaged with 

thread remain elastic. 

4. From the proof load, by increasing the distance between underside of the head 

and underside of the nut, the bolt tension does not increase and the 

displacement will be on a flat line i.e. assuming a perfect elasto-plastic 

behaviour for the bolt. 

5. All of the additional strain mentioned in item 4 will be accommodated by the 

weakest yielded part mentioned in item 3. This is conservative as the other 

parts will also contribute in accommodating the required plastic elongation in 

reality. 

6. A minimum number of 2 to 11 free threads are considered at the loaded face of 

the nut. 
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Figure 2.15. Plastic elongation accommodated by the free threaded region under the loaded face of the 

nut from the proof load to the point of fracture, for 130, 140, and 150 mm long HSFG property class 

8.8 M20 bolts 

According to Figure 2.15, the maximum of the calculated theoretical additional 

elongation among the three bolt lengths is 3.13mm achieved by existence of 11 free 

threads at loaded face of the nut. The maximum additional elongation for a shorter bolt 

e.g. 120mm, is 2.6mm when there is 9 free threads at loaded face of the nut. 

According to [31], for the M20 bolts which had more than two threads at loaded 

face of the nut (what has been proposed by this chapter) the minimum achieved post snug-

tight turn to fracture was more than 300degree. The code specified part-turn associated 

with the bolt samples, based on the new proposed definition for the bolt length, is 1/3 turn. 

Hence, there is 300-120=180 degree of turn that the bolt could accommodate prior to 

fracture after installation. This may be ((180/360)*2.5)=1.25mm of additional elongation 

if a constant value for the pitch is assumed. Additionally by turning the nut the bolt is 

being shortened, so the situation is worse compared with directly stretching the bolt e.g. in 

MEP. The condition for fracture tested M24 bolts by [31] is slightly better as they could 

accommodate more turn to fracture, roughly associated with 2.5mm of additional 

elongation. Although by increasing the number of threads the turn to fracture increased, 

there is not a robust correlation between the number of free threads and turn to fracture 

based on the experimental results of [31]. Additionally, as is shown in Figure 2.16 there is 

a considerable difference between the bolt capacity to accommodate the additional plastic 

strain in torqued tension and direct tension. This relies in the torsion and tension 

interaction that decreases the bolt capacity to undergo plastic elongation compared with 

the direct tension. 
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Figure 2.16. Load versus elongation relationship of A325 (equivalent to G8.8) bolts tested in torqued 

tension and direct tension. [38] 

Figure 2.16 also shows the importance of the pre-installation “free turn of nut” 

check in preventing plastifying the bolt in torsion during tightening, decreasing its 

capacity to accommodate additional plastic elongation in MRE connections. 
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3 Chapter 3 
Stiffness-Based Approach for 

Belleville Springs use in Friction Sliding 
Structural Connections 

3.1 Introduction 

Friction seismic energy dissipaters (dampers) have been researched for several 

decades (e.g. [39-42]). The slotted bolted connection (SBC) is a friction damper that 

dissipates energy through sliding between the interfaces of clamped-by-bolt metal plates, 

providing a non-linear inelastic behaviour. The sliding occurs at a predetermined sliding 

force related to the interfaces’ coefficient of friction and the amount of clamping force. 

The SBC can be either SFC or AFC. The SFC (Figure 3.1) consists of a middle plate (or 

outer plates) with slotted holes, sandwiched by (or sandwiching) two shims and two outer 

plates (or a middle plate) with circular holes, all clamped by bolts. Researchers (e.g. [17, 

18, 43-45]) have experimentally researched the impact of  different shim materials, such as 

mild steel, high hardness steel, brass, brake lining pad, stainless steel, aluminium, and 

rubber for SFC and/or AFC, with various results. 
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Figure 3.1. The symmetric friction connection (SFC) with slotted middle plate layout [16] (a) and 

slotted outer plates layout (b), and the SFC idealized force-displacement behaviour (c) 

Yang and Popov [7] proposed and experimentally tested the RSBC which was a 

beam-column moment-resisting connection explained in section 1.2.2.1 (Figure 1.1) with 

two equal-capacity SFCs at the beam top and bottom flange levels. The SFC has also been 

experimentally researched to be used in other seismic structural systems, such as post-

tensioned steel tendon beam–column connections, steel braces with and without post-

tensioning, eccentrically braced frames (EBFs) with rotational slotted bolted active link, 

and at the base of rocking timber shear walls, all showing reliable behaviour under seismic 

actions [46-55]. 

The AFC was originally proposed for the SHJ [10]. The SHJ is a low damage 

alternative to traditional beam-column connections for seismic MRSFs, is explained in 

section 1.2.2.4 (Figure 1.6), and has been used in a significant number of multi-story 

buildings in New Zealand. The SHJ allows large beam-column relative rotation through 

sliding in two AFCs which are located at the beam web bottom bolt and bottom flange 

levels, as shown in Figure 1.6. The cleat has elongated holes to allow sliding, with 

standard sized bolt holes in the other AFC plies. The SHJ is ideally intended to: (i) be rigid 

under serviceability limit state (SLS) conditions, (ii) become semi-rigid allowing beam-

column relative rotation to occur in ultimate limit state (ULS) and larger earthquakes 

through AFCs sliding and, (iii) seize up and become rigid again at the end of the 

earthquake. The AFC high strength friction grip (HSFG) property class (PC) 8.8 bolts are 

currently fully tensioned in practice at installation (i.e. yielded) with the part-turn method 
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of tensioning in accordance to the NZS 3404 [15]. The AFC has also been researched to be 

used at the column base and brace [56-58]. 

Both AFC and SFC have been shown experimentally by researchers to be degraded 

following a few cycles of sliding, meaning that the clamping force is reduced as a result of 

the bolt’s tension loss (e.g. [6, 7, 10, 42, 59-65]). This also has been shown numerically 

for the AFC through the finite element analysis [10, 66]. Although a repeatable stable 

sliding behaviour over many cycles is experimentally achievable, for example, for the 

AFC, the aforesaid degradation may affect the post sliding behaviour of the connection 

and building, by lowering the threshold of joint sliding in subsequent events or even in 

post-earthquake severe wind events. While these researchers generally reported improved 

seismic behaviour for the experiments using Belleville springs (BeSs), a conical washer 

type spring, and recommended using BeSs, for example, to maintain the post-sliding 

strength of the AFC [6, 10, 59, 60, 65] and/or SFC [7, 42, 61-63], there is not a conceptual 

detailed discussion found in the literature about the effect of using BeSs on the AFC and 

SFC seismic behaviour as well as the optimum procedure for using the BeSs. 

To explain and justify more in depth the results of the undertaken experimental and 

numerical research in the field to date (e.g. [7, 10, 42, 59-66]) and to provide an essential 

base to the experimental and numerical research on the optimum use of BeSs in friction 

sliding structural connections as well as the practical design and optimum use of them, this 

chapter seeks to provide analytical answers to the following questions: 

1- What are the AFC and SFC sliding behaviours and what are the AFC and SFC 

post-sliding bolt tension loss reasons? 

2- How can the compound stiffness of the AFC and SFC components i.e. the bolts, 

plies, and Belleville Springs (BeSs) be determined? 

3- How can BeSs installed in the AFC and SFC bolt assemblage efficiently 

compensate for most of the post-sliding bolt tension loss? 

 4- How can BeSs be installed to improve the AFC self-centering capability and to 

prevent the AFC and SFC bolts plastic elongation due to the potential prying actions? 

5- What are the other potential benefits of using BeSs in the AFC and SFC? 
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Finally a step-by-step design procedure for using BeSs in the AFC and SFC is 

proposed. 

3.2 Asymmetric and symmetric friction connection sliding 

behaviour and bolt tension loss reasons 

Figure 1.7 (a) shows the typical layout of an AFC with three rows of bolts at the 

SHJ beam bottom flange level. The AFC has two main sliding interfaces. The first is the 

interface between the cleat and the upper shim, and the second is the interface between the 

cleat and the lower shim. Figure 1.7 (b) shows the idealised force-displacement behaviour 

of the AFC. The sliding behaviour of the AFC is explained in section 1.2.2.4.1. The AFC 

behaviour is resulted from the AFC having a partially floating cap, and provides the SHJ, 

or any system incorporating the AFC, with a “pinched” hysteretic curve, which is closer to 

a flag-shaped hysteresis curve, compared with the square curve of a SFC assemblage and 

hence is desirable from the self-centring point of view. 

The SFC force-displacement behaviour is simpler than the AFC’s. The two main 

sliding interfaces of the SFC are between the middle plate and upper and lower shims 

(Figure 3.1) or between the outer plates and upper and lower shims as well as under the 

bolt head and nut, if the slotted holes are in the outer plates. When the applied force 

overcomes the frictional resistance of both SFC sliding interfaces, the sliding of the 

system commences while the bolts are ideally, only under the tension for the SFC with 

slotted middle plate and under the tension, shear, and bending moment for the SFC with 

slotted outer plates. This provides the SFC with an idealized rectangular hysteretic curve 

(Figure 3.1). It is worth noting that the free body diagram (FBD) of a SFC bolt with slotted 

middle plate suggests that the bolt is only under the tension, however the FBD of the SFC 

bolt with slotted outer plates suggests that there is a shear force (friction) under the bolt 

head and nut with a lateral load from the middle plate (bolt can be regarded as a vertical 

simply supported beam under a transverse load at mid span, hence internal bending 

moment and shear force). 

The AFC and SFC are subject to a post-sliding elastic strength reduction due to 

bolt tension loss which may cause the AFC and SFC to commence sliding at a less intense 

subsequent excitation. This is because: 
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I. When the AFC (or the SFC with outer slotted plates layout) starts to slide, the 

bending moment induced tensile stress, the additional tensile stress in the bolt, 

and the shear stress combine with the high bolt installed tensile stress to further 

plasticize the bolt. As the fully tensioned bolt is expected to be yielded at 

installation, it undergoes further local plastic action under a small increase 

particularly in tensile stress over the part of its cross section, where the bending 

induced stress is tensile. In addition to the connection’s geometry, the 

coefficient of friction as well as the clamping force are the influential 

parameters on this MVP interaction according to the plastic theory based AFC 

bolt model [21]. Given the “back and forth” nature of the earthquake enforced 

building response, this may affect a large part of the bolt cross section, 

resulting in a post sliding AFC bolt plastic elongation [10, 16, 66]. In a set of 

non-prying AFC sliding experiments undertaken by Ramhormozian, Clifton et 

al. [65] in which the ¾ inch imperial black bolts of property class 10.9 were 

installed to a tensioned range of  30% to 60% of their proof load, an average 

post-sliding AFC bolt plastic elongation (of total bolt length) of about 0.04mm 

is measured. These experiments are explained in chapter 5. Figure 1.8 shows 

the AFC idealised bolt deformation, external forces, and bending moment 

distribution. It was shown numerically [10, 66] through the finite element 

modelling of a SHJ beam bottom flange AFC bolt that the MVP interaction has 

a significant effect on the bolt tension loss, resulting in a stable sliding bolt 

tension of 55% and 60% of the installed bolt tension of the fully tensioned 

HSFG PC8.8 M24 and M30 bolts respectively, after two loading cycles. This 

numerical study did not consider the prying actions and the AFC plies post 

sliding thickness reduction, which are explained in parts II and III below. 

II. The cleat prying may potentially further plasticize the AFC bolts during sliding 

by imposing a high extra tensile strain on the bolt [6, 16, 59]. This is the case 

for the AFC and SFC bolts where they may be subjected to prying forces 

depending on the system boundary conditions, for example, for the AFC bolts 

at the beam bottom flange level of the SHJ. This may be influenced by the cleat 

and beam flange thickness, SHJ beam-column initial gap, SHJ beam column 

relative rotation, level of the AFC bolts tension, size of the AFC bolts, number 

of AFC bolt rows, and geometrical characteristics of the connection. 
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III. Due to the clamping force generated by the AFC and SFC bolts, localized 

bearing stresses can reduce the total thickness of the AFC and SFC plates and 

shims per bolt during the time of sliding and even over the time without sliding 

[63, 65]. Yielding of the microscopic high spots on the AFC sliding surfaces 

and changing the locations of contact points “points at which two surfaces are 

in contact” of the AFC and SFC sliding surfaces can occur. Figure 3.2 shows 

surface roughness, waviness, and microscopic high spots on a schematic 

sliding surface. The terms waviness and roughness are defined in Chapter 7 and 

their influence is covered in much more detail in that section. Yielding of the 

high spots will decrease the surface roughness while changing the locations of 

contact points can face one surface waviness peak with the contacting surface 

waviness valley. Additionally it has been experimentally shown that removal of 

material from solid sliding surfaces (i.e. wearing) occurs for both AFC and 

SFC during sliding [7, 17]. As a result, the AFC and SFC plies’ thickness 

reduces following a few cycles of sliding, hence the grip length being clamped 

by the bolt shortens [59, 65], causing a drop in the bolt tension. 

Ramhormozian, Clifton et al. [65] experimentally measured an average post 

sliding reduction in the total ply thickness of 0.1mm per AFC bolt for a set of 

experiments in which the ¾ inch diameter imperial black bolts of property class 

10.9 were installed to a tensioned range of 30% to 60% of their proof load. 

These experiments are explained in chapter 5. 

IV. AFC and SFC bolts can potentially rub against sides of the slotted holes 

resulting in a shear force imposed on the bolts and reducing their integrity. This 

may potentially occur, for example, for the SHJ’s AFC at beam web bottom 

bolt level or for the AFCs and SFCs in the braces with long slotted holes and 

potential long sliding travels not perfectly aligned with the slotted holes. 

V. Similar to any other type of bolted connection, AFC and SFC bolts may be 

susceptible to the tension loss due to the factors such as short term and long 

term bolt relaxations, joint creep, and vibration induced bolt self-loosening. 
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Figure 3.2. Surface roughness, waviness, and microscopic high spots on a schematic sliding surface 

Sections 3.3, 3.4, and 3.5 describe formulating the bolt, joint’s plies, and BeSs 

stiffness values which are required to model the AFC’s and SFC’s pre and post sliding 

conditions that are described in section 3.6. 

3.3 Bolt longitudinal stiffness: 

The bolt longitudinal stiffness can be determined by considering the bolt as a set of 

spring systems, namely the bolt’s 1) head, 2) shank, 3) threaded portion between the shank 

and nut underneath, and 4) threaded portion engaged with the nut, along with the nut 

(Figure 3.3). These parts contribute in carrying the bolt pretension load when a bolt is 

tightened. 

  
Figure 3.3. Four parts of a bolt acting as a set of spring systems in carrying the bolt pretension load 

 Bolt shank longitudinal stiffness: 

Assuming the bolt is behaving in the elastic range and considering the Hooke's 

law, the bolt shank longitudinal stiffness, 𝐾𝐾𝑠𝑠, can be calculated by Equation 1: 

 𝐾𝐾𝑠𝑠 =
𝐹𝐹
∆𝐿𝐿𝑠𝑠

=
∬𝜎𝜎𝑥𝑥𝑥𝑥𝑟𝑟𝑑𝑑

∫ 𝜎𝜎𝑥𝑥𝑥𝑥
𝐸𝐸 𝑟𝑟𝑑𝑑𝐿𝐿0𝑠𝑠

0

=
𝜎𝜎𝑥𝑥𝑥𝑥𝑑𝑑0𝑠𝑠

𝜎𝜎𝑥𝑥𝑥𝑥
𝐿𝐿0𝑠𝑠
𝐸𝐸

=
𝑑𝑑0𝑠𝑠𝐸𝐸
𝐿𝐿0𝑠𝑠

 (1) 
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where 𝐹𝐹=axial tensile force applied on the bolt, equal to the connection plies 

clamping force per bolt; ∆𝐿𝐿𝑠𝑠=shank elongation due to applied 𝐹𝐹; 𝜎𝜎𝑥𝑥𝑥𝑥=uniformly 

distributed tensile stress on the shank cross section due to applied 𝐹𝐹; 𝐸𝐸=elastic modulus of 

the bolt material; 𝑑𝑑0𝑠𝑠=initial shank cross sectional area i.e. before applying the force 𝐹𝐹; 

𝐿𝐿0𝑠𝑠=initial shank length. Equation 1 is in agreement with the value presented in [67]. 

 Bolt threaded part longitudinal stiffness: 

Similarly, the longitudinal stiffness of the bolt threaded portion between the shank 

and nut underneath, 𝐾𝐾𝑡𝑡, can be calculated by Equation 2: 

 𝐾𝐾𝑡𝑡 =
𝑑𝑑0𝑡𝑡𝐸𝐸
𝐿𝐿0𝑡𝑡

 (2) 
where 𝑑𝑑0𝑡𝑡=initial bolt thread stress area; 𝐿𝐿0𝑡𝑡=initial length of the bolt threaded 

portion between the shank and nut underneath. Equation 2 is in agreement with the value 

presented in [67]. 

 Bolt engaged-with-the-nut threaded part, along with nut longitudinal 

stiffness: 

Experiments have shown that to take the bolt engaged threads elastic deformation 

into account, a length of 0.4𝑄𝑄0𝑠𝑠 needs to be added to the joint grip length in the bolt 

longitudinal stiffness calculations [67, 68], where 𝑄𝑄0𝑠𝑠=initial bolt shank diameter. The 

values from 0.3𝑄𝑄0𝑠𝑠 to 0.6𝑄𝑄0𝑠𝑠 have also been suggested by different sources [67]. Bickford 

[69] suggests a value of 0.5𝑄𝑄0𝑠𝑠 for this contribution. To determine analytically the 

longitudinal stiffness of the bolt threaded portion which is in contact with the nut, it is 

necessary to determine the load distribution along the bolt threads which are in contact 

with the nut threads. This load distribution is not uniform, as the nut and threaded portion 

both have elastic flexibility. Most of the applied load is carried by the first three engaged 

threads, and the load distribution depends upon a number of parameters including the form 

of threads, the thickness of the walls supporting the threads at the threaded section, the 

pitch of the threads, the number of engaged threads, and the boundary conditions [70]. 

An analytical theory to predict the load distribution in bolt threads in contact with 

the nut threads was suggested by Sopwith [71]. Miller, Marshek et al. [72] developed a 

model for predicting this load distribution using second order difference equations. Their 

model consisted of a set of elastic elements “springs” to represent the main body, as well 
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as threads of the bolt and nut. They verified their theory by comparison with finite element 

analysis results, as well as with previous experimental and analytical investigations of 

threaded connections. Wang and Marshek [73] developed a modified spring model similar 

to the model proposed by Miller, Marshek et al. [72] to predict the load distribution in the 

bolt threaded portion which is in contact with the nut threads. They also took yielding of 

the threads into account. They concluded that the lower number threads always carry a 

higher load, and when these threads yield, the next unyielded threads will carry a greater 

load as the bolt preload increases. 

Based on an example described in [73] for the steel bolt with 25.4mm diameter and 

8 engaged Whitworth threads, there is an agreement between finite element, spring, photo-

elastic, and Sopwith analytical models of the bolt threaded portion in contact with the nut 

threads to predict the load distribution over the bolt and nut engaged threads, although the 

finite element model predicts a slightly higher value for the load on the first thread. These 

results are for the case named as compression case (or nut and bolt case), in which the 

boundary conditions are the same as the AFC and SFC bolts assemblages. These results 

predict the load applied on each one of the bolt threads engaged with the nut threads. 

By adopting the results of the comparison carried out by Miller, Marshek et al. [72] 

and Wang and Marshek [73] between different modelling methods, this chapter proposes 

the load distribution into the threads given in Table 3.1. This table gives the predicted 

value of the applied force at certain points of the bolt threaded portion engaged with the 

nut threads, with a specific distance from the nut underneath. These values are then used to 

discretize the integration presented in Equation 3, and can be used for any steel bolt size, 

nut thickness, and number of engaged bolt threads with the nut threads, to estimate the 

load distribution along the bolt engage-with-the-nut and nut threaded parts. This table is 

based on the bolt being tensioned into the elastic range up to the point that the most 

heavily loaded thread i.e. the lowest thread, starts to yield. Figure 3.4 schematically shows 

this load distribution. 

Table 3.1. Load distribution along the steel bolt threaded part which is in contact with the nut threads 
Load distribution 
(% of bolt tension) 

31 21.5 14.5 10.5 8 6 5 3.5 0 

Distance from the nut underneath 
(% of the nut height) 

0 12.5 25 37.5 50 62.5 75 87.5 100 
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Figure 3.4. Load distribution along the steel bolt threaded part which is in contact with the nut 

threads, and the nut threads 

Equation 3 is used to calculate the elongation of the bolt threaded portion which is 

in contact with the nut, (∆𝐿𝐿𝑡𝑡𝑟𝑟𝑏𝑏), due to an arbitrary bolt preload F. 
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=
0.125𝐻𝐻0𝑟𝑟
𝑑𝑑0𝑡𝑡𝐸𝐸

×
𝐹𝐹

100
× (0 + 3.5 + 8.5 + 14.5 + 22.5 + 33 + 47.5 + 69) 

=
0.25𝐻𝐻0𝑟𝑟𝐹𝐹
𝑑𝑑0𝑡𝑡𝐸𝐸

 (3) 

where 𝐻𝐻0𝑟𝑟=nut initial height i.e. before being compressed; 𝐹𝐹(𝑑𝑑)=load function 

representing the axial tensile load applied on the bolt engaged threaded part’s cross 

section, at the point with distance 𝑑𝑑 from the nut underneath. 

The longitudinal stiffness of the bolt threaded portion which is in contact with the 

nut is calculated by Equation 4. 

 𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏 =
𝐹𝐹

∆𝐿𝐿𝑡𝑡𝑟𝑟𝑏𝑏
=

𝑑𝑑0𝑡𝑡𝐸𝐸
0.25𝐻𝐻0𝑟𝑟

 (4) 

Similarly, the nut stiffness, 𝐾𝐾𝑡𝑡𝑟𝑟𝑟𝑟, is calculated by Equation 5. 

 𝐾𝐾𝑡𝑡𝑟𝑟𝑟𝑟 = (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏 =
𝑑𝑑0𝑟𝑟𝐸𝐸

0.25𝐻𝐻0𝑟𝑟
 (5) 

where 𝑑𝑑0𝑟𝑟=nut initial cross sectional stress area. 

The bolt threaded part and nut together can be considered as two springs in series. 

As the bolt is tightened, a load equal to the bolt preload is applied at the nut underneath, 

the bolt threaded part is tensioned, and the nut is compressed, both based on the load 

distribution shown in Figure 3.4. The overall cumulative deflection is the summation of 
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these two deflections, as it is assumed that there is no force transferred between the far end 

(unloaded face) of the nut threaded portion and the bolt threaded portion, hence there is no 

relative displacement. One can assume a dummy rigid bar at the unloaded face of the nut 

to model this behaviour, as is shown schematically in Figure 3.3. Hence, the overall 

stiffness of the bolt threaded portion engaged with the nut, along with the nut itself, 𝐾𝐾𝑡𝑡𝑟𝑟, 

can be calculated by Equation 6. 

 𝐾𝐾𝑡𝑡𝑟𝑟 =
1

1
𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏

+ 1
𝐾𝐾𝑡𝑡𝑟𝑟𝑟𝑟

=
𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏𝐾𝐾𝑡𝑡𝑟𝑟𝑟𝑟
𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑟𝑟𝑟𝑟

=
𝑑𝑑0𝑟𝑟𝑑𝑑0𝑡𝑡𝐸𝐸

0.25𝐻𝐻0𝑟𝑟(𝑑𝑑0𝑟𝑟 + 𝑑𝑑0𝑡𝑡)
=

(𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)𝐾𝐾𝑡𝑡𝑟𝑟𝑏𝑏
1 + (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)

 (6) 

 Bolt head longitudinal stiffness: 

To take the bolt head elastic deformation into account, which is conceptually 

similar to the elastic deformation of the bolt engaged-with-the-nut threaded part and nut, 

VDI 2230 [68] suggests a length of 0.4𝑄𝑄0𝑠𝑠 be added to the joint grip length in the bolt 

longitudinal stiffness calculations, where 𝑄𝑄0𝑠𝑠=initial bolt shank diameter. Bickford [69] 

suggests a value of 0.5𝑄𝑄0𝑠𝑠 for this bolt head contribution. Alkatan, Stephan et al. [74] 

proposed an equation to calculate the length for the bolt head contribution. This equation 

is related to the bolt geometry, bolt and fastened plies materials, and the coefficient of 

friction between the bolt head underneath and the fastened ply. 

By adopting the equation proposed by Alkatan, Stephan et al. [74], this chapter 

proposes Equation 7 to calculate the bolt head longitudinal stiffness, 𝐾𝐾ℎ. Equation 7 

considers the same elastic modulus for the bolt and joint plies materials, standardized head 

height of 0.65𝑄𝑄0𝑠𝑠, and the coefficient of friction of 0.2 for the bolt head underneath and 

the fastened ply, or hardened washer, or BeS. This equation is based on an even contact 

across the surface of the bolt head. If a BeS is used under the bolt head, the contact area 

would move close to the shank resulting in a potential inaccuracy in Equation 7. However, 

the bolt head is generally the stiffest part of the bolt, meaning that the other parts i.e. 

shank, threaded part, and threaded portion engaged with the nut, along with the nut itself, 

are more influential in the bolt’s overall stiffness value. Additionally, in presence of BeSs, 

the solution of the governing equations of the AFC and SFC plies and bolt assemblage 

behaviour, are generally dominated by the BeS system stiffness, hence this potential 

inaccuracy in the bolt head stiffness value is insignificant and can be neglected. 

 𝐾𝐾ℎ =
𝑑𝑑0𝑠𝑠𝐸𝐸

0.3𝑄𝑄0𝑠𝑠
 (7) 
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 Overall bolt longitudinal stiffness: 

Considering the bolt head, shank, threaded part between the shank and nut 

underneath, threaded part engaged with the nut, along with the nut itself as a set of springs 

in series, as is demonstrated in Figure 3.3, the bolt longitudinal stiffness is calculated by 

Equation 8. 

1
𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡

=
1
𝐾𝐾ℎ

+
1
𝐾𝐾𝑠𝑠

+
1
𝐾𝐾𝑡𝑡

+
1
𝐾𝐾𝑡𝑡𝑟𝑟

=
0.3𝑄𝑄0𝑠𝑠
𝑑𝑑0𝑠𝑠𝐸𝐸

+
𝐿𝐿0𝑠𝑠
𝑑𝑑0𝑠𝑠𝐸𝐸

+
𝐿𝐿0𝑡𝑡
𝑑𝑑0𝑡𝑡𝐸𝐸

+

1 + (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)
(𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)

0.25𝐻𝐻0𝑟𝑟
𝑑𝑑0𝑡𝑡𝐸𝐸

 

=
1
𝐸𝐸
�

0.3𝑄𝑄0𝑠𝑠 + 𝐿𝐿0𝑠𝑠
𝑑𝑑0𝑠𝑠

+
𝐿𝐿0𝑡𝑡+

1 + (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)
(𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)

0.25𝐻𝐻0𝑟𝑟
𝑑𝑑0𝑡𝑡

� 

 

𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠
�⎯⎯� 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 =

𝐸𝐸

�0.3𝑄𝑄0𝑠𝑠 + 𝐿𝐿0𝑠𝑠
𝑑𝑑0𝑠𝑠

+
𝐿𝐿0𝑡𝑡+

1 + (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)
(𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡)

0.25𝐻𝐻0𝑟𝑟
𝑑𝑑0𝑡𝑡

�

 

(8) 

Defining the total effective length of the bolt shank, 𝐿𝐿𝑟𝑟𝑠𝑠, and threaded part, 𝐿𝐿𝑟𝑟𝑡𝑡, as 

𝐿𝐿𝑟𝑟𝑠𝑠 = 0.3𝑄𝑄0𝑠𝑠 + 𝐿𝐿0𝑠𝑠 and 𝐿𝐿𝑟𝑟𝑡𝑡 = 𝐿𝐿0𝑡𝑡+
1+(𝐴𝐴0𝑟𝑟/𝐴𝐴0𝑡𝑡)

(𝐴𝐴0𝑟𝑟/𝐴𝐴0𝑡𝑡)
0.25𝐻𝐻0𝑟𝑟 respectively, Equation 8 then can 

be simplified into Equation 9. 

 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 =
𝐸𝐸

�𝐿𝐿𝑟𝑟𝑠𝑠𝑑𝑑0𝑠𝑠
+ 𝐿𝐿𝑟𝑟𝑡𝑡
𝑑𝑑0𝑡𝑡

�
 (9) 

3.4 Joint stiffness: 

A bolted joint can be considered as a set of springs loaded in tension and 

compression. The tightened bolt provides clamping force causing the BeSs and/or plies to 

be compressed/shortened. Hardened (or round) washer can be regarded as a ply with 

specific thickness and outside and inside diameters. The bolt preload is in equilibrium with 

the plies clamping force. The BeSs and/or plies act as a set of springs in series, as is shown 

in Figure 3.5. Hence, the plies overall stiffness, 𝐾𝐾𝑗𝑗, can be calculated by Equation 10. 
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Figure 3.5. Joint plies acting as a set of springs in series: (a) with hardened washer, (b) with BeSs 

 𝐾𝐾𝑗𝑗 =
1

1
𝐾𝐾1

+ 1
𝐾𝐾2

+ 1
𝐾𝐾3

+ ⋯+ 1
𝐾𝐾𝑟𝑟

=
1

∑ 1
𝐾𝐾𝑖𝑖

𝑟𝑟
𝑖𝑖=1

 (10) 

where 𝑎𝑎=number of the plies; 𝐾𝐾𝑖𝑖=𝑖𝑖𝑡𝑡ℎ ply stiffness in the axial direction. 

It has been shown using ultrasonic measuring [75] and FEA modelling [76] that the 

pressure in a bolted joint is greatest under the bolt head/nut and reduces as the distance 

from the bolt interface increases. The existence of joint surfaces and the joint surfaces 

finish quality are amongst the factors that have large effects upon the interface pressure 

distribution and as a result joint stiffness [75]. 

There are several methods found in the literature to calculate the joint stiffness, 

such as Cylindrical Stress Field “Q factor”, Shigley’s Frustum, and finite element method 

(FEM) based approaches. 

 Cylindrical Stress Field “Q factor” approach: 

Shigley assumed that the barrel shaped stress field of the plies can be approximated 

as a cylinder of diameter 𝑄𝑄𝑄𝑄0𝑠𝑠 [77]. There are several recommendations found in the 

literature to determine the value of 𝑄𝑄. For example, 𝑄𝑄 = 3 was used by Pulling, Brooks et 

al. [78]. Having the outer and inner diameter of the cylinder i.e. 𝑄𝑄𝑄𝑄0𝑠𝑠 and 𝑞𝑞𝑖𝑖𝑄𝑄0𝑠𝑠, it will be 

possible to determine the 𝑖𝑖𝑡𝑡ℎ ply stiffness using Equation 11. The 𝑞𝑞𝑖𝑖 is a coefficient greater 

than or equal to 1 to consider the clearance between the clamped material and the bolt. 

Figure 3.6 shows the cylinder, 𝑄𝑄𝑄𝑄0𝑠𝑠, and 𝑞𝑞𝑄𝑄0𝑠𝑠. 
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Figure 3.6. The equivalent cylinder, 𝑄𝑄𝑄𝑄0𝑠𝑠, and 𝑞𝑞𝑄𝑄0𝑠𝑠 in cylindrical Stress Field “Q factor” approach 

 𝐾𝐾𝑖𝑖 =
𝑑𝑑𝑖𝑖𝐸𝐸
𝑡𝑡𝑖𝑖

 (11) 

where 𝑑𝑑𝑖𝑖 = 𝜋𝜋𝐷𝐷0𝑠𝑠2 (𝑄𝑄2−𝑞𝑞𝑖𝑖
2)

4
; 𝑡𝑡𝑖𝑖=𝑖𝑖𝑡𝑡ℎ ply thickness . 

Hence, the plies axial stiffness can be calculated by substituting Equation 11 into 

Equation 10, as is presented in Equation 12. 

 𝐾𝐾𝑗𝑗 =
𝐸𝐸

∑ 𝑡𝑡𝑖𝑖
𝑑𝑑𝑖𝑖

𝑟𝑟
𝑖𝑖=1

=
𝜋𝜋𝐸𝐸𝑄𝑄0𝑠𝑠2

4∑ 𝑡𝑡𝑖𝑖
(𝑄𝑄2 − 𝑞𝑞𝑖𝑖2)

𝑟𝑟
𝑖𝑖=1

 (12) 

There are other attempts found in the literature aiming to increase the accuracy of 

the Q factor approach [77], albeit by making the approach more complex. It is worth 

noting that the AFC cleat and SFC middle plate have slotted holes which make the whole 

connection plies slightly less stiff than the case if the plies all had normal sized holes. This 

difference in the plies stiffness is assumed to be negligible. Additionally, using BeSs can 

change the load distribution pattern in the plies. However, the overall stiffness of the joint 

with BeSs is dominated by the BeSs stiffness. Hence, any inaccuracy in calculating the 

joint plies stiffness when BeSs are used is insignificant, and is therefore considered as for 

the case without BeSs. 

 Shigley’s frustum approach: 

Shigley, Budynas et al. [79] used an approach considering that the bolted plies 

stress field shape looks like a frustum of a hollow cone. To apply this approach, a 

dispersion angle is assumed for the stress distribution in the plies i.e. 𝛼𝛼 (see Figure 3.7). 

By taking integration over the ply thickness based on an arbitrary clamping force, 𝐹𝐹, each 
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ply deflection and as a result stiffness can be calculated. Considering a ply element of the 

thickness 𝑟𝑟𝑑𝑑, as shown in Figure 3.7, the ply element deflection, 𝑟𝑟𝐿𝐿𝑝𝑝, due to the clamping 

force, 𝐹𝐹, is calculated by  Equation 13. 

 
Figure 3.7. The assumed stress field in the frustum approach 

 𝑟𝑟𝐿𝐿𝑝𝑝 =
𝐹𝐹𝑟𝑟𝑑𝑑
𝐸𝐸𝑑𝑑𝑟𝑟

 (13) 

where 𝑑𝑑𝑟𝑟 is the element area calculated by Equation 14. 

 𝑑𝑑𝑟𝑟 = 𝜋𝜋 ��𝑑𝑑 tan𝛼𝛼 +
𝑄𝑄
2
�
2

− �
𝑟𝑟
2
�
2

� = 𝜋𝜋 �𝑑𝑑 tan𝛼𝛼 +
𝑄𝑄 + 𝑟𝑟

2
� �𝑑𝑑 tan𝛼𝛼 +

𝑄𝑄 − 𝑟𝑟
2

� (14) 

where 𝑄𝑄 and 𝑟𝑟 are shown in Figure 3.7. By substituting Equation 14 into Equation 

13, and taking integration over the ply depth, the ply deflection, ∆𝐿𝐿𝑝𝑝, under the clamping 

force, 𝐹𝐹, is calculated by Equation 15. 

∆𝐿𝐿𝑝𝑝 =
𝐹𝐹
𝜋𝜋𝐸𝐸

�
𝑟𝑟𝑑𝑑

𝜋𝜋 �𝑑𝑑 tan𝛼𝛼 + 𝑄𝑄 + 𝑟𝑟
2 � �𝑑𝑑 tan𝛼𝛼 + 𝑄𝑄 − 𝑟𝑟

2 �

𝑡𝑡𝑖𝑖

0
 

 =
𝐹𝐹

𝜋𝜋𝐸𝐸𝑟𝑟 tan𝛼𝛼
ln

(2𝑡𝑡𝑖𝑖 tan𝛼𝛼 + 𝑄𝑄 − 𝑟𝑟)(𝑄𝑄 + 𝑟𝑟)
(2𝑡𝑡𝑖𝑖 tan𝛼𝛼 + 𝑄𝑄 + 𝑟𝑟)(𝑄𝑄 − 𝑟𝑟) (15) 

The 𝑖𝑖𝑡𝑡ℎ ply stiffness is calculated by Equation 16. 

 𝐾𝐾𝑖𝑖 =
𝐹𝐹
∆𝐿𝐿𝑝𝑝

=
𝜋𝜋𝐸𝐸𝑟𝑟 tan𝛼𝛼

ln �(2𝑡𝑡𝑖𝑖 tan𝛼𝛼 + 𝑄𝑄 − 𝑟𝑟)(𝑄𝑄 + 𝑟𝑟)
(2𝑡𝑡𝑖𝑖 tan𝛼𝛼 + 𝑄𝑄 + 𝑟𝑟)(𝑄𝑄 − 𝑟𝑟)�

 (16) 
 

A dispersion angle 𝛼𝛼 = 45° has been used [79] and is also suggested for the stiff 

bearing length by NZS3404 [15]. However, it has been reported that this angle 

overestimates the joint clamping stiffness, a range of 15° ≤ 𝛼𝛼 ≤ 33° is recommended for 

the most cases and 𝛼𝛼 = 30° is recommended in general [79]. 𝑄𝑄 is the outside diameter of 

the bolt head, or nut, or hardened washer, or BeS, or is calculated for the neighbouring ply 
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stress distribution. Using BeSs can change the stress distribution pattern, especially in the 

underneath ply onto which the BeS is bearing, however the overall joint stiffness value is 

dominated by the BeS stiffness and this change of the ply stress distribution, that has an 

influence on the AFC and SFC plies stiffness, is negligible. 

To apply the frustum approach, the mid-plane of the joint is located to construct 

two equilateral triangles, one above and one below the mid-plane of the joint. Each one of 

these regions’ dimensions are used to define the individual frustra stiffness, and 

subsequently the whole joint plies stiffness. The joint overall stiffness, 𝐾𝐾𝑗𝑗, then is 

calculated by Equation 10. 

For the AFC cleat and SFC middle plate, the integration of the Equation 15 can be 

calculated considering having the slotted hole instead of normal circular hole, which will 

result in slightly lower joint plies stiffness. However, this difference is negligible. 

 Other approaches: 

Wileman, Choudhury et al. [76] used finite element analysis to determine the 

stiffness of two plies made of the same material. Their method was then extended by other 

researchers to be applicable to two materials and address more effects such as variable bolt 

head diameters [80, 81]. 

The other possibility to calculate plies stiffness is conducting the experimental tests 

to determine the load-deflection curve of the plies under the compression in the laboratory 

by simulating the practical conditions. The Fastener Engineering and Design Support 

manual [82] states that a bolt is often about 1/3-1/5 as stiff as the joint that it is being used 

in. This is a rough estimation and it is recommended instead to calculate the AFC and SFC 

plies stiffness for research/design purposes using one of the methods explained above. 

3.5 Belleville spring(s) stiffness: 

Belleville springs (BeSs) are briefly explained in section 1.2.2.4.4. They are known 

also as disc springs, Belleville washers, and conical compression washers, and are 

truncated conical annual washer-type elements invented by Julien Belleville in 1867 [83]. 

A heavy-duty BeS is typically made of high strength steel. A BeS is characterised by four 

main geometrical variables, including outside and inside diameters, thickness, and 

maximum deflection. Figure 3.8 shows the typical cross sectional layout of a BeS. A BeS 
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compresses to a flat disk under a defined level of force known as the flat load. A well 

accepted analytical approach to correlate the BeS flat load to the material and geometrical 

characteristics was proposed by Almen and Laszlo [84]. A common application of BeSs is 

anywhere that a bolt pre-load is needed to be maintained over the time, hence they come in 

a wide range of rated strength and sizes and are usually similar in size to standard washers, 

so can be used in conventional layout bolted connections. When subjected to a bolt tension 

loss, for example, as a result of stress relaxation, the BeS pushes out to compensate for 

part of the bolt tension loss. This action is mathematically formulated in this chapter. 

 
Figure 3.8. (a) Typical cross sectional layout of a Belleville spring (b) BeS acting as a spring 

A BeS will be elastic up to full squash load and release, provided that it is 

supplied pre-set. Pre-setting involves preloading the springs to the flat position prior to 

their use, which is part of the manufacturing process for most of the BeSs [85]. Not all 

BeSs are pre-set, however it is required that any used for the AFC and SFC are pre-set so 

that they operate elastically in service. 

The ideal load-deflection curve of a BeS is linear [86]. Typically the BeSs have a 

bilinear load-deflection curve which is linear up to 80-90% (for higher load BeSs to be 

used, for example, in bolted joints) or >95% (for thinner BeSs to be used, for example, in 

machine elements) of the flat load, and after that point the load increases progressively as 

the spring begins to bottom out (roll on) [20, 22] (Figure 3.9). This is because the lever 

arm of the bending force acting on the BeSs’ edge from the underneath plate suddenly 

decreases slightly and requires higher additional imposing force to further flatten the BeS, 

when it reaches >80% of the flat load. 
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Figure 3.9. Bilinear hysteresis load-deflection graph of a BeSs 

The loading and unloading curves of the BeSs are not exactly the same i.e. there is 

a very slight hysteresis curve which is resulting from the friction between the spring edge 

and the underneath plate surface causing an amount of energy to be dissipated (Figure 

3.9). A smoother and rounder BeS edge may cause less energy dissipation on a given 

underneath surface. 

Assuming a linear behaviour for a BeS, two different values for BeS stiffness 

associated with the loading and unloading can be defined i.e. 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑𝑖𝑖𝑟𝑟𝑙𝑙 and 

𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑢𝑢𝑟𝑟𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑𝑖𝑖𝑟𝑟𝑙𝑙. 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑𝑖𝑖𝑟𝑟𝑙𝑙 may be considered in the calculations associated with the 

installing and tightening the bolts as well as when an un-flattened BeS is being squashed 

further in service due to, for example, prying and/or AFC bolt additional axial force in 

double curvature state. 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑢𝑢𝑟𝑟𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑𝑖𝑖𝑟𝑟𝑙𝑙 may be considered in the calculations associated 

with the operation of the BeS in service when it pushes out due to the bolt tension loss. 

However, these two stiffness values for a single BeS with well-rounded and smooth edge 

are often very close and the small difference is mainly in an offset value due to the loss of 

energy. Hence, it is recommended to define a unique value for a BeS stiffness i.e. 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵. If 

the BeS edge is not well-rounded and smooth, and/or if two or more BeSs are used in 

parallel configuration, which is explained below, the amount of the energy loss would be 

higher resulting in more different behaviour in loading and unloading paths. In such case, 

which is recommended to be avoided in practice, the loading and unloading paths should 

be regarded separately for design purposes. 

Part of the dissipated energy during squashing a BeS is the localized plastic 

deformations of the underneath plate (roughness) due to the contact pressure along the 

edge of the BeSs and the outer plies. A potential solution to minimize this effect may be 

using flat hardened washers with large outside diameter between the BeSs and the 

connection’s outer ply. 
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To determine the BeS stiffness, one can fit the best straight line to the load-

deflection data points of BeS loading and unloading paths that are often provided by the 

BeS manufacturer for each product. The slope of these loading and unloading lines are 

often very close and either gives a good estimation of the BeS stiffness, 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵. The other 

possibilities are taking an average of the slopes of the loading and unloading lines or to fit 

a line on both loading and unloading paths at the same time to represent the BeS stiffness. 

The latter is recommended. A preliminary estimation of the BeS stiffness may be 

calculated by dividing the BeS flat load by its maximum deflection. This may not 

necessarily be always accurate,  specifically if the BeS load-deflection curve is bi-linear. 

BeSs can be assembled in various ways including series, parallel, and 

series/parallel, as shown in Figure 1.10. If 𝑎𝑎 similar BeSs are used in parallel, the flat load 

of the system will be 𝑎𝑎 times the flat load of a BeS, and the maximum deflection of the 

BeSs system remains the same as for a single BeS’s, resulting in a stiffer system than one 

BeS. The reason is that the force required to bend the edge of the paralleled BeSs will be 𝑎𝑎 

times the force required to bend a single BeS edge, if the shear stress transfer between the 

BeSs surfaces is ignored. Thus, the stiffness of such system, 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑃𝑃, can be calculated by 

Equation 17. It is recommended not to use more than 4 springs in parallel unless 

considering an appropriate higher safety factor to compensate for loss of energy due to 

friction between the springs [87]. Additionally, if a single BeS can be used, as opposed to 

multiple BeSs in parallel, the total material needed to achieve the target load and 

deflection is less than multiple BeSs in parallel, hence is more cost effective to use the 

single BeS. 

 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝑃𝑃 = 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 + 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 + ⋯+ 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵����������������� =
𝑟𝑟

𝑎𝑎 × 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 (17) 

If 𝑎𝑎 similar BeSs are used in series, the flat load of the system remains the same as 

a BeS’s, and the maximum deflection of the system will be 𝑎𝑎 times the maximum 

deflection of a BeS, resulting in a softer system than one BeS. Thus, the stiffness of such 

system, 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝐵𝐵, can be calculated by Equation 18. To prevent in-service instability and 

lateral movement, it is recommended to keep the number of BeSs in series as small as 

possible [88]. 

 
𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵,𝐵𝐵 =

1
1

𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵
+ 1
𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵

+ ⋯+ 1
𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵�����������������

𝑟𝑟

=
1
𝑎𝑎

𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵
=
𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵
𝑎𝑎

 
(18) 
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Figure 3.10 shows the ideal linear load-deflection graphs of a single BeS as well as 

two and three similar BeSs in series and parallel. If a BeS load-deflection curve is bilinear 

due to rolling on, one can define two stiffness values for the BeS equal to slope values of 

the two lines of either loading or unloading graphs, as is shown in Figure 3.9. 

 
Figure 3.10. Ideal linear load-deflection graph of single, series, and parallel BeSs 

 

If m groups of stacked-in-parallel BeSs are stacked in series, where ni is the 

number of BeSs in the ith group, the overall stiffness of the BeSs system, Koverall,SP, until 

reaching the flat load of the weakest group(s), can be calculated by Equation 19, as from 

that point onwards, the weak group(s) is flat and should be ignored for the BeS system 

stiffness calculations. 

 𝐾𝐾𝑏𝑏𝑜𝑜𝑟𝑟𝑟𝑟𝑎𝑎𝑙𝑙𝑙𝑙,𝐵𝐵𝑃𝑃 =
1

1
𝑎𝑎1𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵

+ 1
𝑎𝑎2𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵

+ ⋯+ 1
𝑎𝑎𝑚𝑚𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵

=
1

∑ 1
𝑎𝑎𝑖𝑖𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵

𝑚𝑚
𝑖𝑖=1

=
𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵
∑ 1

𝑎𝑎𝑖𝑖
𝑚𝑚
𝑖𝑖=1

 (19) 

The overall stiffness of two different BeSs in parallel, if they can be practically 

stacked in parallel, is the summation of two BeSs stiffness values. However there are 

practical considerations in using two different BeSs in parallel. 

The overall stiffness of two different BeSs, namely BeS1 and BeS2, in series, is 

𝐾𝐾𝑏𝑏𝑜𝑜𝑟𝑟𝑟𝑟𝑎𝑎𝑙𝑙𝑙𝑙,𝑠𝑠 = 𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵1×𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵2
𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵1+𝐾𝐾𝐵𝐵𝐵𝐵𝐵𝐵2

 until reaching the weaker BeS flat load, as from that point 

onwards, the weaker BeS is flat and the BeSs system stiffness is equal to the stronger BeS 

stiffness. An example of such application may be using one type of BeS at bolt head side 

and the other type at the nut side of a bolted connection. It is recommended to use only 

one type of BeS in practice to minimize the probable construction errors. 
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3.6 AFC or SFC bolt installation and post-sliding tension loss 

with and without BeSs: 

This section presents two examples of the AFC or SFC plies and bolt assemblage 

with and without BeSs, calculates a nut rotation required to tighten the bolts in the elastic 

range at installation, and demonstrates the BeSs ability in retaining the post-sliding bolt 

tension (or clamping force) of the connection, when the bolt undergoes post sliding plastic 

elongation and/or the plies undergo post sliding reduction in their thickness and come back 

to the initial position following a few cycles of sliding. To this end, the stiffness values of 

the connection’s components per bolt are first calculated. These components are the joint 

plies, hardened washer(s) or BeS(s), and bolt. To calculate the bolt stiffness value, the 

only unknown value would be the initial length of the bolt contributing threaded portion 

between the shank and nut underneath, 𝐿𝐿0𝑡𝑡, to clamp the joint by a given preload. This has 

a unique value for a given bolt tension and is calculated using Equations 1, 2, 6, and 7 as 

well as considering the displacement compatibility (the bolt deformation once the bolt is 

tightened must be compatible with the joint plies’ and hardened washer(s)’ or BeS’ 

deformations). At this stage the nut rotation to tighten the bolt is calculated considering the 

displacement compatibility and the bolt thread’s pitch. Then the stiffness values of the 

connection’s components are re-calculated, this time, considering the bolt longitudinal 

plastic deformation, 𝛿𝛿𝑏𝑏, and joint plies thickness reduction, 𝛿𝛿𝑝𝑝, which are both variable. 

Finally, considering the connections’ post-sliding displacement compatibility as well as 

force equilibrium per bolt, the post sliding bolt tension, which is a function of two 

variables (𝛿𝛿𝑏𝑏 and 𝛿𝛿𝑝𝑝), is derived. These calculations are performed for each case with and 

without BeSs and are shown in Table 3.2. This table also presents the sources for each step 

of calculations. Figure 3.11 schematically shows the proposed spring models of both cases. 
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Table 3.2. Calculation steps associated with the AFC and SFC bolt installation and post sliding 

tension loss with and without BeSs 

Step Description Source(s) for calculations 

a) Calculating the stiffness of the plies 𝐾𝐾𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠 (a1) and  
hardened washers 𝐾𝐾ℎ𝑎𝑎𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 𝑤𝑤𝑎𝑎𝑠𝑠ℎ𝑟𝑟𝑟𝑟 and/or BeS(s) 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 (a2) Equation 12 and section 5 

b) Calculating the overall stiffness of the plies and hardened washers 𝐾𝐾𝑗𝑗 (b1) 
or overall stiffness of the plies and BeS(s) 𝐾𝐾𝑗𝑗−𝐵𝐵𝑟𝑟𝐵𝐵 (b2)  Equation 10 and results from a) 

c) Calculating the post tightening elastic deformation of the 
plies and washers ∆𝐿𝐿𝑗𝑗 or plies ∆𝑙𝑙𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠 

Hooke's law and results from a) or b) 

d) Calculating (𝑑𝑑0𝑟𝑟/𝑑𝑑0𝑡𝑡) ratio  Bolt/nut geometry 

e) Calculating the required length of the bolt threaded 
part between the shank and nut underneath 𝐿𝐿0𝑡𝑡 to clamp the plies 

Equations 1, 2, 6, and 7, and 
displacement compatibility 

f) 

Calculating the required turn of the nut without BeS(s) ∝𝑟𝑟𝑢𝑢𝑡𝑡 or with BeS(s) 
∝𝑟𝑟𝑢𝑢𝑡𝑡−𝐵𝐵𝑟𝑟𝐵𝐵 to tension the bolt up to the elastic installed bolt tension, 

 if all of the plies, hardened washers and/or BeSs, nut underneath, and 
bolt head underneath are perfectly 

in contact, with the bolt tension equal to zero 

Displacement compatibility and pitch 
of the thread. 

g) Calculating the bolt overall stiffness 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 Equation 9 and results from e) 

h) Calculating the post sliding plies stiffness 𝐾𝐾𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠−𝑝𝑝𝑠𝑠 following the plies’ thickness 
being reduced by the amount of 𝛿𝛿𝑝𝑝 Equation 12 

i) Calculating the overall post-sliding stiffness of the joint, i.e. plies and hardened 
washers 𝐾𝐾𝑗𝑗−𝑝𝑝𝑠𝑠 or plies and BeS(s)  𝐾𝐾𝑗𝑗−𝑝𝑝𝑠𝑠−𝐵𝐵𝑟𝑟𝐵𝐵 

Equation 10, results from h),  
and section 5 

j) 

Forming two equations two unknowns for post sliding bolt elongation 
and joint compression following the bolt being perfectly-plastically 

stretched such that the initial length of the bolt (underneath of the nut to underneath 
of the head) is increased by the amount of 𝛿𝛿𝑏𝑏 

and the plies overall thickness is reduced by the amount of 𝛿𝛿𝑝𝑝 

Force equilibrium and 
displacement compatibility 

k) Calculating the post sliding bolt tension for the case without BeSs 𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠, and with 
BeSs 𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠−𝐵𝐵𝑟𝑟𝐵𝐵. These are functions of two variables i.e. 𝛿𝛿𝑏𝑏 and 𝛿𝛿𝑝𝑝. Hooke’s law and results from j) 

 

Figure 3.11. AFC and SFC joint plies and bolt assemblage spring model: (a) with hardened washers, 

(b) with BeSs 

 AFC or SFC without BeSs: 

An AFC or SFC with a cap plate (or outer plate), shim, cleat (or middle plate), 

shim, and beam bottom flange (or other outer plate) of 16, 5, 16, 5, and 16mm thickness 
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respectively is considered. The plies are intended to be clamped by 100mm long 

“excluding the bolt head height” High Strength Friction Grip (HSFG) property class 8.8 

(G8.8) M20 bolt. The bolt is intended to be tightened up to 145kN, which is approximately 

equivalent to the minimum HSFG G8.8 M20 bolt proof load given in AS/NZS 1252 [26]. 

This is the peak point of the bolt elastic behaviour range. The initial bolt shank length is 

50.2mm as the average of the minimum and maximum values identified by AS/NZS 1252 

[26]. According to NZS 3404 [15], 𝑑𝑑0𝑡𝑡 = 245𝑚𝑚𝑚𝑚2 and the bolt pitch is 2.5mm. The 

average values of the maximum and minimum of two different outside nut diameters are 

shown in Figure 3.12, in accordance with AS/NZS 1252 [26]. As an average of the 

maximum and minimum values identified by AS/NZS 1252 [26], 𝐻𝐻0𝑟𝑟 = 20𝑚𝑚𝑚𝑚. 

 
Figure 3.12. Dimensions of the HSFG M20 nut (left) and hardened washer (right) 

The steel elastic modulus is considered as 𝐸𝐸 = 205 𝐺𝐺𝐺𝐺𝑎𝑎 as specified by NZS 3404 

[15], and the coefficients 𝑄𝑄 and 𝑞𝑞𝑖𝑖 are considered 3 and 1.1 respectively. The latter is to 

satisfy 2mm hole size clearance recommended in NZS 3404 [15]. Two 3.85mm thick 

hardened washers with outside and inside diameters of 41.2mm and 22.3mm respectively, 

are used at the bolt head and nut sides (Figure 3.12). These values are the average of the 

maximum and minimum values identified by AS/NZS 1252:1996 [26] for the hardened (or 

round) washers for high strength structural bolting. The following values then can be 

calculated according to Table 3.2 for joint’s pre and post sliding stages: 

Step a1) 𝐾𝐾𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠 =
𝜋𝜋 × 202(32 − 1.12) × 205

4 × (16 + 5 + 16 + 5 + 16)
= 8650𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (20) 

Step a2) 𝐾𝐾ℎ𝑎𝑎𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 𝑤𝑤𝑎𝑎𝑠𝑠ℎ𝑟𝑟𝑟𝑟 =
ℎ𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟 𝑤𝑤𝑎𝑎𝑠𝑠ℎ𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎 × 𝐸𝐸𝑠𝑠𝑡𝑡𝑟𝑟𝑟𝑟𝑙𝑙
ℎ𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟 𝑤𝑤𝑎𝑎𝑠𝑠ℎ𝑟𝑟𝑟𝑟 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠

  

 =
𝜋𝜋(41.22 − 22.32) × 205

4 × 3.85
= 50265𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (21) 

Step b1) 𝐾𝐾𝑗𝑗 =
8650 × (50265/2)
(50265/2) + 8650

= 6435𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (22) 

Step c) ∆𝐿𝐿𝑗𝑗 =
145

6435
= 0.02𝑚𝑚𝑚𝑚 (23) 
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Step d) 𝑑𝑑0𝑟𝑟
𝑑𝑑0𝑡𝑡

=
�𝜋𝜋4 × �38.3 + 33.5

2 �
2
� − 245

245
= 3.13 

(24) 

Step e) ��
145

314 × 205
50.2

� + 50.2�
���������������
𝑟𝑟𝑙𝑙𝑏𝑏𝑟𝑟𝑙𝑙𝑎𝑎𝑡𝑡𝑟𝑟𝑑𝑑 𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎 𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑡𝑡ℎ

+ ��
145

245 × 205
𝐿𝐿0𝑡𝑡

� + 𝐿𝐿0𝑡𝑡�

���������������
 𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑡𝑡ℎ 𝑏𝑏𝑟𝑟 𝑟𝑟𝑙𝑙𝑏𝑏𝑟𝑟𝑙𝑙𝑎𝑎𝑡𝑡𝑟𝑟𝑑𝑑 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑑𝑑 𝑝𝑝𝑎𝑎𝑟𝑟𝑡𝑡 𝑏𝑏𝑟𝑟𝑡𝑡𝑤𝑤𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡ℎ𝑟𝑟 𝑠𝑠ℎ𝑎𝑎𝑟𝑟𝑎𝑎 𝑎𝑎𝑟𝑟𝑑𝑑 𝑟𝑟𝑢𝑢𝑡𝑡 𝑢𝑢𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑡𝑡ℎ 

  

+
145

314 × 205
0.3 × 20�������

ℎ𝑟𝑟𝑎𝑎𝑑𝑑 𝑑𝑑𝑟𝑟𝑟𝑟𝑏𝑏𝑟𝑟𝑚𝑚𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑟𝑟

+
145

3.13 × 245 × 205
(1 + 3.13) × 0.25 × 20���������������

𝑑𝑑𝑟𝑟𝑟𝑟𝑏𝑏𝑟𝑟𝑚𝑚𝑎𝑎𝑡𝑡𝑖𝑖𝑏𝑏𝑟𝑟 𝑏𝑏𝑟𝑟 𝑡𝑡ℎ𝑟𝑟 𝑟𝑟𝑟𝑟𝑙𝑙𝑎𝑎𝑙𝑙𝑟𝑟𝑑𝑑 𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑑𝑑 𝑝𝑝𝑎𝑎𝑟𝑟𝑡𝑡 𝑎𝑎𝑙𝑙𝑏𝑏𝑟𝑟𝑙𝑙 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑡𝑡ℎ𝑟𝑟 𝑟𝑟𝑢𝑢𝑡𝑡 

 

 = 58 + (3.85 × 2) − 0.02 = 65.7���������������������
𝑐𝑐𝑏𝑏𝑚𝑚𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑑𝑑 𝑗𝑗𝑏𝑏𝑖𝑖𝑟𝑟𝑡𝑡 𝑙𝑙𝑟𝑟𝑖𝑖𝑝𝑝 𝑙𝑙𝑟𝑟𝑟𝑟𝑙𝑙𝑡𝑡ℎ

𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠
�⎯⎯� 𝐿𝐿0𝑡𝑡 = 15.2𝑚𝑚𝑚𝑚 (25) 

Step f) ∝𝜇𝜇𝑢𝑢𝑡𝑡=
58 + (3.85 × 2) − 50.2 − 15.2

2.5
× 360 = 30.2 𝑟𝑟𝑟𝑟𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 (26) 

Step g) 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 =
205

�(0.3 × 20) + 50.2
314 +

15.2 + (1 + 3.13
3.13 × 0.25 × 20)

245 �

= 764𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 
(27) 

Step h) 𝐾𝐾𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠−𝑝𝑝𝑠𝑠 =
𝜋𝜋 × 202(32 − 1.12) × 205

4 × (58 − 𝛿𝛿𝑝𝑝)
=

501697
(58 − 𝛿𝛿𝑝𝑝)

𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (28) 

Step i) 𝐾𝐾𝑗𝑗−𝑝𝑝𝑠𝑠 =

501697
(58 − 𝛿𝛿𝑝𝑝) × (50265/2)

(50265/2) + 501697
(58 − 𝛿𝛿𝑝𝑝)

  

 =
2.52 × 1010

(1003393) + (50265 × �58 − 𝛿𝛿𝑝𝑝�)
𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (29) 

Step j) 

⎩
⎪
⎨

⎪
⎧ 2.52 × 1010

(1003393) + �50265 × �58 − 𝛿𝛿𝑝𝑝��
× ∆𝐿𝐿𝑗𝑗𝑏𝑏𝑖𝑖𝑟𝑟𝑡𝑡�����

joint compression

= 764 × ∆𝐿𝐿𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡���
bolt deformation

∆𝐿𝐿𝑗𝑗𝑏𝑏𝑖𝑖𝑟𝑟𝑡𝑡 + ∆𝐿𝐿𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 = � 65.7�
58+(3.85×2)

− 𝛿𝛿𝑝𝑝� − � 65.5�
50.2+15.2

+ 𝛿𝛿𝑏𝑏� = 0.21 − (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝)

 (30) 

Step k) 𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠 =  

 

 

 �

1.93 × 1013 × (0.21 − �𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝�)

��(1003393) + �50265 × �58 − 𝛿𝛿𝑝𝑝��� × 764� + (2.52 × 1010)
; (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝) < 0.21𝑚𝑚𝑚𝑚

0; (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝) ≥ 0.21𝑚𝑚𝑚𝑚
 (31) 
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 AFC or SFC with BeSs: 

The AFC or SFC of the section 3.6.1 example is intended to be clamped by the 

same bolt but with two BeSs in series, one at head and the other at nut side of the bolt, 

instead of the two hardened washers. Each BeS is as thick as a hardened washer, i.e. 

3.85mm. The BeS flat load is 145kN with the maximum deflection of 1mm. The BeSs are 

assumed to be just flattened after bolt tightening, hence there is no post tightening 

compression considered along BeSs’ thickness. The load deflection graph of this BeS is 

linear, hence each BeS stiffness is 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 = 145𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚. Results of the steps d), e), g) and 

h) are the same as the values calculated in section 3.6.1. The following values then can be 

calculated for this joint’s pre and post sliding stages: 

Step a2) 𝐾𝐾𝐵𝐵𝑟𝑟𝐵𝐵 = 145𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (32) 

Step b2) 𝐾𝐾𝑗𝑗−𝐵𝐵𝑟𝑟𝐵𝐵 =
8650 × 145

145 + (2 × 8650)
= 71.9𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (33) 

Step c) ∆𝑙𝑙𝑝𝑝𝑙𝑙𝑖𝑖𝑟𝑟𝑠𝑠 =
145

8650
= 0.02𝑚𝑚𝑚𝑚 (34) 

Step f) ∝𝑟𝑟𝑢𝑢𝑡𝑡−𝐵𝐵𝑟𝑟𝐵𝐵=
58 + ((3.85 + 1) × 2) − 65.5

2.5
× 360 = 318 𝑟𝑟𝑟𝑟𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 (35) 

Step i) 𝐾𝐾𝑗𝑗−𝑝𝑝𝑠𝑠−𝐵𝐵𝑟𝑟𝐵𝐵 =

(501697/2)
(58 − 𝛿𝛿𝑝𝑝) × 145

(145/2) + 501697
(58 − 𝛿𝛿𝑝𝑝)

=
72.7 × 106

(1003393) + (145 × �58 − 𝛿𝛿𝑝𝑝�)
𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚 (36) 

Step j) 

⎩
⎪
⎨

⎪
⎧ 72.7 × 106

(1003393) + (145 × �58 − 𝛿𝛿𝑝𝑝�)
× ∆𝐿𝐿𝑗𝑗𝑏𝑏𝑖𝑖𝑟𝑟𝑡𝑡 = 764 × ∆𝐿𝐿𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡

∆𝐿𝐿𝑗𝑗𝑏𝑏𝑖𝑖𝑟𝑟𝑡𝑡 + ∆𝐿𝐿𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 = � 67.7�
65.7+2

− 𝛿𝛿𝑝𝑝� − (65.5 + 𝛿𝛿𝑏𝑏) = 2.21 − (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝)
 (37) 

Step k) 𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠−𝐵𝐵𝑟𝑟𝐵𝐵 =  

  �
5.56 × 1010�2.21 − (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝)�

(72.7 × 106) + ��(1003393) + (145 × �58 − 𝛿𝛿𝑝𝑝�)� × 764�
; (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝) < 2.21𝑚𝑚𝑚𝑚 

0;  (𝛿𝛿𝑏𝑏 + 𝛿𝛿𝑝𝑝) ≥ 2.21𝑚𝑚𝑚𝑚
 (37) 

 

(38) 

Figures 3.13 and 3.14 show the post-sliding bolt tension for cases with and without 

BeSs, 𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠 and  𝑇𝑇𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡−𝑝𝑝𝑠𝑠−𝐵𝐵𝑟𝑟𝐵𝐵, versus the variable bolt perfectly plastic longitudinal 

deformation and/or variable plies thickness reduction. Figure 3.13 shows that the BeSs 

could maintain the post-sliding bolt tension equal to 90% of the bolt installed tension, at 

the point at which the same bolt tension loss factors cause the bolt to lose all of its preload 

without BeSs. Ramhormozian, Clifton et al. [65] experimentally showed that the average 
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post sliding bolt tension loss for the AFC test samples using ¾ inch imperial black bolts of 

property class 10.9 was about 62% for the cases with the installed bolt tension of 50% to 

60% of the bolt proof load, while using two customized BeSs at head and nut sides of the 

AFC bolts could retain an average of about 80% of the installed bolt tension, suggesting 

the significant benefit of the BeSs in retaining the bolt tension. These experiments are 

explained in chapter 5. 

  
Figure 3.13. Post-sliding AFC or SFC bolt tension vs: bolt longitudinal plastic deformation while 

there is ideally no thickness reduction of the plies (left), and thickness reduction of the AFC or SFC 

plies while there is ideally no bolt longitudinal plastic deformation (right) 

  
Figure 3.14. Post-sliding bolt tension vs combination of AFC or SFC bolt longitudinal plastic 

deformation and plies thickness reduction without BeSs (left) and with BeSs (right) 

3.7 Using not flattened Belleville springs to minimize the prying 

effects and to improve the AFC self-centring capability: 

The SHJ relative beam to column rotation can potentially apply additional tension 

to the beam bottom flange level AFC bolts, because of the prying effects. These effects 

occur because the bottom flange cleat is welded at one end to the column and therefore 

describes an arc as the column rotates, while the other end of the cleat is bolted to the 

beam underside, which effectively remains horizontal. This will result in an external 
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potential overstretching force imposed on the bolted friction connection. Prying effects 

can also occur in other applications of the AFC and SFC, for example, in braces, column 

bases, and rocking shear walls. Prying actions can change the faying forces on the sliding 

interfaces and increase the tensile load on the bolts. To demonstrate the concept of prying 

effects on the AFC or SFC, the following approach is presented including showing the 

benefit of using not flattened BeSs to minimize this undesirable effect. 

Consider two SHJ beam bottom flange level AFCs same as the section 3.6 

examples’ joints, this time, with the bolt installed tension equal to 80% of the bolt proof 

load i.e. 0.8 × 145 = 116𝑎𝑎𝜇𝜇. 𝐿𝐿0𝑡𝑡 and 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 for the cases without and with BeSs are 

calculated as 15.33mm and 763kN/mm, and 15.73mm and 759kN/mm respectively. The 

post-tightening deformation of the cap plate (or beam bottom flange), shim, and cleat are 

calculated as ∆𝑙𝑙𝐶𝐶𝐵𝐵𝐶𝐶 = 116
𝜋𝜋×202(32−1.12)×205

4×(16+5+16)

= 0.01𝑚𝑚𝑚𝑚. The prying induced joint expanding 

actions on these AFCs can be simulated as the applied forces 𝐹𝐹𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙 on the interface of 

the cleat and the lower shim, and the outer face of the beam bottom flange, as is shown in 

Figure 3.15. The displacement associated with 𝐹𝐹𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙 is denoted by 𝛿𝛿𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙. Increasing 

𝐹𝐹𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙 initially causes 𝛿𝛿𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙 to increase from zero to ∆𝑙𝑙𝐶𝐶𝐵𝐵𝐶𝐶. At this point, the faying 

force on the interface of the cleat and the upper shim (upper faying force) is reduced to 

zero while the bolt tension and the faying force on the interface of the cleat and the lower 

shim (lower faying force) are slightly increased to 122kN and 117kN for the cases without 

BeSs or with flattened BeSs and with not flattened BeSs respectively. From this point, by 

increasing 𝛿𝛿𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙, the bolt tension and the lower faying force increase elastically up to the 

bolt proof load while the upper faying force remains zero. The total faying force at each 

stage, which is directly related to the joint sliding resistance, is the summation of upper 

and lower faying forces. 
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Figure 3.15. Prying action on the AFC without BeSs or with flattened BeSs (left) and with not 

flattened BeSs (right) 

To calculate the variations of the bolt tension and faying forces due to the varying 

prying actions, it is necessary to calculate the stiffness of the parts of the AFC which 

contribute in carrying the prying loads. These are bolt, cap plate, lower shim, and 

hardened washers (or BeSs) for the cases without (or with) BeSs, all acting as a set of 

springs in series. These stiffness values are denoted by 𝐾𝐾𝑗𝑗𝑝𝑝 and 𝐾𝐾𝑗𝑗𝑝𝑝−𝐵𝐵𝑟𝑟𝐵𝐵 and are calculated 

as 718kN/mm and 66kN/mm respectively. Figure 3.16 shows the variations of the joint 

forces per bolt including the bolt tension, lower faying force, upper faying force, and total 

faying force under the prying actions for the cases without BeSs or with flattened BeSs 

and with not flattened BeSs. Note that if two BeSs as thick as the hardened washers but 

with the flat load of less than the installed bolt tension (i.e. 116kN) are used in this joint, 

instead of the hardened washers, the joint behaviour under prying actions is identical to 

that of with hardened washers. 
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Figure 3.16. Variation of the joint forces per bolt including the bolt tension, lower faying force, upper 

faying force, and total faying force under the prying actions for the cases without BeSs or with 

flattened BeSs (left), and with not flattened BeSs (right) 

The threshold of 𝛿𝛿𝑝𝑝𝑟𝑟𝑦𝑦𝑖𝑖𝑟𝑟𝑙𝑙 to ensure that the bolt is not plasticized is 0.04mm and 

0.44mm for the cases 1) without BeSs or with flattened BeSs and 2) with not flattened 

BeSs respectively, as is shown in Figure 3.16. In other words, in this example, the axial 

displacement capacity of the joint with not flattened BeSs to accommodate the elastic 

prying expansion is 11 times of that of the joint with flattened BeSs or without BeSs, and 

the variations of the joint forces are significantly less sensitive to the prying actions with 

not flattened BeSs. This means that the joint with not flattened BeSs can limit the prying 

bolt tension increase to 2.3% of the installed bolt tension (i.e. 119kN), at the point at 

which the same bolt reaches the proof load (i.e. 145kN), by 25% prying bolt tension 

increase with respect to the installed bolt tension, in the joint without BeSs or with initially 

flattened BeSs. Thus the use of not completely flattened BeSs is recommended to reduce 

the negative effects of the prying on the AFC and SFC sliding behaviour where they are 

susceptible to these effects. 

Moreover, the presence of the not fully compressed BeSs under both bolt head and 

nut generate an elastic rotational spring which allows the bolt to develop the asymmetric 

friction sliding in part by rotating as a partially rigid body with elastic end springs. This 

generates a couple in the system per bolt, which are horizontal components of the bolt 

tension in stable sliding state, acting in the opposite direction of the sliding direction, 

hence enhancing the self-centring capability of the AFC and potentially the overall 

structural system and building. Figure 3.17 shows the self-centering components due to 

the bolt-body rotation attributed to the use of not flattened BeSs. This effect has been 

observed at real scale component level in the experiments of non-prying AFC test setup 
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[89] and SHJ beam bottom flange AFC test setup [64] undertaken by Ramhormozian, 

Clifton et al. These experiments are explained in chapters 4, 7, and 8. 

 
Figure 3.17. The AFC bolt head and nut stable sliding support conditions for the cases without BeSs 

or with flattened BeSs (left) and with not flattened BeSs providing the self-centering components 

(right) 

3.8 Other potential benefits of using Belleville springs in the AFC 

and/or SFC: 

Belleville springs can distribute the bolt tension resulted clamping force on the join 

plies over a wider area compared with hardened washers particularly when they are used 

under the bolt head and nut, hence are expected to decrease the post sliding wearing of the 

sliding surfaces, conventionally localized around the holes. This effect was observed in the 

AFC experiments without and with customized BeSs undertaken by Ramhormozian, 

Clifton et al. [65] which are explained in chapters 4 and 5. This may also increase the 

whole joint frictional resistance for a given clamping force, resulting from potential wider 

contact area on the sliding surfaces as is observed in the experiments undertaken by 

Ramhormozian, Clifton et al. [59] which are explained in chapter 4. 

The moment and shear interaction in the AFC bolts tries to rotate the bolt head and 

nut while the bolt is in double curvature state. The not flattened BeSs under the nut and 

bolt head provide more rotational flexibility to allow the bolt head and nut to rotate with 

expected potential smaller internal actions generated in the bolt. 

Using BeSs can significantly decrease the AFC and SFC bolt tension change due to 

the nut rotation as is shown in the examples of sections 3.6.1 and 3.6.2. This makes it 

possible to reach a precise level of the elastic bolt tension using an appropriate turn-of-nut 
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based method. This is explained in chapter 6. Use of the BeSs can also decrease the bolt 

tension drop of the formerly-tightened bolts of each joint during installation. This effect 

was observed in a set of non-prying AFC sliding experiments undertaken by 

Ramhormozian, Clifton et al. [65] using customized BeSs. 

Using not flattened BeSs can decrease the bolt tension change during sliding. 

These can be loss of the bolt tension due to the reasons which are discussed earlier in this 

chapter, or transient increase in the bolt tension during sliding when the sliding surface 

particles are removed from the surfaces and potentially increase the bolt grip length, 

and/or when two surface waviness peaks face each other, and/or when the increase in 

temperature expands the plies hence increases the bolt grip length. This provides the 

whole joint with more stable behaviour as is observed experimentally [64]. 

Ramhormozian, Clifton et al. [59, 65] experimentally measured the post sliding 

temperature change of the AFC bolts and cleat for two sets of experiments on the SHJ 

beam bottom flange and non-prying AFC test setups using HSFG PC8.8 M20 and ¾ inch 

imperial black bolts of property class 10.9 respectively, all installed within the bolts elastic 

range, with reported insignificant temperature rise of not more than 4 degrees Centigrade. 

However, the temperature gradient during sliding may be potentially significant 

specifically for the large bolt sizes with very high clamping force. 

Using BeSs can potentially decrease the in service AFC and SFC bolt tension loss 

due to the factors such as relaxation, creep, and vibration induced self-loosening based on 

the concepts discussed in the current chapter. Vibration induced self-loosening is the nut-

bolt relative rotation which is well known to be more susceptible to occur for the lower 

bolt tensions. Hence, by retaining the bolt tension through the use of BeSs, the chance of 

the self-loosening is also decreased. Moreover, the amount of the bolt tension drop due to 

a given potential bolt-nut relative rotation during vibration is much lower for the case with 

BeSs than that of the case without BeSs, as the bolt/BeS assemblage longitudinal stiffness 

is much smaller than that of bolt/hardened washer assemblage. 
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3.9 Proposed design procedure for using BeSs in the AFC and 

SFC: 

The following steps are recommended to be followed to use BeSs in the AFC 

and/or SFC. It is recommended to use only two BeSs in series, one under the bolt head and 

one under the nut, for any application of the AFC and SFC. 

I. Determining the required installed bolt tension 𝑇𝑇𝑖𝑖. This is strongly 

recommended to be within the bolt elastic range, and not in post-yield range, to 

decrease the initial post-tightening bolt tension loss and joint creep [69], and to 

avoid yielding the bolt material during joint sliding. This is critical for the AFC 

and SFC with slotted outer plates layout as the bolt is under additional tension, 

shear, and bending moment during stable sliding state. Additionally, installing 

these bolts well in the elastic range will cause the bolts to deform elastically, 

which is recoverable upon load removal, hence is expected to improve the self-

centering ability of the system. The lower clamping force on the AFC and SFC 

plies may also potentially reduce the localized bearing stress and as a result 

post sliding thickness reduction of the AFC and SFC plies. Note that the 

elastically tensioned bolt delivers smaller clamping force compared with the 

conventional part-turn based fully tensioned bolt, especially in the pre-sliding 

state of the connection. This needs to be carefully taken into account in the 

design of the connection, and if is required, larger number of bolts and/or 

bigger size bolts and/or higher grade bolts may be used in case of considering 

elastic installed bolt tension instead of the conventional part-turn induced bolt 

tension. As it is already mentioned, the use of BeSs may also potentially 

increase the frictional resistance of the connection for a given clamping force, 

compensating for the lower installed bolt tension. On the other hand, very low 

levels of the installed bolt tension may increase the susceptibility of the bolt to 

vibration induced self-loosening, hence is recommended to be avoided. The 

sliding behaviour of the AFC with different configurations of Belleville springs 

and the optimum installed bolt tension in the AFC are discussed in chapters 4 

and 5 respectively. It is also recommended to consider a safety factor for the 

installed bolt tension to compensate for the initial bolt tension loss (within the 

first ten seconds after the bolt is tightened), short term loss (within the first 
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twelve hours after the bolt is tightened) and long term loss (asymptotical over 

the joint design life after the bolt is tightened), and effect of tightening a group 

of bolts. The initial, short term, and 20-year long term bolt tension loss, as the 

percentage of the initial bolt tension, is observed and extrapolated as 2.9, 9.6, 

and 16.8 respectively for the bolts in absence of BeSs [90]. Additionally, while 

tightening a group of bolts, tightening the latter bolts may result in bolt tension 

loss of the former bolts. The use of BeSs may significantly decrease these 

initial, short term, long term, and group tightening bolt tension losses, as can be 

justified by the same concept as that is shown in Figure 3.14, requiring a much 

smaller safety factor. 

II. Determining the geometrical limitations of the BeSs to be used. These may 

include maximum possible OD to distribute the clamping force as widely as 

possible, ID to provide appropriate guide (i.e. bolt) for the BeSs and to satisfy 

hole size clearance requirement, and overall height. Note that there is no need 

to use any hardened washer under the rotating part of the bolt (i.e. nut in most 

applications) in presence of the BeS, provided the BeS hardness value is 

greater than or equal to that of the conventional hardened washer. If is required, 

the BeS operating temperature and surface finish can also be determined. The 

latter is recommended to match the bolt finish, either natural finish, or black 

oxide, or zinc phosphate. 

III. Calculating the flat load of the BeSs. For any application of the AFC and for 

the SFC which is prone to prying effects, this is recommended to be 𝛽𝛽𝑇𝑇𝑖𝑖, and 

for the SFC which is not prone to prying effects to be 𝛾𝛾𝑇𝑇𝑖𝑖 where  

𝑀𝑀𝑎𝑎𝑑𝑑 𝑜𝑜𝐼𝐼 �𝐵𝐵𝑏𝑏𝑙𝑙𝑡𝑡 𝑝𝑝𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟 𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑
𝑇𝑇𝑖𝑖

�  𝑎𝑎𝑎𝑎𝑟𝑟 � 1
0.8⏟

𝑡𝑡𝑜𝑜 𝑝𝑝𝑎𝑎𝑟𝑟𝑡𝑡𝑖𝑖𝑎𝑎𝑙𝑙𝑙𝑙𝑝𝑝 𝑠𝑠𝑞𝑞𝑠𝑠𝑎𝑎𝑠𝑠ℎ 𝑡𝑡ℎ𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆

× 1
0.8~0.9���

𝑡𝑡𝑜𝑜  𝑎𝑎𝑟𝑟𝑏𝑏𝑙𝑙𝑟𝑟𝑖𝑖𝑡𝑡 𝑡𝑡ℎ𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆 𝑝𝑝𝑜𝑜𝑠𝑠𝑡𝑡 𝑟𝑟𝑜𝑜𝑙𝑙𝑙𝑙𝑖𝑖𝑎𝑎𝑏𝑏 𝑜𝑜𝑎𝑎 𝑠𝑠𝑡𝑡𝑎𝑎𝑡𝑡𝑟𝑟 𝐼𝐼𝑙𝑙𝑟𝑟𝑑𝑑𝑖𝑖𝑏𝑏𝑖𝑖𝑙𝑙𝑖𝑖𝑡𝑡𝑝𝑝

� ≤

𝛽𝛽 , and 𝑀𝑀𝑎𝑎𝑑𝑑 𝑜𝑜𝐼𝐼 �𝐵𝐵𝑏𝑏𝑙𝑙𝑡𝑡 𝑝𝑝𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟 𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑
𝑇𝑇𝑖𝑖

�  𝑎𝑎𝑎𝑎𝑟𝑟 � 1
0.8~0.9

� ≤ 𝛾𝛾. This is to ensure that the 

BeS is always not fully flattened before the bolt tension reaches to its proof 

load. However, this condition may be relaxed to fit the practical constraints if 

there was any. 

IV. Determining the maximum linear deflection of the BeSs. This is the maximum 

BeS deflection until it starts to roll on. For any application of the AFC and for 

the SFC which is prone to prying effects, this is recommended to be at least 
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(0.8~0.9)𝛽𝛽 in mm, and for the SFC which is not prone to prying effects to be 

at least (0.8~0.9)𝛾𝛾 in mm. This ensures that, for any application of the AFC 

and for the SFC which is prone to prying effects, each BeS deflects at least by 

1mm from zero load until reaching the installed bolt tension, and still having at 

least 0.25mm of capacity to deflect until reaching 80% to 90% of its flat load, 

and for the SFC which is not prone to prying effects, each BeS deforms at least 

1mm at installation until reaching 80% to 90% of its flat load. 

V. Satisfying all the requirements of parts II, III, and IV, the optimum BeS, with 

the aim of providing the maximum ability to compensate for any potential bolt 

tension loss, is the one with the highest ratio of 𝑀𝑀𝑎𝑎𝑥𝑥𝑖𝑖𝑚𝑚𝑢𝑢𝑚𝑚 𝐵𝐵𝑟𝑟𝐵𝐵 𝑙𝑙𝑖𝑖𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟 𝑑𝑑𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑐𝑐𝑡𝑡𝑖𝑖𝑏𝑏𝑟𝑟
𝐵𝐵𝑟𝑟𝐵𝐵 𝑟𝑟𝑙𝑙𝑎𝑎𝑡𝑡 𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑

. 

This ensures that the BeS to be used, delivers the maximum possible 

deformation until reaching the installed bolt tension. The optimum BeS can be 

either chosen from the supplier’s available stock or requested to be customized. 

If there is any specific application of the BeS, for example, requiring larger 

post tightening capacity until reaching 80% to 90% of its flat load, the BeS 

needs to be designed to fit the specific purpose. 

In summary, it is generally (as a simple but not precise rule of optimization) 

advisable to have a bolt capacity (e.g. proof load as the elastic capacity) the same as or as 

much as possible close to the BeS flat load. It is worth noting that an overloaded BeS 

(very strong bolt and weak BeS) acts as an ordinary washer. On the other hand, having a 

very strong BeS and a relatively weak bolt results in a conventional bolt/washer assembly 

behaviour. Note that the deflection plays a role here too, hence is better to consider the 

stiffness of the components rather than only the load, to be more precise. This is the 

approach proposed and discussed in this chapter. 

According to the proposed design approach, considering the BeS flat load “the load 

required to fully flatten the BeS” which is 10-25% higher than the “linear deformation 

load limit” of the BeS, if there is no need to have in-service flexibility capacity under the 

bolt (e.g. no expected prying and no bolt double curvature behaviour), it is recommended 

to have bolt proof load ≈ bolt installed load ≈ 80-90% of BeS flat load associated with at 

least 1mm of BeS deflection. Otherwise, it is recommended to have the bolt installed 

tension ≈ 60% of the bolt proof load ≈ 70% of the BeS flat load associated with at least 

1mm of BeS deflection. 
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Example: The intension is to design the BeSs for a SHJ beam bottom flange level 

AFC HSFG property class 8.8 M20 zinc phosphate coated bolts. The design bolt tension is 

considered as 90kN. The minimum horizontal distance between the plies holes’ centres 

and from the plies’ holes centres to the plies’ edge are 80mm and 35mm respectively. The 

normal holes diameter is 22mm. The heavy duty BeS load-deflection curve is assumed to 

be linear up to 85% of its flat load. 

Solution: I) Ti=90kN, II) OD˂minimum of {2×35 and 80}=70mm, ID=22mm to 

be compatible with the normal holes’ size, and overall height˂10mm to allow enough 

construction clearance, and the surface finish is recommended to be zinc phosphate, III) 

Max of {145/90}and{1/(0.8×0.85)}=1.6≤β, hence 1.6×90=144kN≤BeS flat load, IV) 

0.85×1.6=1.4mm≤Maximum linear deflection of BeS, V) Satisfying all the requirements 

of parts II, III, and IV, the optimum BeS, to be chosen from the available stock or 

customized, is the one with the highest ratio of  𝑀𝑀𝑎𝑎𝑥𝑥𝑖𝑖𝑚𝑚𝑢𝑢𝑚𝑚 𝐵𝐵𝑟𝑟𝐵𝐵 𝑙𝑙𝑖𝑖𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟 𝑑𝑑𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟𝑐𝑐𝑡𝑡𝑖𝑖𝑏𝑏𝑟𝑟
𝐵𝐵𝑟𝑟𝐵𝐵 𝑟𝑟𝑙𝑙𝑎𝑎𝑡𝑡 𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑

. 

3.10 Conclusions to chapter 3 

1. AFC and SFC are two types of SBCs. The AFC is an energy dissipating 

component used in the SHJ and other types of seismic resisting systems. It 

develops a non-linear inelastic force-displacement curve during sliding. The AFC 

bolts are under MVP interaction during stable sliding causing the conventionally 

fully tensioned AFC bolts to plastically deform and lose part of their preload. This 

can also be the case for the SFC with slotted outer plated layout. The AFC and 

SFC bolts may be under the prying actions that may potentially plastify the bolts 

and result in bolt tension loss. Moreover, in addition to potential initial, short 

term, and long term bolt tension loss, the high clamping force generated by the 

bolts causes the post-sliding wearing and thickness reduction of both AFC and 

SFC plies resulting in the further bolt tension drop. 

2. All AFC and SFC components i.e. plies, bolt assemblages, and BeSs act as the 

springs with different values of the stiffness. The formulations of calculating the 

stiffness value for each one of the AFC and SFC components are proposed in this 

chapter. 

3. Installing the bolts in their elastic range decreases the probability of the bolt 

tension loss by increasing the bolt capacity to accommodate the elastic 
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deformations, and potentially decreases the AFC and SFC plies post-sliding 

thickness reduction probability. This may also improve the AFC self-centring 

capability. However, the elastically preloaded bolts deliver smaller pre-sliding 

clamping force compared with the fully tensioned bolts based on the part-turn 

method of tightening. This effect needs to be taken into account to design the 

connection. It is shown analytically in this chapter that BeSs can considerably 

reduce the post-sliding AFC and SFC bolt tension loss. Using BeSs considerably 

reduces the AFC and SFC bolts sensitivity to the group tightening losses after 

installation, and to the seismic bolt tension loss factors, in which the latter are 

more critical. Hence, the post-sliding bolt tension variability of different bolts of 

the AFC and SFC incorporating the BeSs would be less than the AFC and SFC 

with no BeS. This provides the AFC and SFC with more consistent and 

predictable seismic behaviour. 

4. Installing the BeSs in not flattened state provides a degree of both axial and 

rotational flexibilities under the bolts head and/or nut causing to improve the AFC 

self-centering capability, and to reduce the possibility of the AFC and SFC bolt to 

be plastically stretched due to the prying actions. This is in comparison with the 

case with no BeSs or with flattened BeSs. 

5. Using BeSs can be potentially beneficial in reducing the post sliding AFC and 

SFC plies wearing, reducing the AFC bolts stable sliding additional internal 

actions, minimizing the AFC and SFC bolt tension variations during bolt 

tightening and sliding, and reducing the in service AFC and SFC bolt tension loss. 

6. A design procedure for using BeSs in the AFC and SFC is proposed in this 

chapter, along with an example. 
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4 Chapter 4 
Experimental Studies on Belleville 

Springs use in the Sliding Hinge Joint 
Connection 

4.1 Introduction 

Both SFC and AFC may be subjected to the post-sliding bolt tension loss (e.g. [6, 

7, 10, 42, 60-63]), with the improvements observed in the experiments using Belleville 

springs (BeSs). Consequently the BeSs have been considered as a potentially beneficial 

but optional component of the friction sliders, with no analytical and experimental 

research found in the literature, prior to the current research, focused on investigating their 

effects and optimum configuration. The analytical discussion is presented in chapter 3 and 

this chapter deals with the experimental aspects of the subject regarding the sliding hinge 

joint (SHJ) with the Asymmetric Friction Connections (AFCs). A downside of retaining 

the post sliding AFC clamping force could have been deteriorating the self-centring 

capability of the system through exhibiting resistance to slide while the system tends to 

come back to its original position. This issue has been overcome through the use of 

partially deflected BeSs as proposed by Ramhormozian et al. [35], explained in chapter 3 

of this thesis, and experimentally tested in the research which is presented in this chapter. 

This chapter describes an experimental research program comprising nine real-

scale tests at quasi-static and dynamic rates of displacement controlled loading on the 

SHJ’s beam bottom flange AFC, to investigate the influence of using BeSs on the SHJ’s 

AFC sliding behaviour. The HSFG bolts were installed in the elastic range at ≈50% of the 

bolt proof load. Different AFC configurations were considered including having no BeSs 

and having BeSs at one side as well as both sides of the AFC with varying BeS system 

stiffness values. 

This chapter provides the answers to the following questions through the results of 

the experimental research undertaken: 
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1- What is the influence of different configurations of BeSs in the AFC bolt 

assemblage on maintaining the post-sliding SHJ’s AFC clamping force? 

2- What is the influence of different configurations of partially deflected BeSs in 

the AFC bolt assemblage on the self-centering capability of the SHJ’s AFC? 

3- What is the influence of different configurations of BeSs in the AFC bolt 

assemblage on the SHJ’s AFC system coefficient of friction? 

4- What is the influence of different configurations of partially deflected BeSs in 

the SHJ’s AFC bolt assemblage on the clamping force variations during sliding, mainly, 

due to moment, shear, and axial force (MVP) interaction and/or prying actions? 

5- What is the influence of different configurations of BeSs in the AFC bolt 

assemblage on the AFC sliding surfaces wearing? 

4.2 SHJ’s beam bottom flange AFC real-scale component tests 

description 

 Test rig and AFC plies 

A test rig (Figure 4.1) was designed and used to simulate the sliding behaviour of 

the SHJ beam bottom flange AFC assemblage. It consists of a column hinged to a strong 

wall base plate at A, through an effectively friction less bearing, connected to a ±300 kN 

Shore Western (SW) dynamic actuator at B, and having four threaded holes and a circular 

shear key to bolt and hold the cleat at C. A beam flange plate was welded to the strong 

floor base plate to allow assembling the AFC component for each test. This test setup is an 

inverted representation of the SHJ, with the point of rotation at A, and the SHJ beam 

bottom flange AFC at C. The SW dynamic actuator applies the quasi-static as well as 

intermediate and main dynamic displacement controlled loads at B. The drawings of the 

test rig may be found in [6, 10]. 
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(a)                                                                   (b) 

Figure 4.1. SHJ’s AFC test setup (a), schematic of the SHJ’s AFC test specimens (b) 

The vertical distance between the hinge centre and the cleat top surface, where the 

AFC plies relative displacements are measured, is 478 mm, a figure which closely 

represents a beam section depth of a 460 UB section. The reaction arm amplifies the load 

from that applied by the SW dynamic actuator at B by a factor of 2.24, if the system is 

assumed as static with a perfectly friction-less bearing at A, generating the required AFC 

sliding force transferred to the cleat through the shear key at C. Assuming the system as 

dynamic, the test rig column can be considered as a generalized single degree of freedom 

(SDOF) dynamic system [91]. However, since the imposing loads are orders of magnitude 

way higher than the mass generated inertia forces, as a result of the absence of the dead 

(permanent) and live (imposed) contributing building mass, it is acceptable here to use the 

factor of the static system also for the dynamic system. The distance from the hinge centre 

and the centre of the actuator connection plate to the column is 1071mm. Hence, the load 

amplifying factor, or the displacement decreasing factor assuming a rigid body rotation 

(RBR) for the column, is (1071/478) = 2.24. 

Each test specimen comprised a beam flange plate, a cleat, and a cap plate on top, 

all of which are schematically shown in Figure 4.1. The beam flange plate was 16 mm 

thick with 22 mm diameter plasma cut circular holes and was welded to the strong wall. 

The narrow end of the cleat was 243 mm × 150 mm × 16 mm with 57 mm long elongated 

plasma cut holes, with the wider end bolted to the top of the column and held by the 

circular shear key. The cap plate was 175 mm × 150 mm × 16 mm with 22 mm diameter 

plasma cut circular holes. These plates were made from Grade 350 steel (typical fy=350-

440MPa and typical hardness=140-180BHN). The 5mm thick high hardness (wear or 

abrasion resistant) steel shims were made from Raex 450 grade plate (typical fy=1200MPa 



117 | P a g e  
 

and hardness range=420-500HBW). The shims were 190 mm × 175 mm including 22 mm 

diameter plasma cut circular holes and were placed at both sides of the cleat. The plies 

surfaces were sweep blasted to St2 surface finish standard. A new cleat was used for each 

experiment. The shims used for each experiment were either new or reused from the 

previous experiments, with the unscratched main sliding surface from the previous 

experiment facing the cleat in the new experiment. 

 Bolts and Belleville springs 

The M20 galvanized HSFG property class (PC) 8.8 steel structural bolts were 

supplied by a specialist New Zealand fasteners supplier and used for the experiments. New 

bolts were used for each experiment. Table 4.1 shows the nominal characteristics of the 

bolts. 

Table 4.1. Nominal characteristics of the galvanized HSFG PC 8.8 structural steel bolts 
Bolt Size Shank 

Area 
Stress 

Area of 
Thread 

Pitch Tensile 
Strength 

(minimum) 

Yield Stress 
(minimum) 

Proof 
Load 
Stress 

Average Ultimate 
Tensile Stress 

(min×1.12) 

Proof 
Load 

 mm2 mm2 mm MPa MPa MPa MPa kN 

M20 314 245 2.5 830 660 600 930 147 

The BeSs were supplied by a specialist American Belleville Spring manufacturing 

company. Table 4.2 shows the characteristics of the BeS “M20-52-6.0NF/S1” tested 

before being used in the experiments. The BeSs were all pre-set, meaning that they were 

loaded to a flat disc once after the production, hence behaved fully elastically in the 

experiments. Pre-setting is essential for BeS’s used in this system. Consequently, the BeSs 

were re used for different experiments. 

Table 4.2. Characteristics of each BeS “M20-52-6.0NF/S1” 
Part Number Material Rockwell 

Hardness 
Finish Inside 

Diameter 
(mm) 

Outside 
Diameter 

(mm) 

Overall 
Height 
(mm) 

Thickness 
(mm) 

Maximum 
Deflection 

(mm) 

Load 
(100%) 

(kN) 

M20-52-6.0NF/S1 AISI 4140 Rc 44-48 Mechanically Zinc 
Plated with clear 
chromate (ASTM 
B695, Class 12) 

20.75 52.705 6.828 5.99 0.838 124.7 

The load-deflection values of the M20-52-6.0NF/S1 BeS are shown in Table 4.3 

and the associated loading as well as unloading curves are demonstrated in Figure 4.2 

along with a fitted linear line originated at (0,0) to represent both loading and unloading 
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data points the best indicating the nominal stiffness of 135kN/mm for each BeS. A 

detailed discussion on the BeS’ characteristics may be found in chapter 3 and [35]. 

Table 4.3. Load-deflection values of the BeS “M20-52-6.0NF/S1” 

Loading 
Load(kN) 0 30.2 55.7 85.4 107 125 

Deflection(mm) 0 0.23 0.43 0.63 0.76 0.84 

Unloading 
Load(kN) 111 89 66.7 40 26.7 0 

Deflection(mm) 0.79 0.68 0.56 0.38 0.25 0 

 
Figure 4.2. Loading and unloading curves of the BeS along with the fitted stiffness line 

 AFC Bolts and Belleville springs assemblage configurations 

50% of the HSFG property class 8.8 M20 bolt proof load i.e. 0.5×147=73.5kN was 

considered as the target installed bolt tension for all of the experiments. This is to keep the 

bolts in the elastic range at installation, increasing their capacity to accommodate 

additional elastic stresses during stable sliding as described in chapter 3. Five different 

configurations were considered for the use of BeSs namely: 1) NS-Ti, 2) S1-Ti, 3) S2-Ti, 

4) S3-Ti, and 5) S4-Ti. These designations mean; 1) having no BeSs but ordinary HSFG 

hardened washers, and 2) to 5) having one, two, three, and four BeSs in series 

respectively. A detailed discussion on the BeS’ possible series, parallel, and series/parallel 

assemblage configurations may be found in chapter 3 and [35]. Ti=1, 2, and 3 represent 

the number of each specific configuration’s test repeat. The configurations S2 and S4 used 

one Belleville spring at nut side between a hardened washer under the nut and the cap 

plate while the configurations NS, S1, and S3 used only the HSFG hardened washer under 
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the nut. Configurations S1 and S2, and S3 and S4 used 1 and 3 BeSs at head side of each 

bolt respectively. Considering the joint grip length, the values for the bolt lengths that 

were used for the experiments were 110mm, 120mm, 120mm, 130mm, and 140mm for 

NS-Ti, S1-Ti, S2-Ti, S3-Ti, and S4-Ti respectively, all excluding the bolt head thickness. 

This ensured that the full height of the nut was engaged with the bolt threaded part by 

showing at least one clear thread above the nut after tightening, as is recommended by 

[15]. Figure 4.3 shows different configurations of the bolts and BeSs assemblage. 
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                            (a)                                               (b)                                           

   
   (c)                                                (d)                                                (e) 

 

    
                            (f)                                                 (g)                        (h) 

Figure 4.3.  SHJ’s AFC assembled component with portal gauges installed (NS or S1 or S3 

configurations) (a), SHJ’s AFC bolts at head side with donut load cells (NS configuration) (b), and 

(S3 or S4 configurations) (c), using depth micrometer to measure BeSs deflections at SHJ’s AFC 

bolts’ head side (S1 or S2 configurations) (d), using depth micrometer to measure BeSs deflections at 

SHJ’s AFC bolts’ nut side (S2 or S4 configurations) (e), SHJ’s AFC bolts numbering (NS or S1 or S3 

configurations) (f), using G5 ultrasound bolt tension meter to measure SHJ’s AFC bolts lengths (g), 

and using laser point infrared digital thermometer gun to measure the bolt’s temperature (h). 

 SHJ’s AFCs assemblage and test measurements 

The AFC bolts were tightened in sequence from the first one to the forth one, first, 

up to snug tight according to [15], then from the first one to the fourth one up to the 

desired level of tension using a V-RAD-16 electric torque multiplier. The bolts were 

numbered as is shown in Figure 4.3. The tension of each bolt was monitored and recorded 

continuously over the whole test time by a Transducer Techniques TT-LWO-60 load cell 

under each bolt (Figure 4.3). Each load cell was sandwiched between two M20 HSFG 

hardened washers, and each load cell’s capacity was 267kN. 
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The relative displacements between the AFC plies were recorded by five portal 

displacement gauges (Figure 4.3). The displacement and axial force of the actuator were 

recorded by the actuator internal displacement gauge and load cell. The actuator was 

connected to the test rig column by four pre tensioned structural bolts. The bracket 

supporting the actuator load and the strong wall base plate were installed on the strong 

floor and strong wall respectively, each one by seven post tensioned rods to minimize 

support movement. A number of trials were performed at first to determine the calibration 

factor of the test rig due to the sources of potential flexibility and potential slips. The aim 

was to evaluate the maximum necessary displacement of the actuator resulting in the 

maximum desired displacement of the AFC cleat. These trials were performed using the 

AFC bolts tightened up to 50% of the proof load as was the case for the main tests. The 

calibration factor was determined as 1.5. After these trials, the bolts of the test rig 

connections, especially the actuator connections, were firmly retightened to minimize the 

system slip during the main tests. 

The length of each bolt was measured by an ultrasonic G5 bolt tension meter, 

before tightening, after tightening, after each test, and after untightening (Figure 4.3). The 

bolt head and the nut were marked so as to investigate if there has been any nut relative to 

bolt head rotation during the sliding tests. The temperatures of the bolts were measured 

before the test, right after the main dynamic loading, and after the test using a laser point 

infrared digital thermometer gun (Figure 4.3h). The height of the BeSs “at both sides if 

applicable” was measured by a depth micrometre before and after the test (Figure 4.3e). 

 Loading regime 

The loading regime comprised a combination of displacement controlled load 

histories, namely a main dynamic loading pattern, four quasi-static, and four intermediate 

dynamic regimes. The loading regime was designed to simulate the pre-earthquake, severe 

earthquake, and post-earthquake conditions to represent a combination of SLS, ULS, and 

greater than ULS events. The loading regime displacement versus time is shown in Figure 

4.4. 
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Figure 4.4.  The loading regime consisting of quasi-static, intermediate dynamic, and main dynamic 

displacement controlled load histories 

The quasi-static loading provides an AFC cleat-beam flange plate relative 

displacement of approximately 4.8 mm, corresponding to a SHJ beam-column relative 

rotation of 0.010 rad which was applied at a slow slip rate of 1 mm/minute. The 

displacement controlled quasi-static load was in both positive and negative directions, as is 

shown in Figure 4.4. 

Following each quasi-static loading, the intermediate dynamic load was applied to 

ensure that the AFC cleat-beam flange plate relative displacement was gradually reduced 

and the AFC bolts ended up close to the straight vertical orientation. The number of cycles 

consisted of five cycles each to 3.6 mm and 2.4 mm, followed by nine cycles of decreasing 

amplitudes, as is shown in Figure 4.4. 

The main dynamic load was applied after an intermediate dynamic loading, in the 

middle of the whole loading regime, as is shown in Figure 4.4, consisting of 3 AFC cleat-

beam flange plate relative displacement cycles to 2.4 mm and 3.6 mm, 2 cycles to 4.8 mm, 

1 cycle to 7.2 mm and 9.6 mm, 2 cycles to 14.3 mm, and back down again. This 

corresponds to SHJ beam-column relative rotations of 0.005 rad, 0.0075 rad, 0.010 rad, 

0.015 rad, 0.020 rad and 0.030 rad. It is worth noting that the higher amplitudes mentioned 

above push the SHJ’s AFC beyond the limits associated with the 2.5% ULS inter-storey 

drift which is specified by [92]. 

For the amplitudes less than or equal to 3.6mm, the period of the loading was 

T=1sec/cycle, and for the amplitudes greater than 3.6mm, the period was T=1.5sec/cycle. 

This is because, the higher SHJ’s AFC sliding displacements, or the damage in a non-low 

damage MRSF building, are associated with the higher periods. The loading regime was 
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modified in this research from that initially adapted by Khoo [6] from the recommended 

testing procedure for MRSFs by the SAC-Joint-Venture [93]. 

The displacement controlled (and not load controlled) loading regime is basically a 

modified version of the loading regime presented in recommended testing procedure for 

steel MRFs by the SAC Joint Venture [93] as is already mentioned. The original proposed 

loading regime comprises a series of stepwise increases in drift. The modifications made 

are as follows: 

• The regime was applied in terms of beam-column relative rotations and not 

storey drifts. Drifts are a combination of the deformations of column, beam, 

panel zone, and joint, which the test rig is unable to represent all of them. 

• The rotational amplitudes were reduced by 0.005 rad from the specified 

drifts to take the above mentioned deformations into account. This was 

based on the assumption that drifts under 0.5% are non-damaging [93]. 

This is elastic deformation in the overall conventional joint assembly, as 

opposed to inelastic beam-column relative rotation through slip in the AFC. 

• The loading regime was modified from the original stepwise increase to 

maximum drift, to a stepwise increase to maximum rotation in half the 

number of cycles and back to minimum with the other half, then reaching 

to zero rotation by a further nine cycles of linearly decreasing amplitudes. 

Given the aim here is to have no damage in the system, this better reflects 

an actual earthquake induced shaking where the peak is reached in the first 

half to middle of the shaking duration rather than at the end. This also 

ensures the condition of the specimen at the end of each dynamic load 

history part (i.e. intermediate and main) to be representative of post-

earthquake conditions. If the joint came to rest immediately after the 

maximum amplitude, the bolts would be in the stable sliding state with 

different residual sliding strengths in each direction. If the AFC is then 

loaded in the same direction as sliding was taking place prior to stopping, 

the connection would develop the stable sliding resistance before sliding re-

commences. If the specimen was loaded in the opposite direction, it would 

behave as it does under load reversal, and thus slide at very low levels of 

friction. Both of these cases do not necessarily represent the most probable 

conditions of the AFC under earthquake shaking. The stepwise decreases in 
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cycles were applied to ensure the bolts were close to vertical when the AFC 

came to a complete stop. 

• The quasi-static loading ramp was introduced to investigate the point at 

which the sliding commences both before and after a severe earthquake. 

• The intermediate dynamic load was applied following each quasi-static 

loading to gradually reduce the beam-column relative rotation to zero so 

that the AFC bolts ended up close to the straight vertical orientation. 

• The frequencies of the dynamic load history parts are based on the 

numerical time history analysis of a typical building incorporating the SHJs 

[10]. 

4.3 Results and discussions 

Five tests were first carried out for each configuration followed by two more 

repeats on each one of the NS and S4 configurations that showed the less-than and the 

most desirable seismic behaviour respectively, particularly in terms of post sliding 

clamping force retention. Hence a total of nine tests were carried out in the research 

presented in this chapter. The details of the test specimens are shown in Table 4.4. The 

values on the table are calculated as follows in which D is calculated based on linear 

interpolation using load-deflection data points presented in Table 4.3, E is the BeS system 

nominal reserved deflection up to a flat BeS system considering 0.84mm as the flat 

deflection of each BeS, and j is the number of BeSs in each test bolt assemblage 

configuration: 

Table 4.4. Details of the test specimens 
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4

𝑎𝑎=1

 

𝐵𝐵 = 𝑑𝑑𝐴𝐴𝑟𝑟𝑟𝑟𝑎𝑎𝑏𝑏𝑟𝑟 𝑑𝑑𝐹𝐹𝐹𝐹 𝑖𝑖𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 𝑏𝑏𝑜𝑜𝑙𝑙𝑡𝑡 𝑡𝑡𝑟𝑟𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑎𝑎 = 𝐴𝐴
4

× ( 100
𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 𝑝𝑝𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟 𝑙𝑙𝑏𝑏𝑎𝑎𝑑𝑑=147𝑎𝑎𝜇𝜇

)[Actual (%)] 

Specimen name

A
AFC installed

clamping force

C
Nominal stiffness 
of the BeS system

D
Average nominal 

BeS system deflection 
at installation

E
Average nominal 

reserved deflection of the BeS system
at installation

kN kN % of bolt proof load kN/mm mm mm
NS-T1 282 70.5 48 NA NA NA
NS-T2 296 74.0 50 NA NA NA
NS-T3 299 74.8 51 NA NA NA
S1-T1 278 69.5 47 135 0.52 0.32
S2-T1 292 73.0 50 67.5 1.09 0.58
S3-T1 288 72.0 49 45 1.62 0.90
S4-T1 285 71.3 48 33.8 2.14 1.21
S4-T2 306 76.5 52 33.8 2.28 1.07
S4-T3 316 79.0 54 33.8 2.35 1.01

B
Average AFC

installed bolt tension
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𝐹𝐹 = 𝜇𝜇𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑠𝑠𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠 𝑜𝑜𝐼𝐼 𝑡𝑡ℎ𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆 𝑠𝑠𝑝𝑝𝑠𝑠𝑡𝑡𝑟𝑟𝑚𝑚 =
𝜇𝜇𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑠𝑠𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠 𝑜𝑜𝐼𝐼 𝑜𝑜𝑎𝑎𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆 = 135𝑎𝑎𝜇𝜇/𝑚𝑚𝑚𝑚
𝜇𝜇𝑠𝑠𝑚𝑚𝑏𝑏𝑟𝑟𝑟𝑟 𝑜𝑜𝐼𝐼 𝐵𝐵𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝐴𝐴𝑖𝑖𝑙𝑙𝑙𝑙𝑟𝑟 𝑠𝑠𝑝𝑝𝑟𝑟𝑖𝑖𝑎𝑎𝑏𝑏𝑠𝑠 𝑖𝑖𝑎𝑎 𝑠𝑠𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑠𝑠 = 𝑗𝑗  

𝑄𝑄 = 𝑑𝑑𝐴𝐴𝑟𝑟𝑟𝑟𝑎𝑎𝑏𝑏𝑟𝑟 𝑎𝑎𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑟𝑟𝑟𝑟𝐼𝐼𝑙𝑙𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎 𝑜𝑜𝐼𝐼 𝑡𝑡ℎ𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆 𝑠𝑠𝑝𝑝𝑠𝑠𝑡𝑡𝑟𝑟𝑚𝑚 𝑎𝑎𝑡𝑡 𝑖𝑖𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎 = 𝑗𝑗 × ��(𝐵𝐵 − 55.7) ×
0.63 − 0.43
85.4 − 55.7

� + 0.43� 

𝐸𝐸 = 𝑑𝑑𝐴𝐴𝑟𝑟𝑟𝑟𝑎𝑎𝑏𝑏𝑟𝑟 𝑎𝑎𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝐼𝐼𝑙𝑙𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎 𝑜𝑜𝐼𝐼 𝑡𝑡ℎ𝑟𝑟 𝐵𝐵𝑟𝑟𝑆𝑆 𝑠𝑠𝑝𝑝𝑠𝑠𝑡𝑡𝑟𝑟𝑚𝑚 𝑎𝑎𝑡𝑡 𝑖𝑖𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎 = (0.84 × 𝑗𝑗) − 𝑄𝑄 

 SHJ’s AFC elastic strength reduction 

Table 4.5 shows the percentage of post-sliding AFC clamping force loss at the end 

of each test with respect to the installed clamping force as well as the AFC post sliding 

force threshold of losing stiffness normalized to the installed clamping force, for different 

configurations. These are named the normalized clamping force loss (CFL) and the 

normalized elastic strength limit (ESL) respectively. The force threshold of stiffness loss is 

defined as the point on the last quasi static loading line at which there is a significant 

reduction in the system stiffness, suggesting the sliding has occurred. This was obtained 

by finding out the point on the data points at which the rate of the load increase just 

becomes noticeably and considerably smaller suggesting having sliding. In some cases this 

was a sudden drop in the applied load. The post sliding elastic strength reduction factor 

(SRF) is defined as the ratio of CFL and ESL (𝑆𝑆𝑅𝑅𝐹𝐹 = 𝐶𝐶𝐶𝐶𝐿𝐿
𝐴𝐴𝐵𝐵𝐿𝐿

) shown in Table 4.5. The 

smaller SRF means more retention of the post sliding elastic strength. 

Table 4.5. Percentage of post-sliding AFC clamping force loss, normalized force threshold of losing 

stiffness, and elastic strength reduction factor. 

 

The S1 and S2 configurations have not made an improvement on the CFL value 

compared with the cases without BeSs. The first reason is that the average nominal total 

deflection of the BeSs at installation for these two configurations are not sufficient to 

efficiently retain the bolt tension. The second reason is that the accurate readings of the 

load cells were gained at the loads higher than 20-30kN. The loads lower than this level 

might have been considerably smaller than the recorded values. Hence, it is likely that the 

AFC of the NS, and less likely S1 and/or S2 cases, had lost their clamping force to an even 

greater extent than what is shown in Table 4.5. The third reason is that the bolt tension 

Specimen name
Value Mean Standard deviation Coefficient of variation Value Mean Standard deviation Coefficient of variation Value Mean Standard deviation Coefficient of variation

NS-T1 59.9 0.40 148.2
NS-T2 55.1 0.27 203.8
NS-T3 60.9 0.42 143.3
S1-T1 69.8 - - - 0.51 - - - 136.6 - - -
S2-T1 63.8 - - - 0.41 - - - 155.5 - - -
S3-T1 36.1 - - - 0.51 - - - 70.7 - - -
S4-T1 41.4 0.52 79.2
S4-T2 31.4 0.63 49.5
S4-T3 39.9 0.61 64.9

27.4

12.1

0.17

0.19

Normalized elastic strength limit (ESL) Elastic strength reduction factor (SRF)

2.5

4.4

0.07

0.05

0.19

0.08

165.1

64.5

58.6

37.5

0.04

0.12

0.37

0.59

Percentage of clamping force loss (CFL)
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readings of the S1 and S2 configurations were generally electrically noisy, and 

unrealistically low during stable sliding state, resulting in an unrealistically high calculated 

stable sliding system coefficient of friction. This could have been the case with the 

readings at the end of these tests too. Figure 4.5 shows the improved retention of the AFC 

elastic strength through the use of BeSs. The S1 and S2 results are shown in red in Table 

4.5 and are not shown in Figure 4.5 because of the reasons given above. The coefficient of 

variation (CV) of the post sliding elastic strength limit for S4 tests is CV=0.08, showing 

more stable behaviour compared with NS configurations with CV=0.19. Although the 

coefficient of variation of clamping force loss for the NS tests is recorded as less than that 

of the S4 tests, this is mainly because of the load cell’s low accuracy in capturing low 

values of the bolt tensions, as is explained above, hence is not reliable. 

 
(a)                                                                            (b) 

 
                                      (c) 

Figure 4.5.  SHJ’s AFC normalized clamping force loss (a) and elastic strength limit (b), and elastic 

strength reduction factor (c) 

The average nominal total deflection of the BeSs at installation was 0.52mm and 

1.09mm respectively for S1 and S2. An average of 62% of the AFC clamping force was 

lost for the NS, S1, and S2 tests (59% for the NS tests). It is worth noting that the bolts are 

currently fully tensioned at installation in practice suggesting more expected bolt tension 

loss compared with NS tests using the bolts installed in the elastic range. The average 
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nominal total deflection of the BeSs at installation for the S3 and S4s configurations were 

1.62 and 2.25mm respectively. This was sufficient to compensate for most of the bolt 

tension loss, meaning that an average of 37% of the installed clamping force was lost for 

the S3 and S4 tests (37% also only for S4 tests) following the whole sliding regime. It is 

worth noting that using one equivalent BeS instead of two or more BeSs in series (at each 

side of the bolt), such as S3 and S4, is more efficient in delivering the nominal BeSs 

deflection as shown experimentally by Ramhormozian et al. [65] and presented in chapter 

5. This is principally because the BeSs in series configuration may experience stack 

slippage in service. This will result in deterioration in their functionality and efficiency, as 

was observed in the experiments. An equivalent BeS instead of two or more BeSs in series 

is also more cost effective [35] and simpler to be used in practice. 

To have a suitable BeS system being able to compensate for most of the AFC post 

sliding clamping force and elastic strength loss, it is necessary that the BeS system deflects 

as much as possible at the time of installation up to the installed bolt tension. In other 

words, the stiffness of the BeS system should be smaller than that of the bolt and plies as 

much as possible, and still having a flat load not less than the installed bolt tension. This 

action has been analytically formulated by Ramhormozian et al. [35] and is presented in 

chapter 3. 

 SHJ’s AFC total bolt tension increase due to prying and/or MVP 

interaction, and the stable sliding force 

Table 4.6 shows the percentage of the AFC stable sliding (SS) maximum total bolt 

tension increase with respect to the AFC resting total bolt tension (when the bolts are 

ideally straight) just before the main dynamic loading regime. The average percentage of 

the AFC stable sliding (SS) maximum total bolt tension increase was 53% for the NS tests 

and 14.3% for the S3, and S4 tests (13.7% for the S4 tests). This shows significant less 

additional imposed tension to the SHJ’s AFC bolts during stable sliding, resulted from 

MVP interaction and/or prying actions, attributed to the partially (not fully) deflected 

BeSs. Although the coefficient of variation of stable sliding (SS) maximum total bolt 

tension increase for NS tests is less than that of S4 tests, this may be because of the load 

cell’s low accuracy in capturing low values of the bolt tension. The low values of the bolts 

tension in resting state might have been considerably smaller and more variable than the 
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recorded values, suggesting even higher SS maximum total bolt tension increase for the 

NS tests, as is mentioned in section 4.3.1. 

Table 4.6. Percentage of SHJ’s AFC stable sliding maximum total bolt tension increase and average 

stable sliding normalized force. 

 

Table 4.6 also shows the average AFC SS force normalized to the installed 

clamping force. This is presented as the mean value of all data points over the stable 

sliding hysteresis loop in SS +ve and –ve directions, and then an average of the mean 

values of +ve and –ve SS forces. This is a fair representation of the SHJ SS behaviour, as 

in a real building, the SHJs on each side of an internal MRF column will slide 

simultaneously in +ve and –ve directions during a severe earthquake. The two external 

columns’ SHJs of a MRF similarly slide simultaneously in +ve and –ve directions. The 

average SS force normalized to the installed clamping force was 1.04 for the NS tests and 

1.11 for the S1, S2, S3, and S4 tests (1.14 for the S4 tests), meaning that, although using 

partially deflected BeSs significantly decreases the additional imposed tension on the bolts 

(or clamping force) during SS, they can yet deliver slightly higher SS force with respect to 

the installed clamping force. This is due to factors such as 1) retention of the clamping 

force and 2) providing higher system coefficient of friction (when used at both sides of the 

bolt), as explained in section 4.3.3 below. The coefficient of variation for the average SS 

normalized force is less than 0.1 for both NS and S4 tests. Figure 4.6 shows the percentage 

of the AFC SS maximum total bolt tension increase with respect to the AFC resting total 

bolt tension (when the bolts are ideally straight) just before the main dynamic loading 

regime (excluding S1 and S2 tests as is explained before) as well as the average AFC SS 

force normalized to the installed clamping force for all tests. 

 

Specimen name
Value Mean Standard deviation Coefficient of variation Value (+ve) Value (-ve) Value (Average) Mean Standard deviation Coefficient of variation

NS-T1 53.4 1.0 0.9 1.0
NS-T2 60.1 1.1 0.9 1.0
NS-T3 45.4 1.2 1.0 1.1
S1-T1 22.6 - - - 1.3 1.1 1.2 - - -
S2-T1 30.1 - - - 1.1 1.0 1.1 - - -
S3-T1 16.2 - - - 1.1 0.8 1.0 - - -
S4-T1 14.8 1.2 1.0 1.1
S4-T2 6.1 1.1 1.0 1.1
S4-T3 20.1 1.3 1.2 1.3

1.14

0.05

0.09

0.05

0.08

percentage of AFC stable sliding (SS) maximum total bolt tension increase

53.0

13.7

6.0

5.8

0.11

0.42

Average AFC stable sliding (SS) normalized force

1.04
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   (a)                                                                          (b) 

Figure 4.6.  SHJ’s AFC stable sliding maximum total bolt tension increase (a) and average stable 

sliding normalized force (b) 

To have a suitable BeS system being able to minimize the additional SS imposed 

bolt tension due to MVP interaction and/or prying actions, it is necessary that the BeS 

system is partially (not fully) deflected providing a degree of longitudinal flexibility under 

the bolt head and/or nut compared with the conventional layout or the case with fully 

deflected Belleville springs. A design procedure for the use of BeSs in the SHJ to achieve 

this goal is proposed in chapter 3 and [35]. 

 SHJ’s AFC stable sliding system coefficient of friction 

Table 4.7 shows the average AFC SS system coefficient of friction (CoF). This is 

presented as the mean value of all data points over the stable sliding hysteresis loop in SS 

+ve and –ve directions, and then an average of the mean values of +ve and –ve SS forces. 

As is already mentioned in section 4.3.2, this is a fair representation of the SHJ SS 

behaviour in a real building. The CoF is calculated over the time using the following 

equation. 

𝑆𝑆𝑆𝑆 𝐹𝐹𝑜𝑜𝐹𝐹 =
𝑑𝑑𝑖𝑖𝑡𝑡𝑠𝑠𝑎𝑎𝑡𝑡𝑜𝑜𝑟𝑟 𝑖𝑖𝑚𝑚𝑝𝑝𝑜𝑜𝑠𝑠𝑟𝑟𝑟𝑟 𝑙𝑙𝑜𝑜𝑎𝑎𝑟𝑟 × 2.24
2 × ∑ 𝐾𝐾𝑡𝑡ℎ 𝑑𝑑𝐹𝐹𝐹𝐹 𝑏𝑏𝑜𝑜𝑙𝑙𝑡𝑡 𝑡𝑡𝑟𝑟𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑎𝑎4

𝐾𝐾=1
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Table 4.7. SHJ’s AFC average stable sliding coefficient of friction. 

 

The average SS system CoF was 0.58 for the NS tests, 0.59 for the S3 test, and 

0.72 for the S4 tests showing that, the use of BeSs at both head and nut sides (not only one 

side) of the AFC bolts with the BeS wider edge facing the underneath plates can increase 

the system coefficient of friction. This is attributed to the wider contact area along the 

AFC sliding interfaces, being clamped under a wider area at both outer sides of the AFC 

[35, 94].  The coefficient of variation for the average SS system CoF is 0.08 and 0.03 for 

NS and S4 tests respectively, showing more stable average SS system CoF for the case 

with BeSs. Figure 4.7 shows the average SS system CoF for all tests excluding S1 and S2 

as is explained in section 4.3.1. 

 

Figure 4.7.  SHJ’s AFC average stable sliding coefficient of friction. 

To have a suitable BeS system being able to maximize the AFC SS system CoF, it 

is recommended that the BeSs are used at both head and nut sides of the bolts with the 

wider edge facing the underneath plate. This also seals the region between the partially 

compressed Belleville spring and the contacting steel surface from ingress of debris that 

might interfere with the ability to fully flatten during earthquake induced sliding.  

Specimen name
Value (+ve) Value (-ve) Value (Average) Mean Standard deviation Coefficient of variation

NS-T1 0.60 -0.56 0.58
NS-T2 0.67 -0.37 0.52
NS-T3 0.80 -0.48 0.64
S1-T1 1.59 -0.82 1.21 - - -
S2-T1 1.30 -1.11 1.21 - - -
S3-T1 0.65 -0.54 0.59 - - -
S4-T1 0.80 -0.63 0.71
S4-T2 0.80 -0.60 0.70
S4-T3 0.93 -0.58 0.75

Average stable sliding (SS) system coefficient of friction (CoF)

0.58

0.72

0.05

0.02

0.08

0.03
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 SHJ’s AFC self-centering capability 

Three parameters are defined to investigate the self-centering capability of the 

SHJ’s AFC, namely: re-centering energy ratio (RCER), normalized re-centering force 

(RCF), and normalized re-centering distance (RCD). The RCER is defined as the ratio of 

the amount of energy dissipated in both +ve and –ve directions under loading, to the 

amount of energy required to be spent to bring the system back to its zero-displacement 

state. This ratio is 1 for a perfectly rectangular hysteresis loop and 0 for a perfectly self-

centering (flag-shaped) hysteresis loop. To calculate the RCER, all of the large amplitude 

SS hysteresis loops of the experiments were stretched or shortened in +ve and –ve 

displacement directions (along x axis) from zero displacement points with respect to the 

force (y) axis, to ensure that the absolute value of the maximum reached displacement is 

exactly 14.3mm for all of the considered hysteresis loops. The RCER then is calculated 

using the following equation. 

𝑅𝑅𝐹𝐹𝐸𝐸𝑅𝑅 =
�∫ 𝐹𝐹(𝑑𝑑)𝑟𝑟𝑑𝑑1𝑠𝑠𝑡𝑡 𝑎𝑎𝑟𝑟𝑑𝑑 3𝑟𝑟𝑟𝑟𝑞𝑞𝑢𝑢𝑎𝑎𝑑𝑑𝑟𝑟𝑎𝑎𝑟𝑟𝑡𝑡𝑠𝑠 �

�∫ 𝐹𝐹(𝑑𝑑)𝑟𝑟𝑑𝑑2𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 4𝑡𝑡ℎ𝑞𝑞𝑢𝑢𝑎𝑎𝑑𝑑𝑟𝑟𝑎𝑎𝑟𝑟𝑡𝑡𝑠𝑠 �
≅
∑ �𝐹𝐹𝑖𝑖 + 𝐹𝐹𝑖𝑖+1

2 × (𝑑𝑑𝑖𝑖+1 − 𝑑𝑑𝑖𝑖)�𝑟𝑟−1
𝑖𝑖=1

∑ �𝐹𝐹𝑖𝑖 + 𝐹𝐹𝑖𝑖+1
2 × (𝑑𝑑𝑖𝑖+1 − 𝑑𝑑𝑖𝑖)�𝑚𝑚−1

𝑖𝑖=1

=
𝐸𝐸1 + 𝐸𝐸3
𝐸𝐸2 + 𝐸𝐸4

 

where F=imposed load on the AFC cleat, x=relative displacement between beam 

flange plate and cleat, n=number of data points on the 1st and 3rd quadrants of the AFC 

hysteresis loop, m= number of data points on the 2nd and 4th quadrants of the AFC 

hysteresis loop, and Ei=area under the force-displacement graph in the ith quadrant (see 

Figure 4.8). 

The normalized re-centering force (RCF) is defined as the force, normalized to the 

associated average stable sliding force (either +ve or –ve), at which the connection 

significantly loses its stiffness, suggesting the initiation of sliding in the first sliding 

interface while the imposed force tries to bring the connection back to its initial position in 

1st and 3rd quadrants of the AFC hysteresis loop. The normalized re-centering distance 

(RCD) is defined as the total travel of the cleat relative to the beam flange plate from the 

maximum reached +ve and –ve relative displacement in 2nd and 4th quadrants of the AFC 

hysteresis loop, to the point at which the full AFC frictional resistance, resulted from two 

active sliding interfaces (i.e. SS state), starts to be developed in the 1st and 3rd quadrants of 

the AFC hysteresis loop. This is normalized to the maximum nominal displacement i.e. 

14.3mm. Figure 4.8 schematically shows Ei, RCF, and RCD on an AFC hysteresis loop. 
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The self-centering factor (SCF) is defined as (𝑆𝑆𝐹𝐹𝐹𝐹 = 𝑅𝑅𝐶𝐶𝐴𝐴𝑅𝑅×𝑅𝑅𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝐵𝐵𝑟𝑟𝑎𝑎𝑎𝑎𝐵𝐵
𝑅𝑅𝐶𝐶𝐷𝐷𝑎𝑎𝑎𝑎𝐵𝐵𝑟𝑟𝑎𝑎𝑎𝑎𝐵𝐵

). The smaller SCF 

suggests more AFC tendency for self-centering. Table 4.8 shows the values of RCER, 

RCF, RCD, and SCF for all nine experiments. Figure 4.9 shows that the use of Belleville 

springs, which are partially deflected, does not deteriorate but has a beneficial influence on 

the AFC self-centering capability, meaning that the values of RCER and RCF are 

decreased and the value of RCD is increased in presence of partially deflected BeSs. This 

causes the SCF to be considerably decreased in presence of partially deflected BeSs. This 

is attributed to the rotational flexibility under the bolt head and/or nut provided by not 

flattened BeSs during stable sliding state, allowing the bolt body to rotate and provide a 

tendency for self-centering. This is explained in chapter 3 and [35]. This improvement is 

maximum for the S2 configuration with SCF of 0.06 compared with average SCF of 0.58 

for NS configurations, given existence of this rotational flexibility at both head and nut 

sides with one BeS at each side. S3 and S4 configurations used three BeSs in series at 

head side of the bolt. This makes a constraint around the shank at head side to rotate 

efficiently during stable sliding, hence S3 and S4 configurations (with SCF and average 

SCF of 0.23 and 0.27 respectively) are not as efficient as S2 configuration from the self-

centering point of view, although their axial flexibility is higher than that of S2 

configuration. The SCF value for S1 configuration was 0.27. 

 
Figure 4.8. SHJ’s AFC schematic stable sliding hystheresis loop showing stable sliding force, re-

centering force, recentring distance, and dissipated energy in each quadrant. 
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Table 4.8. SHJ’s AFC re-centering energy ratio, normalized re-centering force, normalized 

recentering distance, and self-centering factor. 

 

  
(a)                                                                              (b) 

  
(c)                                                                      (d) 

Figure 4.9.  SHJ’s AFC re-centering energy ratio (a), normalized average re-centering force (b), 

normalized average recentering distance (c), and self-centering factor (d). 

In summary, the self-centering capability of the system has been considerably 

improved for all test specimens that used the partially deflected BeS system. 

To have a suitable BeS system being able to maximize the self-centering capability 

of the AFC, it is necessary that two BeSs, one under the head and one under the nut, are 

used being partially (not fully) deflected, to provide a degree of rotational flexibility under 

the bolt head and nut at the same time during stable sliding generating the horizontal self-

Specimen name Self-Centering Factor (SCF)
E1+E3 E2+E4 RCER RCF (+ve) RCF (-ve) RCF (average) RCD (+ve) RCD (-ve) RCD (average) SCF (average)

NS-T1 6378 7967 0.80 0.33 0.32 0.33 0.42 0.43 0.42 0.62
NS-T2 6821 8463 0.81 0.41 0.40 0.41 0.52 0.54 0.53 0.61
NS-T3 7374 9267 0.80 0.37 0.35 0.36 0.56 0.55 0.56 0.51
S1-T1 6822 9323 0.73 0.26 0.19 0.22 0.58 0.63 0.60 0.27
S2-T1 5373 8473 0.63 0.06 0.07 0.06 0.60 0.68 0.64 0.06
S3-T1 5803 7996 0.73 0.18 0.19 0.19 0.62 0.57 0.59 0.23
S4-T1 6146 8737 0.70 0.19 0.14 0.16 0.63 0.56 0.59 0.19
S4-T2 7112 9174 0.78 0.26 0.26 0.26 0.61 0.57 0.59 0.34
S4-T3 8236 11293 0.73 0.26 0.25 0.26 0.67 0.68 0.68 0.28

Joule (J)

Re-Centering Energy Ratio (RCER) Normalized Re-Centering Force (RCF) Normalized Re-Centering Distance (RCD)
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centering tension components of the rotated bolt. Table 4.8 shows that the average nominal 

reserved deflection of the BeS system for S2 configuration, which showed the most 

satisfactory self-centering capability, was 0.58mm (0.29mm for each BeS) at installation. 

A design procedure for the use of BeSs in the SHJ to achieve this effect is proposed in 

chapter 3 and [35]. 

 Other observations 

The use of BeSs could generally decrease the extent and severity of the friction 

sliding resulted wearing of the sliding surfaces known also as galling, as can be seen in 

Figure 4.10, showing the abrasion resistant shims’ interface with the cleat at the beam 

bottom flange side, for a NS and the S2 configuration. This is through the wider 

distributed clamping force along the edges of the BeSs compared with more localized 

clamping force transferred through the hardened washers. It is recommended to use the 

BeSs with the highest practical outside diameter used at both sides of the AFC to 

maximize this desirable effect. 

  

Figure 4.10.  extent of the slding resulted scratches on the abrasion resistant shim facing the cleat at 

the SHJ beam bottom flange side for the NS configuaration (left) and S2 configuration (right). 

The temperature rise during sliding was found to be an un-important parameter, 

with a bolt temperature rise of not more than 4 degrees Centigrade; not sufficient to 

influence the AFC bolt behaviour. Using depth micrometre to measure the BeSs height 

change before and after the tests was found to be not an accurate method, although the 

measurements generally showed that the BeSs pushed out following each test to help in 

avoiding the bolt tension drop. The ultrasonic G5 tension meter measurements were 

slightly and unrealistically larger than theory based expectations, suggesting a need for a 

device overhaul. However the recordings showed that all of the bolts were longer after 

removal at the end of each test compared with the initial length. This suggests a degree of 
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potential plastic elongation even with the AFC bolts installed in the elastic range. No turn 

of the nut was observed during the tests, showing that locking the nuts in place for these 

bolts installed into the elastic range and with partially compressed BeSs is not necessarily 

required. 

4.4 Conclusions to chapter 4 

1) A BeS system which can develop reasonably large deflection at the time of 

installation up to the installed bolt tension (≈2mm) will be able to compensate for most of 

the AFC post sliding clamping force and elastic strength loss. The stiffness of the BeS 

system must be considerably smaller than that of the bolt/joint system and yet with a flat 

load not less than the installed bolt tension. The average percentage of the AFC clamping 

force loss with respect to the initial clamping force of the NS configurations was at least 

≈60% higher than that of the S4 configurations. 

2) Using two BeSs, one under the AFC bolt head and one under the nut, which are 

partially (not fully) deflected at installation (≈0.6mm of reserved deflection for the BeS 

system), will provide a degree of rotational flexibility under the bolt head and nut during 

stable sliding generating the horizontal self-centering tension components of the rotated 

bolt. This will significantly enhance the SHJ self-centering capability. 

3) Using BeSs at both head and nut sides of the AFC bolts with the wider edge 

facing the underneath plate increases the AFC stable sliding system coefficient of friction 

(by ≈25%). To maximize this effect it is recommended to use the BeSs with maximum 

possible outside diameter. This makes it also easier for the manufacturer to customize the 

designed BeSs with the desirable flat load and deflection. Additionally this also has the 

added benefits of increasing deflection and greater consistency in BeSs load versus 

deflection performance. 

4) The partially (not fully) deflected BeS system at installation provides a degree 

of longitudinal flexibility under the AFC bolt head and/or nut minimizing the additional 

stable sliding (SS) imposed bolt tension with respect to the bolt tension in straight state, 

due to the MVP interaction and/or prying actions. This is in comparison with the 

conventional layout or the case with fully deflected BeSs. This bolt tension increase was at 

least ≈290% greater for the NS configuration compared with the S4 configuration. This 

effect does not reduce the AFC stable sliding force with respect to its initial total clamping 
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force, as the average stable sliding force normalized to the installed clamping force was 

even ≈10% higher for the S4 configuration compared with the NS configurations as a 

result of the factors such as retention of the clamping force and providing higher system 

coefficient of friction. 

5) The use of BeSs will generally decrease the extent and severity of the friction 

sliding resulted wearing of the sliding surfaces through the wider distributed clamping 

force along the edges of the BeSs compared with more localized clamping force 

transferred through the hardened washers. Hence it is recommended to use the BeSs with 

the highest practical outside diameter used at both sides of the AFC to maximize this 

effect. 
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5 Chapter 5 
Experimental Studies on the 

Asymmetric Friction Connection (AFC) 
Optimum Installed Bolt Tension and 
Influence of the Customized Belleville 
Spring in Retaining the Bolt Tension 

5.1 Brief background to this research 

As the AFC undergoes sliding, it is evident that the bolts experience a reduction in 

installed bolt tension [10, 59, 60]. This is explained in detail in the previous two chapters. 

This causes the AFC to potentially initiate sliding under less intense loading conditions to 

that which was originally required by the pre-loading state of the AFC bolts. This does not 

affect the strength and stability during a ULS cyclic loading regime but is more significant 

afterwards. Hence the issue might not be generally critical for one earthquake but mainly 

for several, especially if inspection and remediation are not performed, or it might lead to 

movement under significant wind loading of a previously earthquake-softened moment 

frame building. The loss of installed bolt tension partially arises from the imposed 

moment, additional tension, and shear which force the bolts to plasticise as they are 

pushed into the inelastic range. The combination of these actions along with potential 

prying of the cleat causes the bolt to potentially stretch plastically and experience tension 

loss. Furthermore, the abrasive nature of the sliding action also causes the contact surfaces 

of the AFC plies to diminish, further contributing to the reduction in the AFC bolt tension. 

These effects have been explained in chapters 1, 3, and 4. Installing the AFC bolts in their 

elastic range is considered as a key factor to minimize this inelastic AFC bolt deformation 

during sliding, and also to potentially decrease the wearing of the AFC plies sliding 

surfaces. 

As is discussed in chapter 2, the recent findings of Ramhormozian, Clifton [34] 

highlight the importance of conducting a pre-installation check of the bolts. It was 
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identified that bolts with poor thread and surface finish quality performed considerably 

worse and failed to reach the specified level of installed tension. It is believed that this 

unsatisfactory performance stems from plastic strain which develops from interaction of 

torsion and tension, during the installation process [27]. It is recommended that a free-nut 

turn check be carried out prior to any testing. This process involves dividing the bolts into 

different categories based on whether they turn freely, almost freely, or experience issues 

with turning. Only bolts of the first category are kept and used in testing to improve the 

consistency of results. This research also recommends the application of molybdenum 

disulphide paste to the bolts prior to installation, to alleviate these undesirable effects 

(although if the bolts are supplied properly pre-lubricated, this will not be necessary). 

In order to overcome the limitations of the SHJ and any friction sliding seismic 

resisting system, it was recommended that Belleville Springs (BeSs) be introduced to the 

friction connections to improve the functionality of the system, introducing a higher 

residual connection strength and generating more consistent strengths values (e.g. [6, 10, 

21, 45, 95]). This is discussed in details analytically and experimentally in chapters 3 and 

4 respectively. These observations were confirmed by a series of tests conducted by 

Ramhormozian, Clifton [59] both with and without Belleville springs which are explained 

in chapter 4. The procedure involved dynamically loading the AFC assembled with the 

High Strength Friction Grip (HSFG) property class 8.8 bolts to 50% of the proof load. 

This yielded a very promising outcome, as the average bolt tension loss for no springs was 

60%. Whereas, the average tension loss for the system involving Belleville springs under 

all four AFC bolts was 35%. It should also be noted that the testing regime represents 

cumulative sliding and peak magnitude both much greater than what would be 

encountered in practice  

5.2 The AFC experiments on the 500kN MTS machine 

As it currently stands, there is limited knowledge surrounding the optimum level of 

the AFC installed bolt tension within the elastic range. Therefore, the core focus of the 

research presented in this chapter has been to determine this optimum level of installed 

bolt tension. Another objective also exists in the use of customized BeSs in conjunction 

with the optimum level of installed bolt tension once it is determined. A total of 10 

experiments were undertaken. 
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 Test setup 

In order to simulate the AFC sliding behaviour and to determine the loss of 

installed bolt tension, a test rig was designed by the author and used. The basic 

arrangement and testing procedures were adopted based on previous research [89], which 

is also explained in chapters 7 and 8, and involved the use of the 500kN MTS machine. 

The testing arrangement comprises of a multi-layered system which connects directly to 

the arm of the MTS machine and a thick base plate. The base plate is secured into position 

using the strong floor and attached to this is the beam bottom flange plate. The cleat, 

shims and cap plate are then introduced to the test rig to simulate the AFCs as depicted in 

Figure 5.1. The entire mechanism transfers the vertical load to the cleat along the slotted 

holes. As can be seen in Figure 5.1, the centrelines of action for the cleat and beam flange 

are offset and hence the connection would experience a degree of bending moment. Hence 

the stiffeners were designed for the beam flange plate holding plates of the test setup. In 

the SHJ, this bending moment is easily carried out by the beam. There is also a slight 

bending moment over a short period of time imposed on the MTS arm while testing. These 

bending moments are the nature of the AFC. The effect of these bending moments that is 

observed on the sliding behaviour, is having slightly higher CoF in one direction 

compared with the other direction. Given there is always even number of the SHJs in each 

MRSF with half of them sliding in +ve and the other half sliding in –ve direction, this 

directional CoF is not an issue with the SHJ design, as the average CoF can be used. 

                    
Figure 5.1. AFC test setup on the 500kN MTS machine [89] 

 Loading regime 

A loading regime was implemented using the MTS machine and followed a 

specific pattern, consisting of varying three Serviceability Limit State (SLS) and two 

Ultimate Limit State (ULS) loadings. A wind down followed by the first ULS event is 

Beam Flange 

Cleat 

Shims 
Cap 

BeS 
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depicted in Figure 5.2; this represents the winding down of an earthquake event. The 

loading regime was defined in terms of displacement and the original configuration was 

firstly proposed by the SAC-Joint-Venture [93]. This was later adopted by Clifton [10]. 

Further modifications were made by Ramhormozian, Clifton [59] and further adjustments 

were also made by Ramhormozian, Clifton [89] to decrease the frequency of the loading in 

order to satisfy the requirements of the MTS machine. This modified loading regime is 

also discussed in chapters 7 and 8. Following the first period of quasi-static SLS loading, a 

wind down period was also introduced before the ULS component was initiated. In terms 

of displacement, the maximum amount imposed by the MTS arm to the system during 

experimentation was ±14.3mm. 

 
Figure 5.2. Wind down following the quasi-static, and then ULS loading [89] 

 Bolt preparation 

Due to the size restrictions of the high precision donut load cells, instead of using 

the commonly used galvanised high strength friction grip (HSFG) property class 8.8 bolts, 

the 3/4 imperial black bolts of property class 10.9 were used to ensure the compatibility 

between the components, as ensuring tension loss being measured to the highest degree of 

accuracy was essential. 

It is worth nothing that the donut load cells used for the AFC sliding experiments 

presented in this chapter (i.e. THD-50K) were different from the donut load cells used for 

the AFC sliding experiments presented in the other chapters (i.e. LWO-60). The reason 

was the importance of the subject to be studied in this chapter and the need for a load cell 

which is able to monitor the bolt load in a wide range from very low values to high values, 

with the ability of capturing very small changes in the bolt tension. The following points 

may be considered to compare the two types. 
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• Looking at TH series, given the capacity, the THD series seemed to be 

appropriate from the manufacturer catalogue. 

• THD-50K with a capacity of 50,000lb (222.4kN) was appropriate regarding the 

capacity. The ultimate bolt tension that was observed in pure tensile tests for 

HSFG M20 bolts (discussed in chapter 2) were 221-234kN which was expected 

not to be reached even during AFC stable sliding. 

• The inside hole diameter of type W is 3/4 inch with nominal diameter of 

0.781inch (19.82mm) which may not be suitable for M20 bolts. Hence the need 

to use the ¾ imperial bolts. 

• The thickness of THD-50K-W is 1inch (25.4mm) which is double the LWO-

60's. 

• The outside diameter of THD-50K-W is 3inch (76.2mm). This is 70% larger 

than LWO-60's. The minimum center-to-center hole distance in a typical AFC 

specimen was 77mm. Although this item was marginal, this was still 

appropriate. 

• The wire is connected to the THD-50K-W load cell in a robust way compared 

with LWO-60. 

• The maximum error of THD-50K-W is around 0.5kN but the maximum error 

of LWO-60 is around 5kN, hence the THD-50K-W is 10 times more accurate. 

• THD-50K-W price was 9% higher than the LWO-60. 

Each individual bolt was prepared by adhering to the recommendations of [34], 

which are presented in chapter 2. The first stage of this process was to conduct a “Free-

turn of nut” check to identify any bolts with poor thread and finish quality (Figure 5.3a). 

Failed bolts were removed from testing as they have a tendency to develop plastic strain 

during installation as a result of their imperfections. Following this, the tips and heads of 

the accepted bolts were made smooth using a lathe (Figure 5.3b) in order to improve the 

reliability of elongation measurements using the ultrasonic bolt meter. Prior to installation, 

the bolt threads were applied with a molybdenum disulphide paste (GA 50 MOLYBOND) 

to act as a lubricant. 
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a)                                                          b) 

Figure 5.3. a) Free-turn of nut check b) Bolt prepared using lathe 

 Preparation of sliding surfaces 

A wire brush was used to remove any unwanted surface corrosion and residue from 

the AFC plies surfaces. The AFC plies were supplied in 2014 and were made from Grade 

350 mild steel except the shims being made from high strength Raex 450 hardness grade 

plate. The sliding surfaces were initially prepared to St2 standard, however due to 

brushing the surfaces, the surface profile was smoother than that of St2 standard [96]. 

 Measurements 

The following key parameters were measured throughout the testing procedure: 

applied load on the cleat, bolt tension of all bolts, bolt elongation, cleat and bolt 

temperature, relative displacement of the AFC plies, and relative rotation of the nut-bolt 

assemblies. 

The internal load cell of the MTS machine continuously measured the force 

required to impose a certain amount of displacement, as specified by the loading regime. 

The entire AFC system is bound by the clamping force provided by the bolts and can be 

determined by evaluating the summation of the individual bolt tensions. Four high 

precision load cells (model THD-50K-W) were placed under the bolt head (Figure 5.4a) to 

measure the initial applied tension and to establish the loss of tension following the 

loading procedure. Initially, hardened washers were specially fabricated and used to 
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protect the donut load cells during sliding and to ensure an accurate reading of the load 

cells. 

The relative displacements of the AFC plies during sliding were measured using a 

series of portal gauges which were fastened into position using tack welds on the shims, 

cleat, cap plate and the beam-flange plate. Four separate elongation measurements were 

taken for each individual bolt throughout the loading process using the ultrasonic G5 

tension meter (Figure 5.4b). Changes in length were recorded pre-installation, post-

installation (after tightening), after loading, and once the nuts had been loosened. This was 

conducted with the intention of understanding the interaction between the plies and the 

amount of tension loss. Temperature readings were also taken in unison with the 

elongation measurements. Calibration of the load cells, portal gauges and the ultrasonic 

G5 tension meter were carried out before testing could commence. 

    
a)                                                                            b) 

Figure 5.4. a) High precision donut load cells under bolt head b) Ultrasonic G5 tension meter 

 Installing the bolts 

Once all of the AFC plies were placed into the test rig, the nuts were tightened by 

hand using a ring spanner to achieve a snug fit. A standard torque multiplier (V-RAD 16 

Electric Torque Wrench) was used to achieve the desired level of tension. The tension was 

varied as a percentage of the bolt proof load (185kN) and this was accomplished by 

carefully monitoring the output for each load cell and making the appropriate adjustments 
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using the torque multiplier. As shown by Table 5.1, the investigated installed tensions 

were kept well within the elastic range. 

Table 5.1. Installation tension of the bolts and the corresponding test number 

Installation of Bolts 
Test 
no. 

% of bolt proof load 
(180kN) 

1 30% 
2 30% 
3 30% 
4 40% 
5 40% 
6 50% 
7 60% 
8 60% 
9 55% + BeSs 

10 50% 

 Introduction of the customized Belleville Springs (BeSs) 

Once the optimum level of installed tension was ascertained, the final procedure 

was to conduct a test incorporating the use of customized BeSs according to design 

procedure proposed in chapter 3. Ramhormozian, Clifton et al. [35, 64] have proven the 

effectiveness of using BeSs to enhance the performance of the SHJ, for example, in terms 

of reducing the amount of tension loss (this is discussed analytically and experimentally 

also in chapters 3 and 4 respectively). This test provided the details on the overall 

maximum effectiveness that can be achieved using the partially compressed BeSs. 

5.3 Results & Discussion 

 ‘Free-turn of nut’ check 

Out of the total number of bolts ordered from the supplier, 29.9% (43 bolts) failed 

to pass the ‘free-turn of nut’ criterion recommended by Ramhormozian, Clifton [34] and 

presented in chapter 2. The primary cause of failure was due to poor thread quality, likely 

to have occurred during fabrication or transportation of the bolts. The failed bolts were 

excluded from being used in the testing due to concerns over plastic torsion strain 

developing during installation. With nearly one third of the bolts showing inadequacy, this 

emphasises the current issue faced by industry and the need to adopt a standardised system 

to ensure consistent and quality performance of bolts [34]. This is discussed in details in 

chapter 2. 
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 Initial observations on the AFC bolt self-loosening and changes to 

methodology 

Following the completion of the first two tests at 30% of the bolt proof load, 

markings etched onto the bolts and nuts indicated that there was relative rotation between 

the two components during the sliding. The sliding action of the connection was causing 

the nuts to self-loosen, further contributing to a loss in bolt tension. The source of the issue 

was determined to be a combination of the two following key factors: 

• Interaction between the polished steel surface of the load cell surfaces and the 

surrounding washers surfaces, with especially the load cell surface being much 

smoother than a typical steel surface. 

• Relatively low level of installed tension and, consequently, the small amount of 

applied clamping force. 

The smooth exterior surfaces of the load cell/washers was allowing rotational slip 

to occur and the resulting loss of tension was relatively significant. Based on these 

observations, a change in the test setup was required and this involved replacing the 

hardened washers with two additional shims. The aim of this was to enhance the grip 

between the bolt head and the surrounding components. The use of steel shims would also 

reflect the level of friction provided, in reality, which makes it an even more appropriate 

modification. This yielded significantly improved results, as demonstrated by the 

performance of test 3 conducted at the same level of installed tension. In addition to the 

new shims, a locking-nut was introduced, after the completion of test 5, to further reduce 

relative rotation between bolt body and nut. In practice, the nut locking could be more 

easily achieved with a locking compound such as Loktite.  The partnership between these 

two imposed changes produced minimal post-sliding rotation, confirming that the loss in 

tension could not be attributed to this observation. 

As previously mentioned, the first two tests, conducted with an installed tension 

equal to 30% of the bolt proof load (55kN), performed poorly, suggesting that this was not 

the ideal level of tension. The methodology for test 3 was altered to limit the amount of 

relative rotation between the nut and bolt. Although installed with the same initial tension, 

the suppression of nut rotation resulted in an improvement with around 10kN being 

restored by each bolt. It can be concluded that 30% is not the optimum level of installed 
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bolt tension and this is strongly supported by the fact that 87% of the installed tension was 

lost during testing (Figure 5.5). 

Tests 4 and 5 were carried out with an installation tension of 40% (70kN) of the 

bolt proof load, which provided a marginal improvement to that exhibited by the 30 % 

group. The remaining post-sliding tension was found to be 12kN and once again, this was 

a small fraction of the original applied force. Overall, the percentage of tension loss was 

72% (Figure 5.5) and, thus, 40% (70kN) of the bolt proof load was also considered to be 

not the optimum level of tension. 

Whilst still remaining with the elastic range, tests were carried out at 50% (90kN) 

and 60% (105kN) of the bolt proof load. The results of which showed a substantial 

improvement to the previously analysed bolt tension retention. At 50%, the bolt tension 

diminishes to within the range of 30kN and 38kN. Similarly, the final tension for the 60% 

test reduced to a value just less than 40kN. Figure 5.5 compares the lost bolt tension in 

terms of percentage, reinforcing the notion that there is marginal separation between the 

two outcomes as both values are around 62%. Thus, it can be concluded that optimum 

level of installed bolt tension is a range between 50% and 60% of the bolt proof load. A 

noteworthy trend that is established by the plot is that it appears to taper-off (plateau) with 

increasing tension groups. The behaviour of the bolts when installed to a tension higher 

than that of the investigated quantities is known to cause plastic deformation. This 

response causes a major loss in tension as bolts are forced into double curvature, further 

reinforcing the finding that 50% - 60% of bolt proof load is optimum level of installed bolt 

tension. 
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Figure 5.5. Comparison between initial and final AFC average bolt tension (% represents the installed 

bolt tension as the percentage of the bolt proof load) 

 Influence of customized Belleville Springs 

One of the main reasons for conducting the experimental research presented in this 

chapter was to help with minimising post-earthquake damage. However, even at the 

optimum level of installed tension, bolts were still losing 60% of initial tension and 

therefore, would require retightening after a seismic event generating the test regime level 

of sliding. The inclusion of BeSs was then made to the original test setup to examine its 

influence on the systems performance. 

The change produced a significant improvement in terms of the amount of tension 

which was lost during sliding. Figure 5.5 reflects this impact with the test involving BeSs 

proving far superior to any of the other tests carried out without the device. In the end, the 

post-sliding tension was determined to be around 80% of the original tension. This finding 

provides evidence that the SHJ with BeSs have the ability to undergo significant sliding 

during seismic events and not require any post-earthquake maintenance. 

 Plies thickness reduction 

The ultrasonic G5 tension meter was used to measure bolt elongation throughout 

testing. Elongation measurements could then be used to determine the plies thickness 

reduction per bolt. For test 1, this involved measuring the entire length of the bolt at 

various stages in the testing procedure. This yielded unsatisfactory results showing a plies 

thickness reduction of 0.3mm, far greater than any of the other tests carried out. 

Consultation with an industry expert resulted in a refined methodology that was developed 
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and implemented. The results of which were far more consistent and indicated an average 

reduction in the total ply thickness of 0.1mm per bolt. 

It can be postulated that there is a relationship between the plies thickness 

reduction per bolt and the amount of tension loss during sliding. The quantity of tension 

loss remains relatively constant across all the groups. On average, this equates to a loss of 

55kN per bolt (excluding the test incorporating BeSs). From the consistency between the 

plies thickness reduction and the tension loss it is proposed that the decrease in tension, 

within the tested range of the elastic installed bolt tension, can be directly attributed to the 

plies thinning (i.e. thickness reduction). This is further supported by the fact that bolts 

were kept well within the elastic range and by the provisions which saw limited relative 

rotation between the nuts and bolts i.e. self-loosening. 

 Degradation of the sliding surfaces 

A combination of the large clamping force and the sliding behaviour of the test rig 

causes significant degradation of the sliding surfaces. It was found that the cleats and 

shims exhibited major surface wear and this was mainly in the form of ‘galling’. The loss 

of material, especially around the bolt holes, was the primary factor attributing to the 

reduction in plies thickness reduction. Therefore, it can be concluded that this is a root 

source of the loss in tension experienced by the bolts. 

The introduction of customized BeSs further enhanced the performance of system 

by offering a substantial reduction in the amount of surface degradation. It is clearly 

evident that the BeSs reduced also the amount of damage and effectively minimized the 

amount of plies thickness reduction as shown in Figure 5.6. 
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Figure 5.6. Post sliding degradation of the AFC shims for the experiments using customized BeSs 

(left), and no BeSs (right) 

 Bolt and cleat temperature 

The general trend indicates that temperature slightly increases following the 

loading procedure. The likely cause for this change is heat transfer between the sliding 

components. Overall, temperature recordings exhibited no sudden increases and from this, 

it is stipulated that the change in temperature has no major influence over the bolt 

behaviour and the amount of tension lost. 

5.4 Conclusions to chapter 5 

The primary objective of the research presented in this chapter was to establish the 

optimum level of installed bolt tension for use in the SHJ’s AFC. A series of tests were 

carried out by varying the amount of installed bolt tension as a percentage of the bolt proof 

load. After the optimum tension was successfully determined, the inclusion of BeSs were 

made to investigate the overall effectiveness of the system and to provide an indication 

about the peak performance of the SHJ. The following conclusions can be drawn from this 

analysis: 

• A large proportion of supplied bolts (29.9%) failed to meet the requirements of 

the ‘free-turn of nut’ check. This highlights a prevalent issue that currently 

exists within the steel industry and the need to adopt new standards to ensure 

consistency and the quality of bolts. These are discussed in chapter 2. 

• The optimum level of installed bolt tension was determined to be 50% - 60% 

(90kN - 105kN for the tested bolts) of the bolt proof load (180kN for the tested 



150 | P a g e  
 

bolts). Bolts installed without the partially compressed BeSs within this range 

underwent an approximate loss of tension equal to 60%, which is a substantial 

improvement to any of the other investigated tension groups. Note that this 

optimum elastic installed bolt tension is lower than the conventional installed 

bolt tension achieved by part-turn method of tightening. Hence all of the 

influential parameters should be carefully taken into account to design and 

construct the AFC based on the proposed elastic bolt tension. This is covered in 

Chapters 3, 4, and 6. 

o It is worth noting that the proposed elastic level of installed bolt tension 

may cause the same joint to slip at a lower shear load and hence the overall 

joint stiffness might be lower which may not meet the building lateral 

stiffness requirement at serviceability. In order to compensate for this, 

more bolts and/or bigger size bolts and/or higher grade bolts may seem to 

be needed to increase the slip load for the whole joint. However the 

following points are needed to be carefully considered in this regard: 

 The conventional fully tensioned (yielded) bolts are susceptible to 

time related bolt tension loss (up to ≈20%). This is also explained 

in chapter 3. This is not expected to be the case with elastically 

tensioned bolts with BeSs. 

 The system CoF in presence of BeSs is higher than that of without 

BeSs (≈25%). This is explained in chapter 4. 

 The design procedure of the SHJ may be needed to be modified by 

the PhD candidate and the PhD supervisor as is explained in 

chapter 10, i.e. ongoing research, considering the following AFC 

bolt tension values associated with the conventional SHJ: 

a) Pre-sliding tension while the bolt is in straight state (as 

built). This may be considered for the SLS design prior to a 

severe earthquake. 

b) Post-sliding tension in straight state. This is significantly 

lower than item a) above, and may be considered for the 

post sliding SLS design. This is concerning as may be not 

sufficient, hence potential need for retightening and/or 

replacing. With optimized BeSs, this is very close to item a) 

above. 
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c) Stable sliding tension while the bolt is in double curvature 

state. Due to MVP interaction, this is high enough (but 

considerably lower than item a) above) to design for the 

ULS condition. 

 With the proposed way of using BeSs in this thesis, all of the three 

items above are close to each other, predictable, and maintained. 

 Hence, it may be needed to design the SHJ for 1) as built SLS 

event, i.e. prior to a severe event 2) ULS events which may be 

more than one event 3) post sliding SLS event. For the 

conventional approach, item 3 may be governing and concerning, 

however in presence of the optimized BeSs, item 3 is almost 

unchanged following many cycles of sliding, and a stable and 

predictable behaviour will be dealt with to satisfy different cases 

making a designer able to design the structure once for more than 

one severe event (i.e. a true low damage structure), and check for 

pre and post sliding SLS events. 

• It is proposed that the primary cause for the loss in bolt tension, within the 

elastic range of the installed bolt tension, is directly related to the thinning of 

plies (i.e. reduction in total thickness). Tests conducted without BeSs all 

exhibited a similar post-test loss in bolt tension which equates to around 55kN. 

This matches the consistent plies thickness reduction measurements of 0.1mm. 

The reduction in plies thickness arises primarily from the degradation of the 

sliding surfaces. It is clear that this is having a profound impact on the bolt 

tension loss. 

• The performance of the test involving BeSs suggests the vast improvement in 

tension loss and the minimal post-sliding surface degradation. The tension 

retained by the bolts was found to be around 80% of the original installed 

tension. This result highlights the full capability of the SHJ and that minimising 

post-earthquake damage can unquestionably be provided by this connection. 
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6 Chapter 6 
Establishing the Method of Bolt 

Tightening with Belleville Springs in the 
Elastic Range of the Bolt Preload 

6.1 Introduction 

The use of Belleville springs (BeSs) in friction sliding structural connections has 

been discussed and suggested in chapters 1, 3, 4, and 5 as an effective way to decrease the  

post sliding bolt tension loss that has been an unwanted issue with the friction sliding 

structural energy dissipaters. It has been shown also that the use of Belleville springs has 

considerable improving effects on the seismic behaviour of the SHJ and AFC. For 

example, the use of partially deflected BeSs with the bolts installed in the elastic range of 

the bolt preload could decrease the joint post-earthquake bolt tension loss, decrease the 

post-earthquake joint sliding shear capacity reduction, improve the SHJ/AFC self-centring 

capability, increase the system coefficient of friction, and increase the consistency of the 

joint seismic behaviour.  

However, there is no recommendation found in the literature on a method of 

tightening the bolts with BeSs to a dependably consistent level of installed bolt tension. 

Establishing a feasible and reliable method of bolt tightening with BeSs in the elastic 

range of the bolt preload, has been the main goal of the research explained in this chapter. 

As shown in Figure 6.1, a bolt tightening test setup was designed and clamped on 

the solid bench to simulate the AFC in the SHJ. Four M20 High Strength Friction Grip 

(HSFG) G8.8 bolts were snug tightened first, and then a M20 HSFG PC8.8 bolt was 

removed to be replaced by the target bolt/BeS assemblage. 
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Figure 6.1. Bolt tightening test setup 

The following parameters were monitored during the bolt tightening experiments 

for different configurations of the Belleville springs, from the hand tight condition to the 

installed bolt tension: 

o Bolt tension with a donut load cell, 

o Applied torque on the nut with a smart socket, 

o Nut rotation visually, 

o Bolt length by a digital height gauge, 

o BeSs deflection by the digital height gauge, 

The expected outcome of this research was to establish a method of bolt tightening 

with Belleville springs in the elastic range of the bolt preload to be implemented in 

practice. The priority was developing a nut-turn based method of tightening similar to the 

part-turn method of tightening presented in NZS3404 [15]. 

6.2 Test components 

 Belleville springs 

Belleville springs are explained in chapter 3. A typical Belleville spring design is 

shown in Figure 1.9 where S, d, D, and h are shown and named. Two different types of 

BeSs were used in this research, namely type 1 and type 2. Three different sets of 

experiments with BeSs were conducted using different configurations of type 1, type 2, 

and combination of type 1 and type 2. Various possible configurations of Belleville spring 

assemblages are shown in Figure 1.10. The maximum linear deflection of type 1 and type 

2 BeSs was 0.838mm (at 124.7kN) and 1.57mm (at 110kN) respectively. Table 6.1 and 
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Figure 6.2 shows the characteristics of type 1 and type 2 Belleville springs. It is worth 

noting that both types of the Belleville springs had a load capacity associated with their 

linear deflection, greater than the target installed bolt tension. This is according to the 

design procedure proposed in chapter 3. All BeS configurations considered in this research 

were either single or series, as is explained in section 6.3.2. 

Table 6.1. Geometrical characteristics of type 1 and type 2 Belleville springs 

Type 1 of BeS 

d = 20.75 mm 

D = 52.705  mm  

s = 6.013 mm  

h = 0.838 mm 

Type 2 of BeS 

d = 20.9 mm 

D = 69.77  mm  

s = 6.35              mm  

h = 1.7 (1.57) mm 

 

 

Figure 6.2. The dimensions of the Belleville springs: left) type 1, and right) type 2 

 Bolt specimens and preparation 

The HSFG Property class 8.8 M20 bolts were purchased from STEELMASTERS, 

a professional fasteners supplier. Both ends of the bolt “tip and head” were prepared by 

the bench grinder to be flat and suitable for using the digital height gauge. Length of each 

bolt was measured by the digital height gauge before installing the bolt. Bolt lengths were 

chosen according to Clause 14.3.6.1.2 of NZS 3404 [15] to show at least one clear thread 

above the nut after tightening. 
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6.2.2.1 Free turn of nut test on the bolts 

All of the received bolts were tested based on “free turn of nut” check. Most of the 

bolts were initially failed to pass this check. However, this was mainly because of the 

stuck tiny particles around the threads. Using a metal handle brush to remove the tiny 

particles upgraded most of the "almost-freely" bolts to the “free” category. 

6.2.2.2 Bolts lubrication 

All of the bolts were lubricated before the tightening tests by GA 50 MOLYBOND 

paste containing 50% molybdenum disulphide. The lubricant was applied along the 

threads, and the nut was then turned over the whole threaded part of the bolt to spread the 

lubricant all around the threads. 

 Plates and washers layouts 

A set of three 16mm and two 5mm thick 250mm×250mm structural steel plates 

were designed to represent the Asymmetric Friction Connection (AFC) in the Sliding 

Hinge Joint (SHJ). 16mm thick plates were made of grade 350 mild steel and the 5mm 

thick plates were made of Raex 450 high hardness steel. All plates included four standard 

holes, except the middle plate with four slotted holes. Figures 6.3 shows the layout of the 

plate used for bolt tightening tests. 

 

Figure 6.3. Layout of the plates used for the bolt tightening tests 

Appropriate grade 350 mild steel washers were also designed and supplied to 

sandwich the load cells between them to maximize the accuracy of the load cell readings. 

Figure 6.4 shows the layout of the washers used for the tests. 
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Figure 6.4. Layout of the washers used for LWO-60 load cell 

 Load cell, Digital Height Gauge, and Smart Socket 

6.2.4.1 Load cell 

A specialist donut load cell (LWO-60) was used to monitor and record the bolt 

tension during tightening (Figure 6.5). The load cell was sandwiched between the two 

hardened washers designed and supplied to ensure the reliable readings of the load cells. 

The load cell was supplied by Transducer Techniques (TT) load cells, an American load 

cell manufacturer. 

 

Figure 6.5. TT donut load cells 

The load cell was connected to the University of Auckland data acquisition (DAQ) 

software. The DAQ software recorded tensile loads of the bolts, which was equal to the 

clamping force on the load cells, continuously during the tightening tests. 

6.2.4.2 Starrett digital height gauge 

A Starrett digital height gauge was customized and used to measure the required 

dimensions of the bolt assembly before, during, and after tightening. The change in BeS 

deflection during tightening was also measured by the digital height gauge. Figure 6.6 

shows the digital height gauge with the LCD display used in the experiments. 
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Figure 6.6. The digital height gauge 

6.2.4.3 RAD Smart socket 

A RAD specialist smart socket was purchased from a Canadian manufacturer 

(Figure 6.7), then customized to fit this research’s purpose. The smart socket made it 

possible to record the torque which was applied on the nut, generating a relationship 

between the torque applied and the installed tension measured from the load cell. 

 

Figure 6.7: The RAD smart socket 

6.3 The tightening tests: 

Figure 6.8 below shows the layout of the bolt in tightening tests. The layout 

included three 16mm thick and two 5mm thick 250mm×250mm steel plates (as mentioned 

in section 6.2.3), the set of LWO-60 load cell with two washers (as mentioned in section 

6.2.3) and a configuration of the bolt assemblage with BeSs. The number of Belleville 

springs at either head or nut side of the bolt was 0, or 1, or 3 of type 1 and/or type 2 BeS. 
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Figure 6.8. Schematic layout of the tightening test target bolt 

 Bolt tightening test setup preparation: 

All 5 AFC plies were fitted and clamped on the solid bench and firmly snug 

tightened by four bolts, and then one bolt is removed and replaced with the target bolt, 

BeS(s), and donut load cell. Figure 6.9 shows this test setup’s detail. 

According to Clause 14.3.6.3 of NZS 3404 [15], oil, dirt, loose scale, loose rust, 

fins and any other defects on the surfaces of contact, which prevent solid seating of the 

parts in the snug-tight condition, shall be removed. This was done in the tests. 

  
Figure 6.9. Bolt tightening test setup (left) and measuring scale for the nut turn (right) 
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 Bolt tightening tests configurations: 

6.3.2.1 Bolt /nut/hardened washer without Belleville spring 

The target tension was 130kN≈90% of the bolt proof load. Three tests were carried 

out on three new bolts with no Belleville springs (T11, T12, and T13). 

6.3.2.2 Type 1 Belleville spring 

The target tension was 90kN≈72% of type 1 BeS flat linear deflection load. Three 

repeats on each test configuration were carried out using new bolts for each test repeat. 

Table 6.2. Tests configurations using type 1 BeSs 

 

6.3.2.3 Type 2 (custom made) Belleville spring 

The target tension was 90kN≈82% of type 2 BeS linear deflection load. Three 

repeats on each test configuration were carried out using new bolts for each test repeat. 
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Table 6.3. Test configurations using type 2 BeSs 

 

6.3.2.4 Combinations of type 1 (old) and type 2 (new) Belleville springs 

The target tension was 90kN≈82% of the weaker BeS’s linear deflection load. 

Three repeats on each test configuration were carried out using new bolts for each test repeat. 

Table 6.4. Test configurations using combinations of type 1 and 2 BeSs 
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6.4 The test procedure 

The following procedure was followed for each bolt tightening tests: 

Measuring bolts’ dimensions: The following bolt dimensions were measured 

before installing each target bolt: 

• Bolt’s total length 

• Bolt’s shank length 

• Bolt’s thread length 

• Bolt’s head height 

• Hardened washer’s thickness 

• Nut thickness 

Hand tight: The target bolt was firmly hand (finger) tightened, and the following 

values were recorded: 

• Bolt’s tension using the donut load cell. 

• Height of the top of the nut as well as tip of the bolt with respect to the cap 

plate using the digital height gauge. 

Snug tight: The bolt was tightened to snug tight as specified by NZS 3404 while 

the bolt head was prevented from any potential rotation when the nut was being turned, 

and then the following values were recorded:  

• Bolt’s tension using the donut load cell. 

• Height of the top of the nut and tip of the bolt with respect to the cap plate 

using the digital height gauge. 

• The angle of nut’s rotation from the hand tight state visually. 

Reaching the maximum installed tension (part turn tension) by turning the 

nut continuously with the torque multiplier: The nut was turned up to a maximum (part 

turn) tension while the bolt head was being prevented from any potential rotation when the 

nut was being turned, and the following parameters were recorded: 

• Bolt tension using the donut load cell. 

• Height of the top of the nut and tip of the bolt with respect to the cap plate 

using the digital height gauge. 
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• Maximum imposed torque on the nut using the smart socket once the 

maximum installed (part turn) tension was reached. 

• The angle of nut’s rotation from the snug tight condition visually. 

After untightening and removing each bolt, the bolt length was measured by the 

digital height gauge. Additionally, the “free turn of nut” test was also carried out on all 

bolts after removing. These were to investigate if the bolts had potentially yielded during 

tightening to the extent that may be captured by this physical test. Figure 6.10 shows the 

donut load cell, standard spanner, smart socket, and torque multiplier being used on the 

test setup. 

   

Figure 6.10. The load cell sandwiched between two washers, and connected to the data acquisition 

computer (left), The standard spanner to snug tight (middle), Using the electronic torque multiplier 

with the smart socket to apply the part turn and measure the associated torque (right) 

6.5 The measurements and calculations 

The bolt tension was continuously monitored and recorded by the donut load cell. 

This includes the bolt hand tight, snug tight, and part turn tension. Considering a constant 

rotational velocity applied by the electronic torque wrench for the part turn, which was the 

case in the experiments, the required rotation to just reach the bolt target load was 

calculated. Considering a linear increase of the applied torque on the nut from snug tight 

to the part-turn [97], the required torque on the nut to just reach the bolt target load was 

calculated. The nut side Belleville spring deflection from hand tight to snug tight, and 

from snug tight to part turn was calculated based on the measured values. After stopping 
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the part turn, a small drop of the bolt tension was expected to happen before reaching the 

stable part turn bolt tension. This bolt tension drop was also calculated. The length of the 

unloaded thread and loaded thread under the tension and the height of the top of the nut 

and tip of the bolt with respect to the cap plate were all also measured. 

6.6 The research results 

The tightening tests were carried out on 69 HSFG property class 8.8 M20 bolts 

purchased from STEELMASTERS Fastener Manufacturer, a specialist New Zealand 

based supplier, and two types of Belleville springs, supplied by Solon Manufacturing 

Company, were used in different configurations, as explained in section 6.2.1 before. 

 Tests T2 (Type 1 BeS) 

Figure 6.11 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus BeS system nominal deflection normalized to the bolt thread 

pitch. This is for type 1 BeS configurations. The BeS system nominal deflection is 

calculated based on the nominal deflection associated with the installed bolt tension. The 

general trend shows that 0.36 turn is required to be added to (0.77× BeS system nominal 

deflection normalized to the bolt thread pitch) to find the required post hand tight turn to 

reach the bolt to the desired installed bolt tension. The required post snug tight turn to 

reach the bolt to the target installed tension is (0.5× BeS system nominal deflection 

normalized to the bolt thread pitch). 

Figure 6.12 shows the required post hand tight nut turn to reach the snug tight 

condition normalized to (the BeS system nominal deflection normalized to the bolt thread 

pitch). As can be seen, for most of the cases, at least around 50% of the nut turn associated 

with BeS system nominal deflection for the target bolt tension, is required to reach the 

snug tight condition. 
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Figure 6.11. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension 

 

Figure 6.12. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the snug tight condition normalized to (the BeS system nominal 

deflection normalized to the bolt thread pitch) 

Figure 6.13 shows the post hand tight BeS system deflection, based on measured 

nut side BeS(s) deflection, to reach the target tension, normalized to nominal BeS system 

maximum linear deflection, versus BeS system nominal deflection normalized to the bolt 

thread pitch. It must be noted that the cases with no BeS at nut side have not been included 

in this part of the data analysis. 



165 | P a g e  
 

 

Figure 6.13. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and BeS system deflection based on measured nut side BeS(s) deflection to reach the target 

tension after hand tight condition, normalized to nominal BeS system maximum linear deflection 

 

Figure 6.14. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch, and BeS system deflection based on measured nut side BeS deflection to reach the target 

tension after snug tight condition, normalized to nominal BeS system maximum linear deflection 

Figure 6.14 shows BeS system deflection based on measured nut side BeS 

deflection to reach the target tension after snug tight, normalized to nominal BeS system 

maximum linear deflection, versus BeS system nominal deflection normalized to the bolt 
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thread pitch. The cases with no BeS at nut side have not been included in this part of the 

data analysis. 

Figure 6.15 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus (BeS system nominal deflection + bolt elongation) normalized to 

the bolt thread pitch. This is for type 1 BeS configurations. The BeS system nominal 

deflection is calculated based on the nominal deflection associated with the installed bolt 

tension. The bolt elongation is calculated using the equation ( 𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 𝑡𝑡𝑎𝑎𝑟𝑟𝑙𝑙𝑟𝑟𝑡𝑡 𝑡𝑡𝑟𝑟𝑟𝑟𝑠𝑠𝑖𝑖𝑏𝑏𝑟𝑟
𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 𝑙𝑙𝑏𝑏𝑟𝑟𝑙𝑙𝑖𝑖𝑡𝑡𝑢𝑢𝑑𝑑𝑖𝑖𝑟𝑟𝑎𝑎𝑙𝑙 𝑠𝑠𝑡𝑡𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠

). 

The bolt longitudinal stiffness for these calculations is calculated using the equation 

proposed by Ramhormozian, Clifton [31], i.e. 𝐾𝐾𝑏𝑏𝑏𝑏𝑙𝑙𝑡𝑡 = 𝐴𝐴𝑠𝑠𝐴𝐴𝑡𝑡𝐴𝐴
𝑙𝑙𝑠𝑠𝐴𝐴𝑡𝑡+𝑙𝑙𝑡𝑡𝐴𝐴𝑠𝑠

 where AS, At, lS, lt, and E 

are shank cross sectional area, thread cross sectional area, shank length, loaded thread 

length, and structural steel elastic modulus respectively. This equation considers the bolt 

shank and threaded part as two springs in series and is a simplified version of the approach 

presented in chapter 3 [35] to calculate the bolt longitudinal stiffness. The nominal shank 

and threaded part cross sectional areas were used in the calculations i.e. 314 mm2 and 245 

mm2 respectively. E=205GPa was used. The Shank length was the actual shank length 

measured for each bolt. The loaded thread length was the bolt actual loaded thread length 

of the hand tight condition. This is longer than the loaded thread of target tension, however 

given the flexibility of the bolt head and nut being neglected in the simplified bolt stiffness 

equation, this inaccuracy in calculating the bolt longitudinal stiffness is minimal. It is also 

assumed in this approach that the plies are longitudinally much stiffer than the bolt, hence 

can be considered as rigid. It is worth noting that the BeS system deflection during 

tightening is considerably larger than the bolt and/or plies deformations, hence the BeS 

system deflection is expected to be governing in the calculations. However, it was 

intended to investigate if there is any potential increase in the accuracy of the predicting 

equations of required turn of the nut, to install the bolt with BeSs, by including the bolt 

deformation’s parameters in the calculations.  

The general trend shows that 0.32 turn is required to be added to (0.75 × “BeS 

system nominal deflection + bolt elongation” normalized to the bolt thread pitch) to find 

the required post hand tight turn of the nut, to reach the bolt to the target installed bolt 

tension. The required post snug tight turn, to reach the bolt to the target installed bolt 

tension is (0.5× “BeS system nominal deflection + bolt elongation” normalized to the bolt 

thread pitch). 
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Figure 6.15. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch, and Required nut turn to reach the target tension (Turn) 

Figure 6.16 shows the imposed torque on the nut associated with target tension 

normalized to the average snug tight torque versus (BeS system nominal deflection + Bolt 

elongation) normalized to the bolt thread pitch. The average snug tight torque was 

identified during experiments as 180Nm. This was through using a digital torque wrench 

to snug tight the bolts according to NZS3404 [15] by three different people with different 

physical powers. 

 

Figure 6.16. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and imposed torque associated with target tension normalized to the average 

snug tight torque for tests T1 

Figures 6.17 and 6.18 are based on extracted data from Figures 6.11 and 6.15 

respectively, for the configurations including only one or two BeSs. 
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Figure 6.17. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension (Not more than 2 BeSs) 

 

 

Figure 6.18.  (BeS system nominal deflection + Bolt elongation) normalized to the bolt thread pitch 

and required nut turn to reach the target tension (Not more than 2 BeSs) 

 Tests T3 (Type 2 BeS) 

Figure 6.19 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus BeS system nominal deflection normalized to the bolt thread 
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pitch. This is for type 2 BeS configurations. The BeS system nominal deflection is 

calculated based on the nominal deflection associated with the installed bolt tension.  

The general trend shows that 0.2 turn is required to be added to (0.98× BeS system 

nominal deflection normalized to the bolt thread pitch) to find the required post hand tight 

turn to reach the bolt to the target installed tension. The required post snug tight turn to 

reach the bolt to the target installed tension is (0.5× BeS system nominal deflection 

normalized to the bolt thread pitch). 

 

Figure 6.19. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension for the tests T3 

Figure 6.20 shows the required post hand tight nut turn to reach the snug tight 

condition normalized to (the BeS system nominal deflection normalized to the bolt thread 

pitch). As can be seen, for most of the cases, at least around 50% of the nut turn associated 

with BeS system nominal deflection for the target bolt tension, is required to reach the 

snug tight condition. 

Figure 6.21 shows post hand tight BeS system deflection based on measured nut 

side BeS(s) deflection to reach the target tension after hand tight condition, normalized to 

nominal BeS system maximum linear deflection, versus BeS system nominal deflection 

normalized to the bolt thread pitch. The cases with no BeS at nut side have not been 

included in this part of the data analysis. 
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Figure 6.20. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the snug tight condition normalized to (the BeS system nominal 

deflection normalized to the bolt thread pitch) for the tests T3 

 

Figure 6.21. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch, and BeS system deflection based on measured nut side BeS(s) deflection to reach the target 

tension after hand tight condition, normalized to nominal BeS system maximum linear deflection for 

the tests T3 

Figure 6.22 shows BeS system deflection based on measured nut side BeS(s) 

deflection to reach the target tension after snug tight condition normalized to nominal BeS 

system maximum linear deflection versus BeS system nominal deflection normalized to 
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the bolt thread pitch. The cases with no BeS at nut side have not been included in this part 

of the data analysis. 

 

Figure 6.22. The relationship between BeS system deflection normalized to the bolt thread pitch and 

BeS system deflection based on measured nut side BeS deflection to reach the target tension after 

snug tight condition normalized to nominal BeS system maximum linear deflection for the tests T3 

Figure 6.23 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus (BeS system nominal deflection + bolt elongation) normalized to 

the bolt thread pitch for type 2 BeS configurations. The BeS system nominal deflection is 

calculated based on the nominal deflection associated with the installed bolt tension. The 

general trend shows that 0.14 turn is required to be added to (0.97 × “BeS system nominal 

deflection + bolt elongation” normalized to the bolt thread pitch) to find the required post 

hand tight turn to reach the bolt to the desired installed bolt tension. The required post 

snug tight turn to reach the bolt to the desired installed bolt tension is (0.5× “BeS system 

nominal deflection + bolt elongation” normalized to the bolt thread pitch). 



172 | P a g e  
 

 

Figure 6.23. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and required nut turn to reach the target tension for the tests T3 

Figure 6.24 shows the torque associated with target tension normalized to the 

average snug tight torque versus (BeS system nominal deflection + Bolt elongation) 

normalized to the bolt thread pitch. 

 

Figure 6.24. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Torque associated with target tension normalized to the average snug tight 

torque for the tests T3 

Figures 6.25 and 6.26 are extracted from Figures 6.19 and 6.23 respectively, for 

the configurations including one or two BeSs. 
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Figure 6.25. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension (Not more than 2 BeSs) for the tests T3 

 

Figure 6.26. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Required nut turn to reach the target tension (Not more than 2 BeSs) for 

the tests T3 

 Tests T4 (combinations of type 1 and 2 BeSs) 

Figure 6.27 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus BeS system nominal deflection normalized to the bolt thread 

pitch. This is for the configurations using combinations of type 1 and 2 BeSs. The BeS 
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system nominal deflection is calculated based on the nominal deflection associated with 

the installed bolt tension. The general trend shows that 0.35 turn is required to be added to 

(0.86× BeS system nominal deflection normalized to the bolt thread pitch) to find the 

required post hand tight turn to reach the bolt to the desired installed bolt tension. 

 

Figure 6.27. The relationship BeS nominal deflection normalized to the bolt thread pitch- Required 

nut turn to reach the target tension for the tests T4 

 

Figure 6.28. The relationship between BeS system nominal deflections normalized to the bolt thread 

pitch and Required nut turn to reach the snug tight condition normalized to (the BeS system nominal 

deflection normalized to the bolt thread pitch) for the tests T4 

Figure 6.28 shows the required post hand tight nut turn to reach the snug tight 

condition normalized to (the BeS system nominal deflection normalized to the bolt thread 

pitch). As can be seen, for almost most of the cases, at least around 50% of the nut turn 
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associated with BeS system nominal deflection for the target bolt tension, is required to 

reach the snug tight condition. 

Figure 6.29 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus (BeS system nominal deflection + bolt elongation) normalized to 

the bolt thread pitch. This is for the configurations that include combinations of type 1 and 

2 BeSs. The BeS system nominal deflection is calculated based on the nominal deflection 

associated with the installed bolt tension. The general trend shows that 0.3 turn is required 

to be added to (0.86 × “BeS system nominal deflection + bolt elongation” normalized to 

the bolt thread pitch) to find the required post hand tight turn to reach the bolt to the 

desired installed bolt tension. 

 

Figure 6.29. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Required nut turn to reach the target tension after snug turn for the tests T4 

Figure 6.30 shows the torque associated with target tension normalized to the 

average snug tight torque versus (BeS system deflection + Bolt elongation) normalized to 

the bolt thread pitch. 
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Figure 6.30. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Torque associated with target tension normalized to the average snug tight 

torque for the tests T4 

 All BeS types and configurations 

Figure 6.31 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus BeS system nominal deflection normalized to the bolt thread 

pitch. This is for the whole experiments on type 1, type 2, and combined BeS 

configurations. The BeS system nominal deflection is calculated based on the nominal 

deflection associated with the installed bolt tension. The general trend shows that 0.25 turn 

is required to be added to (0.93 × BeS system nominal deflection normalized to the bolt 

thread pitch) to find the required post hand tight turn to reach the bolt to the target 

installed tension. The required post snug tight turn to reach the bolt to the target installed 

tension is (0.5× BeS system nominal deflection normalized to the bolt thread pitch). 

Figure 6.32 shows the post snug tight and post hand tight required nut turn to reach 

the target tension versus (BeS system nominal deflection + bolt elongation) normalized to 

the bolt thread pitch. This is for the whole experiments on type 1, type 2, and combined 

BeS configurations. The BeS system nominal deflection is calculated based on the 

nominal deflection associated with the installed bolt tension. The general trend shows that 

0.2 turn is required to be added to (0.92 × “BeS system nominal deflection + bolt 

elongation” normalized to the bolt thread pitch) to find the required post hand tight turn to 

reach the bolt to the target installed tension. The required post snug tight turn to reach the 
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bolt to the target installed tension is (0.5× “BeS system nominal deflection + bolt 

elongation” normalized to the bolt thread pitch). 

 

Figure 6.31. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension (All BeS types and configurations) 

 

Figure 6.32. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Required nut turn to reach the target tension (All BeS types and 

configurations) 

Figures 6.33 and 6.34 are extracted from Figures 6.31 and 6.32 respectively, for 

the configurations including one or two BeSs. 
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Figure 6.33. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension, for the cases of all BeS types and 

configurations (Not more than 2BeSs) 

 

Figure 6.34. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Required nut turn to reach the target tension, for the cases of all BeS types 

and configurations (Not more than 2 BeSs) 

Figures 6.35 and 6.36 are related to the data of the cases having two BeSs of the 

same size (type 1 or 2), one under the nut and one under the bolt head. 
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Figure 6.35. The relationship between BeS system nominal deflection normalized to the bolt thread 

pitch and Required nut turn to reach the target tension, for the cases having two BeSs of the same size, 

one under the nut and one under the bolt head 

 

Figure 6.36. The relationship between (BeS system nominal deflection + Bolt elongation) normalized 

to the bolt thread pitch and Required nut turn to reach the target tension, for the cases having two 

BeSs of the same size, one under the nut and one under the bolt head 

6.7 Conclusions to chapter 6 and recommendations 

1. It is not possible to propose a practical and reliable torque based method of bolt 

tightening with BeS, at least for the HSFG bolt assemblies supplied in New 
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Zealand. The reason is variability of the required torque to reach a specific 

tension. The very low R2 values of the associated graphs confirm this. This was 

observed in the experiments under the lab conditions on the bolts that had passed 

the “nut free turn” check, and with same method of bolt preparation. In practice, 

the variability is expected to be much higher. 

2. It is not possible to propose a practical and reliable BeS deflection based method 

of bolt tightening with BeS. The very low R2 values of the associated graphs 

confirm this. This was observed in the experiments under the lab conditions with 

precise customized tools. The reason is that the deflections are very small and it is 

very difficult to set a reference point to measure the BeS deflection. Hence, it is 

recommended not to use a BeS deflection based method such as using a depth 

micrometre, to install the bolts with BeS in practice. 

3. The following reliable nut rotation based method is proposed to be used for the 

Sliding Hinge Joint (SHJ) in practice: 

i. Undertake the “free turn of nut” check on each bolt/nut set and reject those 

which don’t meet this. Make sure all bolt/nut sets have visible lubrication 

on them applying if necessary. This applies to all bolts in the connection, 

not just those in the sliding components. 

ii. Install all bolts. For the top flange and web top bolts of the SHJ which are 

non-sliding these are installed with the hardened washer under the 

component to be turned on full tensioning considering the 

recommendations on chapter 2 of this thesis. For the bottom flange and 

web bottom bolts these are installed with a BeS under the bolt head and a 

BeS under the nut and with no hardened washers, considering the 

recommendations of chapter 3 of this thesis. So this means there is one 

extra component only in the bolts going into the sliding components. 

iii. Snug tighten the non-sliding component bolts in the normal way. 

iv. Snug tighten the sliding component bolts based on the definition of snug 

tight proposed by NZS3404 [15] i.e. the tightness achieved by the full 

effort of a person using a standard podger spanner . With BeS, this can be 

by imposing a rotation which is 50% of the nominal calculated rotation 

necessary to fully compress the BeS’s. Hence it is advisable to inform the 

installer about the expected higher turn to reach the snug tight condition 

compared with the conventional practice. However, the snug tight 
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definition is still valid and should be followed. This is to bring all plies 

into direct contact without taking the bolts into the plastic range. 

v. Then, one by one, loosen off the bolts for the sliding components, hand 

tighten each nut then turn to the specified amount of turn to achieve the 

target installed bolt tension. Start with the bolts furthest from the column, 

working back in towards the column in each of the bottom flange and web 

bottom bolts. The required turn can be calculated as follows: 

a) General case for all possible configuration of BeS: 

0.25 + (0.93 ×
𝐵𝐵𝑟𝑟𝑆𝑆 𝑠𝑠𝑝𝑝𝑠𝑠𝑡𝑡𝑟𝑟𝑚𝑚 𝑎𝑎𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑟𝑟𝑟𝑟𝐼𝐼𝑙𝑙𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎∗

𝐵𝐵𝑜𝑜𝑙𝑙𝑡𝑡 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟 𝑝𝑝𝑖𝑖𝑡𝑡𝑖𝑖ℎ
) 

This is based on R2=97% related to the whole data points. 

(Figure 6.31) 

b) Having two BeSs, one at each side: 

0.35 + (0.8 ×
𝐵𝐵𝑟𝑟𝑆𝑆 𝑠𝑠𝑝𝑝𝑠𝑠𝑡𝑡𝑟𝑟𝑚𝑚 𝑎𝑎𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑎𝑎𝑙𝑙 𝑟𝑟𝑟𝑟𝐼𝐼𝑙𝑙𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑜𝑜𝑎𝑎∗

𝐵𝐵𝑜𝑜𝑙𝑙𝑡𝑡 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟 𝑝𝑝𝑖𝑖𝑡𝑡𝑖𝑖ℎ
) 

This is based on R2=97% related to the data points of the 

experiments with two BeSs, one at each side. (Figure 6.35) 

*BeS system nominal deflection for the case of having only one type of BeS = 

Number of BeSs used in the bolt assemblage × Nominal deflection of one BeS 

up to the installed bolt tension. If there is more than one type of BeS in each 

bolt assembly, this parameter needs to be calculated accordingly. 

Following the procedure given in item 3 above will achieve an installed bolt 

tension to within ± 5% of the target installed bolt tension. In the overall MRSF system, as 

some will be over and some will be under the target installed bolt tension, this is a very 

satisfactory way of achieving the key targeted bolt tension to partially compress the BeSs 

and keep the bolts in the elastic range during sliding.  
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7 Chapter 7 
Influence of the Surface Roughness 

on the AFC Sliding Behaviour 
7.1 Introduction 

This chapter covers research that introduces new parameters which need defining. 

Two of these have already been used briefly in section 3.2. These parameters are now 

defined. 

Surface finish, also known as surface texture or surface topography, is the nature 

of a surface as defined by the 3 characteristics of lay, surface roughness, and waviness. 

Figure 7.1 shows 3 characteristics of the surface finish i.e. lay, roughness, and waviness. 

Surface finish is one of the important factors that control friction and transfer layer 

formation during sliding. Considerable efforts have been made to study the influence of 

surface texture on friction and wear during sliding conditions. Each manufacturing process 

(such as the many kinds of machining) produces a surface texture. If necessary, an 

additional process, such as grinding (abrasive cutting), polishing, lapping, abrasive 

blasting, honing, electrical discharge machining (EDM), milling, lithography, industrial 

etching/chemical milling, laser texturing, or other processes can be added to modify the 

initial texture. Figure 7.1 shows 3 characteristics of the surface finish i.e. lay, roughness, 

and waviness. 

 

Figure 7.1. Three characteristics of the surface finish i.e. lay, roughness, and waviness. 

Lay is the direction of the predominant surface pattern ordinarily determined by 

the production method used. 
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Surface roughness, commonly shortened to roughness, is a measure of the finely 

spaced surface irregularities. It is quantified by the deviations in the direction of the 

normal vector of a real surface from its ideal form. If these deviations are large, the 

surface is rough; if they are small, the surface is smooth. In engineering, this is what is 

usually meant by "surface finish". 

Waviness is the measure of surface irregularities with a spacing greater than that of 

surface roughness. These usually occur due to warping, vibrations, or deflection during 

machining. 

Surface preparation is the essential first stage treatment of a steel substrate before 

the application of any coating, and is generally accepted as being the most important factor 

affecting the actual performance of a corrosion protection system compared with its 

expected specified performance. The performance of a coating is significantly influenced 

by its ability to adhere properly to the substrate material. Residual mill scale on steel 

surfaces is an unsatisfactory base to apply most modern, high performance protective 

coatings and is therefore removed by abrasive blast cleaning. Other surface contaminants 

on the rolled steel surface, such as oil and grease are also undesirable and must be 

removed before the blast cleaning process. The surface preparation process not only cleans 

the steel, but also introduces a suitable profile to receive the protective coating. 

Various methods and grades of cleanliness are presented in BS EN ISO 8501-1 

[98]. This standard essentially refers to the surface appearance of the steel after hand 

cleaning, power tool cleaning, abrasive blast cleaning or flame cleaning and gives 

descriptions with pictorial references of the grades of cleanliness. 

Hand and power tool cleaning: Surface cleaning by hand tools such as scrapers 

and wire brushes is relatively ineffective in removing mill scale or adherent rust. Power 

tools offer a slight improvement over manual methods and these methods can be 

approximately 30% to 50% effective but are not usually utilised for new steelwork 

fabrications. Where it is not possible to clean by abrasive blasting, hand and power tool 

methods may be the only acceptable alternative methods. Modern power tooling has been 

developed not only to achieve a good standard of surface cleanliness and profile but also 

to provide near total containment of all dust and debris generated. New equipment is now 

available to use percussive reciprocating needles, rotary abrasive coated flaps and right-

angle grinders, all within a vacuum shroud to enable on-site surface preparation to be 
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environmentally acceptable. The surface preparation by hand and power tools is covered 

by SNZ-TS-3404 [99] and BS EN ISO 8504-3 [100], and the standard grades of 

cleanliness in accordance with BS EN ISO 8501-1 are 1) St. 2: Thorough hand and power 

tool cleaning, and 2) St. 3: Very thorough hand and power tool cleaning. 

Abrasive blast cleaning: By far the most significant and important method used 

for the thorough cleaning of mill-scaled and rusted surfaces is abrasive blast cleaning. This 

method involves mechanical cleaning by the continuous impact of abrasive particles at 

high velocities on to the steel surface either in a jet stream of compressed air or by 

centrifugal impellers. The latter method requires large stationary equipment fitted with 

radial bladed wheels onto which the abrasive is fed. As the wheels revolve at high speed, 

the abrasive is thrown onto the steel surface, the force of impact being determined by the 

size of the wheels and their radial velocity. Modern facilities of this type use several 

wheels, typically 4 to 8, configured to treat all the surfaces of the steel being cleaned. The 

abrasives are recycled with separator screens to remove fine particles. This process can be 

100% efficient in the removal of mill scale and rust. The standard grades of cleanliness for 

abrasive blast cleaning in accordance with BS EN ISO 8501-1 are 1) Sa 1: Light blast 

cleaning, 2) Sa 2: Thorough blast cleaning, 3) Sa 2½: Very thorough blast cleaning, and 4) 

Sa 3: Blast cleaning to visually clean steel. 

Flame cleaning: This method uses an oxy/gas flame that is passed over the steel 

surface. The sudden heating causes rust scales to flake off as a result of differential 

expansion between the scales and the steel surface. All loose rust can then be removed by 

scraping and wire brushing followed by dust removal. Flame cleaning is not an economic 

method and may damage coatings on the reverse side of the surface being treated. Also the 

technique is not very effective in removing all rust from steel, so it is rarely used. 

Rku (Kurtosis): This is used to measure the sharpness of the profile about the mean 

line. It provides information about the distribution of spikes above and below the mean 

line. This is the ratio of the mean of the mean of the fourth power of the height values and 

the fourth power of Rq within the sampling length. 

Rq (Geometric Average Roughness): This is the current term for what was 

formerly called root-mean-square or RMS. Rq is more sensitive to occasional highs and 

lows, making it a valuable complement to Ra which is defined below. Rq is the geometric 

average height of roughness-component irregularities from the mean line measured within 
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the sampling length. Compare to Ra, the main difference in the two scales is that Rq 

amplifies occasional high or low readings, while Ra simply averages them. For a given 

surface, therefore, the Rq value will be higher than the Ra value. 

Ra (Arithmetic Average Roughness): This is the arithmetic average height of 

roughness-component irregularities (peak heights and valleys) from the mean line, 

measured within the sampling length. The measurements are taken as the fine point of the 

stylus on a profilometer which traverses the sampling length on the surface being 

measured. 

As is identified in ISO 8501-1:1988 [101] which is endorsed as NZS/AS 

1627.9:1989 [96], the surface preparation of steel is essentially for the application of paint 

or related products not necessarily the frictional behaviour investigations. However, the 

variable parameter in this research is considered to be the surface preparation instead of 

being the surface roughness, for the following reasons: 

1. It is difficult in practice to measure the surface finish characteristics i.e. lay, 

roughness, and waviness. 

2. Different degrees of surface preparation are common and readily available to 

be requested in practice without imposing extra costs. 

3. The surface roughness, as an important influential parameter on the frictional 

behaviour of any surface, can be varied by the grade of surface preparation. In other 

words, using more through surface preparation technique results in smoother surface, and 

using less through surface preparation technique results in rougher surface. 

4.   The surface roughness is also strongly influenced, in abrasive blast cleaning, by 

the type of abrasive particles used. 

Sedlaček et al. [102] investigated the relationship between roughness parameters 

and friction and wear. Under dry sliding conditions, higher surface roughness produced a 

lower coefficient of friction (CoF), while sharper profiles increased the CoF. As the profile 

peak to valley skewness ratio decreased, so did CoF, and abrasion was the main wear 

mechanism. However the results of Sedlaček et al. [102] and Menezes et al. [103] 

highlight that the correlation between roughness parameters and frictional resistance is 

complex. Research conducted by Loo et al. [104] investigated sliding between steel 

surfaces of different hardness, similar to those recommended by Khoo et al. [17], prepared 
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to either a polished bright steel finish or mill-scale free condition. High values of CoF 

were obtained with the polished plates, which supports the finding of Sedlaček et al. [102]. 

However exceptionally unstable behaviour was produced from the polished tests. In 

contrast the mill-scale free tests exhibited stable sliding albeit under a cumulative sliding 

distance two orders of magnitude greater than that expected for the SHJ AFC sliding 

surfaces in a severe earthquake. 

The research presented in this chapter examines the effects of surface preparation 

on the AFC seismic behaviour, which is a topic that had not been covered in previous SHJ 

research. The key factors considered involve surface wear, bolt tension loss, stable sliding 

CoF, SLS elastic strength, and degradation. The design value recommended to be used for 

the CoF is 0.48 by Yeung et al. [19] and 0.4 by Khoo et. al. [16]. Additionally there has 

been no past investigation into the long term durability of the SHJ connection. This was 

investigated in this research by looking at the effect of rust on the sliding surfaces. 

7.2 Methodology 

 Test setup 

Figure 5.1 shows the AFC test setup, which was also used for this research. Cleats 

were attached to a 500kN MTS machine arm and the beam bottom flange plate connected 

to the strong floor. Figure 7.2 shows the test setup and an assembled AFC installed on the 

MTS frame. Grade 8.8 M20, zinc coated, bolts were used. Considering the previous 

research presented in chapter 4, bolts were installed to approximately 50% of the proof 

load, which equates to 73.5kN, and partially compressed Belleville springs, which were 

used in the research presented in chapter 4, were located at both head and nut sides of each 

bolt. Three repeat tests were conducted for each configuration resulting in performing a 

total of 15 tests. 
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Figure 7.2. AFC MTS test setup and an assembled AFC installed on the MTS frame 

 Bolt Preparation 

Based on the recommendations presented in chapter 2, only bolts that passed the 

“nut free turn” test were used for the experiments. Additionally, prior to installation 

molybdenum disulphide lubricant (GA50 MOLYBOND) was applied to the bolt threads. 

To increase reliability of the ultrasonic bolt tension meter readings, the bolts’ ends were 

prepared such that they were level and polished in the manner previously described. . 

 Loading Regime 

The 500kN MTS machine imposed the displacement controlled dynamic loading 

regime. As shown in Figure 7.3 the loading regime consisted of SLS-severe-SLS-severe-

SLS events. The severe event simulates an event greater than a ULS event. The SLS 

loading comprised of a ramp up to 4.8mm over 4.8 minutes. A wind down period followed 

SLS loading to bring the connection back to neutral. Figure 7.4 shows the wind down 

followed by the first severe event. The severe event specified by the SAC Joint Venture 

[93] for moment resisting frames was altered by Clifton [10] for the SHJ. This was further 

modified for this research, by decreasing the frequency, so that the loading was within the 

limitations of the 500kN MTS machine. Referring to Figure 7.4, the large period cycles of 

the severe event have a frequency of 0.2Hz and the maximum amplitude is 14.3mm, while 

the wind down and rest of the severe event are at 0.5Hz. Surface roughness measurements 

were made at the locations shown in Figure 7.5 
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Figure 7.3. Full loading regime 

 

Figure 7.4. Wind down and the severe loading 

 

 Measured Data 

An internal load cell within the MTS machine continuously measured the imposed 

sliding shear force. Due to flexibility of the system, relative displacements between the 

cleat and beam flange plates were less than the regime specified, i.e. approximately 12mm 

instead of 14.3mm. Portal gauges were used to accurately measure the relative 

displacements. LWO-60 TT donut load cells were installed under the bolt heads, between 

two hardened washers, to ensure bolts were installed to approximately 73kN and monitor 

bolt tension loss during experiments. The cleat temperature was measured before and after 

the test using a laser gun temperature measurer which was used in the experiments 

presented in chapters 4 and 5. The temperature rise was found to be an un-important 

parameter. 

Bolt length and Belleville spring height were measured using an ultrasonic bolt 

tension meter and digital height gauge respectively. Bolt lengths were recorded initially, 
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after installation, when the tests were completed, and once removed. Belleville spring 

relaxation was calculated from the increase in installed heights measured before and after 

each experiment. However the bolt length and Belleville spring height measurements were 

not presented in this chapter, due to the potential low accuracy of the Belleville spring 

height data as well as bolt length data (see section 7.3.3.2). 

A Mitutoyo Surftest SJ-210 was used to measure surface roughness parameters 

before and after each experiment. This device recorded 10 different types of surface 

parameters indicating different ways to define the surface. These include Ra value which 

gives the average surface roughness, which is the average distance of each point along the 

surface profile with respect to the centerline. Initially nine locations were monitored. This 

was reduced to the five locations deemed necessary after several tests had been conducted. 

Figure 7.5 shows these locations relative to the bolts, which are numbered when viewed 

from the AFC cap plate side (refer to 5.1). 

 
Figure 7.5. Surface measurement locations 

 Surface Preparation 

Grade 350 (mild steel) cleats and Raex 450 grade (high hardness abrasion 

resistant) steel shims, based on the recommendations of Khoo et al. [17], were used for the 

surface preparation prior to the tests. At the relatively low surface roughness used for 

plates in the AFC, a smoother surface is expected to generate higher frictional resistance. 

Additionally the relationship between surface profile and friction is not easily optimised 

(see Section 7.1). Taking this into consideration, a variety of commonly available power 

tool and abrasive blasting surface treatments were used for this research. Listed in order of 

decreasing roughness, they are as follows: 

• Steel chip abrasion blasted (≈Sa2½) 
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• Garnet stone abrasion blasted (≈Sa2½) 

• Wire brushed (plastic stipple disc) (≈St2) 

• Sand ground (sandpaper disc) (≈St2) 

 Rusted Plates 

To investigate durability of the AFC, tests were carried out using shims and cleats 

which had acquired mild surface rust. These plates were originally prepared to the mill-

scale free (St2) condition and were exposed to the air in a sheltered external environment 

for a year in Auckland, New Zealand. Cleats and shims used had the same properties as 

those used for the surface preparation experiments, which are described in section 7.2.5. 

7.3 Results 

 Bolt Preparation 

130mm Grade 8.8 M20 zinc coated bolts were used for all the tests. Of the bolts 

initially ordered, 45% failed the “nut free turn” test (see chapter 2 and section 7.2.2). The 

research presented in chapter 2 identifies major concerns with using bolts that don’t meet 

this criterion. Therefore the bolts that failed were not used to carry out the experiments. 

This highlights a significant issue in industry that needs to be addressed. 

 Hysteresis Loops 

Hysteresis loops were produced to compare frictional behaviour and degradation. 

In the stable sliding condition (severe event), there are two surfaces where sliding occurs; 

between the cleat and shims. From equilibrium, the stable sliding CoF on each of these 

surfaces is calculated as half of the sliding shear force measured by the MTS machine 

divided by the clamping force provided by the four bolts. Plotting the stable sliding CoF 

against relative displacement between the cleat and beam flange plates, hysteresis loops 

such as the one in Figure 7.6 were produced. The two largest displacement cycles were 

plotted for both first and second severe events. 



191 | P a g e  
 

 

Figure 7.6. First and second severe events hysteresis loop 

 

7.3.2.1 Stability 

An important consideration for the behaviour of the AFC is whether there is 

instability in the strength of the connection under repeated cycles of loading. Visually this 

would be seen as a change in size of the hysteresis loops, which is represented by a change 

in the CoF. As can be seen from Figure 7.6, CoF is constant for the two cycles of severe 

events; meaning there is no noticeable instability. Inspection of the second severe event 

also showed no loss of stability. This was the case for all of the tests carried out, 

suggesting that: 

• At the low roughness levels used in the AFC, stability is not affected by the 

surface roughness. 

• Instability is not a concern for the durability of connections used in dry 

internal environments where minimal surface rusting is all that will occur over time. 

The second severe event produced the same results as outlined above, but with 

slightly higher CoF values. This could be due to the change in the plate surface condition. 

This means that all the tests displayed repeatability, which is important as it indicates that 

the plates do not need necessarily to be replaced after a severe seismic event. 
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 Results of the Surface Preparation tests and Rusted plates tests 

7.3.3.1 Friction and bolt tension 

Table 7.1 contains a summary of the stable sliding CoF, bolt tension loss, and 

average surface roughness for each surface preparation type. 

Table 7.1. Surface preparation results summary 

Preparation CoF Bolt 
Tension 
Loss (%) 

Roughness 
(Ra, μm) 

Sanded 0.44 46 2.2 
Wire Brush St2 0.48 48 4.1 
Rusted 0.55 61 7.4 
Garnet 0.45 58 8.1 
Chip 0.33 63 19.5 

The CoF for each test was estimated by averaging the positive and negative 

displacement stable values from the first severe event hysteresis loop (refer to Figure 7.6). 

Initial average surface roughness’ (Ra, μm) were based on the measurements taken on the 

sliding surfaces (between the cleat and shims). This data was used to produce Figure 7.7.  

The calculated CoFs are high compared with the values reported in the literature, 

however they are expected to be accurate. The reason is that the sliding force as well as 

clamping force (of all four bolts) were monitored in all experiments. However, the 

attempts reported in the literature to measure the CoF is based on assumptions which may 

not be necessarily always correct. For example researchers have assumed a torque-tension 

relation for the bolts and measured the CoF over the time of sliding. However it is clear 

that 1) torque-tension is very variable and not reliable and 2) the bolt tension may vary 

over the time during sliding. Hence it is needed to monitor the bolt tension continuously in 

the experiments. Alternatively researchers monitored the bolt tension through different 

techniques that were finally concluded to be not appropriate (e.g. strain gauge in the bolt 

cross section), and also not all of the bolt tensions always were monitored. Finally, the use 

of BeSs in the proposed way results in higher CoF as is discussed in chapters 3 and 4. 

The percentage of bolt tension loss, which was averaged for the four bolts in each 

test, was also plotted against initial surface roughness to produce Figure 7.8. The bolt 

tension loss calculated for each test varied from 40% to 70%. Data from the rusted tests 
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are included in the figures for comparison. Rusted data was omitted when producing the 

trend lines, which used the values in Table 7.1. 

 

Figure 7.7. CoF-surface preparation comparison 

 

Figure 7.8. Bolt tension loss-surface preparation comparison 

7.3.3.2 Surface Wear 

Surface wear was reflected by the change in surface roughness and thinning of the 

plies. Thinning of the plies (tpl) could be approximated from the decrease in installed bolt 

length (𝑙𝑙) and Belleville spring relaxation (rbs) measurements using the following 

formula: 

 𝑡𝑡𝑝𝑝𝑙𝑙 = 2𝑟𝑟𝑏𝑏𝑠𝑠 + 𝑙𝑙𝑖𝑖𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑙𝑙 − 𝑙𝑙𝑟𝑟𝑖𝑖𝑟𝑟𝑎𝑎𝑙𝑙 

The Belleville spring relaxation was multiplied by two to account for the relaxation 

of the Belleville spring at either end of the bolt. This data has not been reproduced in this 

chapter due to the potential low accuracy of the Belleville spring height data as well as 
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bolt length data. The bolt length measurement technique was modified and improved for 

the experiments presented in chapter 5 (see section 5.3.4), which was resulted in accurate 

measuring of the post sliding AFC plies thickness reduction. The Belleville springs 

relaxation measurements are less than a millimeter and therefore require high levels of 

precision (see section 6.7). In future it is recommended to take multiple measurements at 

different locations on each Belleville spring to potentially improve the accuracy, although 

measuring in service BeSs deflection may not result in accurate results (see section 6.7). 

Initial average surface parameters and the final average roughness values are 

recorded in Table 7.2. Profile sharpness, Rku, is effectively the same for chip, garnet, and 

wire brushed preparations, but significantly sharper for the sand ground specimens. 

Comparing the initial and final average surface roughness values (Ra) it is evident that the 

chip profile was the only preparation which showed significant smoothing. 

Table 7.2. Surface roughness parameters 

 Test Ra, um 
(initial) 

Rku Ra, μm 
(after) 

Chip 
Blast 

1 20.58 3.14 9.11 
2 17.95 3.48 8.60 
3 19.84 3.12 9.57 
Avg. 19.5 3.2 9.1 

Garnet 
Blast 

1 7.49 3.27 8.21 
2 8.52 2.94 8.76 
3 8.24 3.21 8.89 
Avg. 8.1 3.1 8.6 

Wire 
Brush 

1 4.05 3.21 6.47 
2 4.13 3.41 4.79 
3 3.97 3.41 5.25 
Avg. 4.1 3.3 5.5 

Sand 
Ground 

1 1.81 6.01 4.22 
2 2.64 6.13 4.75 
3 2.28 6.10 5.60 
Avg. 2.2 6.1 4.9 

Rusted 1 6.51 3.02 7.45 
2 8.43 2.78 7.03 
3 7.32 2.76 7.18 
Avg. 7.4 2.9 7.2 

7.3.3.3 SLS Criteria 

Through interpreting MTS load cell and portal gauges displacement data, the force 

at which slip initially occurs in the first and last (third) SLS event was estimated (seen in 

Table 7.3). The load at which slip initially occurred was taken as the force at which there 

was a sudden but small drop in the MTS load; or the force at which deflection increased 



195 | P a g e  
 

significantly under a certain load; or in the event of gradual deflection, it was estimated as 

the force at which the slope became less than 45 degrees. 

Under SLS loading the main concern is retaining capacity at which sliding occurs. 

The SHJ’s AFCs are designed to remain rigid under SLS loading. This is so that under 

general maximum service conditions, such as a strong wind, there is no noticeable lateral 

movement of the structure, which would have potentially serious occupant and structural 

performance consequences. 

Table 7.3. SLS initial slip force (kN) 

 Test 1st SLS 2nd SLS 3rd SLS 
Chip 
Blast 

1 105 50 55 
2 80 50 40 
3 120 55 55 

Garnet 
Blast 

1 115 40 65 
2 110 40 45 
3 80 60 45 

Wire 
Brush 

1 80 105 105 
2 NS* 55 60 
3 NS 95 65 

Sand 
Ground 

1 GS**(100+) 65 50 
2 GS(90+) 60 60 
3 GS(90+) 80 60 

Rusted 1 100 105 105 
2 115 70 105 
3 100 110 100 

*NS, no slip occurred 
**GS, gradual slip, not at a distinct point 

7.4 Discussion 

 Effects of Surface Preparation 

7.4.1.1 SLS slip strength 

Under the first SLS event all the different surface prepared AFCs could be 

expected to provide a minimum of 80kN before noticeable slip occurs (refer to Table 7.3). 

There was no clear trend in loss of slip capacity in the subsequent events. This could be 

due to the different boundary conditions, for example, for the second SLS, which pushed 

the connection in the opposite direction to the first and third events. However the residual 

slip strength is significantly lower, which is expected to be due to the bolt tension loss 

which occurs during the severe events. After the connection has undergone a severe event, 

at least 40kN of dependable slip resistance could be reached by the chip and garnet blasted 
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AFCs, which is less than 50% of the average initial slip capacity. The wire brushed and 

sand ground AFC could be expected to withstand at least 55kN before slip occurs. 

7.4.1.2 Maximizing frictional resistance 

From Figure 7.7 there appears to be an optimum frictional resistance at a surface 

roughness similar to the wire brushed (St2) preparation. Further research of different 

surface preparations in the 0-10μm range may be required to draw conclusive findings on 

the optimal surface roughness to maximise CoF, given how similar it is over that 

roughness range. From Table 7.1, the maximum average CoF for the surface prepared 

plates (except the rusted plates) was 0.48 which was for the wire brushed St2 surface. 

7.4.1.3 Minimising bolt tension loss 

Figure 7.8 shows that the bolt tension loss generally decreases as the surface 

profile gets smoother. At large surface roughness, such as from the chip preparation, bolt 

tension loss will be increased due to the surface wear causing thinning of the plies. This 

can be seen from Table 7.2 where the chip average surface roughness decreased from 

19.5μm to 9.1μm. The visible smoothing of the chip prepared surfaces can be seen in 

Figure 7.9. While the smoother surfaces did not show a decrease in average roughness, it 

was still expected that wear occurred, but to a lesser degree where the surface was 

smoother. 

The reason that wear was expected to decrease for a preparation of lower 

roughness is because of the high similarity between the peak sharpness, Rku, values for 

chip, garnet, and wire brushed surfaces (refer to Table 7.2). Since the peaks have similar 

sharpness, when sliding occurs the rougher surfaces will be more susceptible to shearing 

of the exposed peaks, which will lead to greater surface wear (see Figure 7.10). Therefore 

the bolt tension loss was expected to decrease for smoother surfaces because there would 

be less thinning of the plies. This is verified by the trend in Figure 7.8. 
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Figure 7.9. Chip (left) and garnet (right) prepared cleats after testing 

 
Figure 7.10. Wear vulnerability 

The surface roughness increases following sliding for the garnet, wire brushed, and 

sanded profiles. This is because as the plates slide against each other, they scratch each 

other and wear, increasing the roughness in localised areas (see Figure 7.9). 

7.4.1.4 Optimising frictional resistance and bolt tension loss 

There was a rapid increase in average bolt tension loss of approximately 10% when 

the surface roughness increased from 4μm to 8μm (see Figure 7.8). In this region the CoF 

is near maximum. That means the shear force and therefore the MVP interaction acting on 

the AFC bolts was higher (refer to section 3.2), which could lead to more plastic 

elongation and thus bolt tension loss. The measurements’ trend of bolt lengths before and 

after the tests (which were not presented in this chapter for the reasons given above) 

suggest that bolt elongation may be, without a clear measured relationship and robust 

supporting evidence, proportional to the CoF. This could explain why the rusted plates 

showed slightly higher bolt tension loss than the garnet stone surfaces, which had similar 

surface roughness and therefore surface wear (refer to Table 7.1). 

Based on the findings in Sections 7.4.1.2 and 7.4.1.3, a compromise between 

maximising frictional resistance and minimising bolt tension loss is necessary. The wire 

brushed St2 preparation gave the highest average coefficient of friction (seen in Figure 

7.7), and a relatively low bolt tension loss (refer to Figure 7.8). Therefore wire brushed 
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(St2) surface preparation is recommended to be considered in practice based on this 

research. Further investigation of surface roughness values in the range of 0-10μm could 

be conducted to try finding a more optimal preparation. However, given the uncertainties 

in the level of on-site installed surface roughness values in practice, and the fact that the 

surface profile might change a bit with time even in a dry internal environment, further 

optimisation is unlikely to be warranted. 

 Durability 

The sliding surfaces in the AFC are recommended to be between bare steel, free of 

any contaminants such as paint, rust, or mill-scale. Although the SHJ is currently 

recommended for use in dry internal environments, the effect of rust is still an important 

consideration for the long term durability of the joint. 

From Figure 7.7 it is evident that the rusted tests produced higher CoF than the 

clean steel experiments. It is worth noting that the rusted plates had been prepared to the 

St2 level of surface preparation and delivered to the test hall. Hence the higher CoF of the 

rusted plates compared with the wire brushed plates may be a result of 1) smoother surface 

of the wire brushed plates compared with the rusted plates, due to the wire brushing 

process and 2) time. Therefore, it may be needed to consider the slight increase in strength 

of the connection with time when assigning overstrength factors for design. The bolt 

tension loss is comparable, but slightly higher than that measured for the prepared plates. 

But this is offset by the higher frictional resistance. The benefits of this can be seen in 

Table 7.3, where the rusted plates showed significantly better retention of SLS slip 

strength compared to the surface prepared plates, with the lowest SLS residual slip 

capacity measured at 70kN. 

From this analysis, rusting of the plates was not deemed a concern. While mild 

surface rusting was expected to probably increase the strength of the joint, this can be 

easily accommodated by the overstrength factor. The implications of these findings is that 

no special preventative measures, such as painting of the connection, are necessary to 

ensure that rusting does not occur on the sliding surfaces. 

The limitation of these tests is that only mild surface rust was investigated, so the 

SHJ can still only be recommended for use unpainted in dry internal environments. 

Further investigation looking at substantial rusting, corrosion locking up the joint, and 
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water ingress for instance, may be needed to be explored before the joint could be 

considered for use in permanent external applications, unless a robust coating is applied 

which would need repair after a sliding event. This has been done for example on a 

medium rise building complex in Wellington which has external SHJs that have been 

painted following installation. The building has been subjected to two significant 

earthquakes since being built and the performance has been in accordance with the 

performance expectations. The cumulative sliding has been much smaller than that tested 

and reported in this thesis, however. 

7.5 Conclusions to chapter 7 and recommendations 

The objectives of the research presented in this chapter were to: investigate the 

effect of surface preparation and consider the influence of rust on the sliding surfaces. The 

following conclusions to these objectives can be drawn from this study: 

 Surface Preparation 

I. There is an optimal value for CoF in relation to surface roughness. From 

the surface preparations investigated the wire brushed finish, with a surface 

roughness of 4.1μm produced the maximum average figure of 0.48 amongst 

the all surface preparation levels. 

II. Bolt tension loss generally decreases for smoother surfaces because there is 

less surface wear. 

III. A compromise between maximising CoF and minimising bolt tension loss 

is necessary. The wire brushed (St2) surface preparation level was the best 

suited from those tested. It provided the highest CoF but a relatively low 

bolt tension loss of 48%. Note that these experiments did not include the 

optimized Belleville spring system discussed in chapters 3 and 4, given the 

focus was on the surface preparation level effects on the sliding behaviour. 

IV. The sand ground and wire brush preparations showed the best retention of 

the SLS slip strength. 

 Rusted Plates 

I. The rusted plates’ tests showed higher stable sliding CoF and retention of 

the SLS slip strength than the clean, surface prepared plates. This may be 
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easily incorporated into the overstrength factor if this is necessary, as is 

discussed in 7.4.2. 

II. Instability of the strength or loss of the repeatability are not concerns if the 

sliding surfaces accumulate mild surface rust. 

III. Therefore the mild surface rust that would possibly occur in service, when 

using the SHJ or AFC in dry internal environments, is not a major concern 

and therefore doesn’t need special preventative measures. For more 

aggressive environments, the joint should be painted. 

 Recommendations 

I. Based on this research, it is recommended to use wire brushed (St2) surface 

preparation level for the plates’ sliding surfaces delivered on site for the 

construction, and retain the high hardness shims and mild steel cleat setup. 

The St2 level is the most common type of the surface preparation technique 

used in practice, hence there is no additional operation required to be 

necessarily implemented. 

II. The average CoF calculated for the wire brushed preparation tests was 0.48. 

This was 0.55 for the rusted plates which had been prepared to St2 level of 

surface preparation. A CoF of 0.5 is recommended to be used in practice to 

design the SHJ, according to the research presented in this chapter. 

III. Further research investigating surface treatments which create initial 

surface roughness in the 0-10μm range could be conducted. However this 

further optimisation may not be warranted as is discussed in section 7.4.1.4. 

IV. All the tests carried out displayed stability and repeatability. This suggests 

that plates do not need to be replaced after a severe seismic event. 

V. The bolt preparation tests conducted showed the need for a better 

monitoring of bolt quality in NZ industry. 
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8 Chapter 8 
Experimental Studies on three new 

potential Asymmetric Friction 
Connection (AFC) Ply Configurations, 
Surface Condition, and Material 

8.1 Introduction 

One of the concerns with the Asymmetric friction connection (AFC) is its post 

sliding elastic strength reduction as is explained in the previous chapters. A significant 

reason for this is the post sliding degradation of the AFC sliding surfaces. A research 

programme was presented in chapter 7 aiming to assess the influence of the surface 

treatments of the contact surfaces on minimizing the post sliding degradation of the AFC 

components while maintaining or improving all other AFC characteristics. In continuation 

to that research, the research presented in this chapter aimed at investigating the possibility 

of minimizing the AFC sliding surfaces’ degradation using Titanium Nitride (TiN) coated 

shims or abrasion resistant steel shims and cleat. One set of tests also was performed to 

investigate the behaviour of the AFC with abrasion resistant cleat and no shims to 

potentially decrease the construction cost while maintaining the AFC seismic behaviour. 

The following sections explain the following experimental studies on the AFC 

performance along with the significance of the results: 

• AFCs with abrasion resistant cleat and no shims  

• AFCs with Titanium Nitride (TiN) coated shims 

• AFCs with abrasion resistant shims and cleat 

8.2 The test setup, loading regime, and measurements 

The test setup used and installation parameters for the experiments presented in 

this chapter were identical to those that were explained in chapters 5 and 7, the loading 

regime was also identical to the displacement controlled loading regime explained in 
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chapters 5 and 7, and the measurements were identical to those that were explained in 

chapter 7. Figure 8.1 shows the measuring tools used for the experiments. A Total of 7 

real-scale tests was performed. 

      
   a)                                                                        b)                                       c) 

  
                  d)                                                                               e) 
Figure 8.1. AFC on MTS test measurements: (a) donut load cell, (b) bolt tension meter, c) electronic 

height gauge, d) surface roughness tester, and d) laser gun temperature measurer and portal gauges 

The following sections outline the experiments, report the results, and discuss the 

outcomes of the test results. 

8.3 The AFC with abrasion resistant cleat and no shims 

One of the influential parameters on the AFC seismic behaviour is the shim 

material. Clifton [10] used brass shims during the original development of the SHJ. This 

was to remove the instability in sliding between mild steel surfaces in accordance with the 

findings of Yang and Popov [7]. MacRae, Clifton [18] compared aluminium, mild steel, 

and brass shims and concluded that mild steel and brass shims show similar force-

displacement behaviour and stable sliding shear capacity for the AFC. The benefits of the 
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mild steel shims compared with the brass shims are being cheaper, more readily available, 

eliminating dissimilar metal corrosion issues at the interface, and being able to be tack 

welded in place. Khoo, Clifton [17] showed that sliding between surfaces of different 

hardness improves the AFC sliding performance. The high hardness shims gave much 

better performance and the same benefits as mild steel over brass in construction, and have 

become the material of choice in newer AFC building construction and research, despite 

being slightly more expensive than mild steel shims. 

A shim-less AFC was considered in this research, with the cleat being made from 

high hardness material. The test rig was designed to be able to accommodate the shim-less 

AFC configuration by turning the MTS arm by 180 degree. If a high hardness cleat is used 

and the shims removed, sliding will occur between the abrasion resistant cleat and the mild 

steel beam flange and cap plate in the SHJ. This was expected theoretically to produce the 

same frictional behaviour as the currently recommended mild steel cleat and high hardness 

shims. The seismic behaviour was also expected to be very close to the current AFC, given 

existence of two sliding surfaces and a floating cap. A potential benefit of a shim-less 

AFC is simplifying the connection making the erection of the SHJ easier as it would 

decrease cost and complexity. Additionally removing the shims could potentially decrease 

the bolt tension loss by decreasing the lever arm of the shear force couple applied on the 

bolt body, as is explained in chapters 1 and 3, which is used to determine the stable sliding 

bolt tension. This is based on the AFC plastic theory based bolt model [10, 21]. On the 

other hand, by removing the shims, the AFC bolts may be shorter and as a result 

longitudinally stiffer. This could increase the degree of the post sliding bolt tension loss as 

is conceptually discussed and formulated in chapter 3 and [35]. 

Figure 8.2 shows the coefficient of friction versus cleat relative to the beam flange 

displacement under the first and second severe loadings for two experiments on the shim-

less AFC. The sliding surfaces were prepared to the mill-scale free condition. Although 

the shim-less AFC showed a stable and acceptable sliding behaviour as was expected, the 

average stable sliding coefficient of friction was 0.28 and 0.35 for the tests 1 and 2 

respectively, which was less than that with shims. The average bolt tension loss was 59% 

and 61% for the tests 1 and 2 respectively, which was higher than that with shims. As is 

mentioned, this may be due to the shorter bolts of the shim-less AFC which have higher 

longitudinal stiffness and are more vulnerable to the bolt tension loss factors compared 

with the bolts of the AFC with shims. 
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Figure 8.2. Coefficient of friction versus cleat relative to the beam flange displacement for the first 

(left) and second (right) tests on the shim-less AFC during firs (blue) and second (red) severe events 

Additionally, another concern about a shim-less AFC in the SHJ is the weldability 

of the high hardness cleat to the mild steel column flange. This is dependent on the 

Ultimate Tensile Strength (UTS), Yield strength, and Vickers/Brinell/Rockwell hardness 

values of the cleat’s steel to be used. The most common types of hard wearing steel are the 

Chrome/Manganese range, such as Bisalloy 500 or 600, which are extremely difficult to 

weld to mild steel, due to differences in weld shrinkage and grain structures. A possibility 

is to use a “buffer weld layer” first, before the final weld, however this is not 

recommended as it means a complex welding procedure that is sensitive to the skill of the 

welder being used in a critical cleat to column flange weld. 

Welding lower grade steel types than high hardness steel, e.g. grade 500 steel, to a 

mild steel, e.g. grade 300, is not problematic provided the combined weld plate 

thicknesses are below around 60mm total, to remove the need to pre-heat the steelwork. A 

500 grade electrode for this purpose then is required. However, the 500 grade steel will not 

be as beneficial as high hardness steel because it is the difference in hardness of the sliding 

surfaces that is important and grade 500 steel is only 20% harder than grade 300 steel. 

Consequently, the test results indicate that the use of high hardness shims in the AFC 

instead of a high hardness cleat without shims is recommended. 

8.4 The AFC with Titanium Nitride (TiN) coated shims 

As the stable sliding performance is improved with increased ratio of hardness in 

the materials comprising the two sliding surfaces, it was decided to generate the greatest 

hardness ratio possible through surface coating the high hardness material shims with an 
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even harder surface coating made of Titanium Nitride (TiN). This was achieved through 

Physical Vapour Deposition (PVD) coating the high hardness shims by Titanium Nitride 

(TiN) to provide the high hardness shims with an extremely wear resistant sliding surface.  

TiN coating has become a popular choice for general machining and wear 

applications. It works very well for machining carbon steels and stainless steels. Injection 

moulders find it works superior to chrome and nickel wet bath electro-plating for release, 

wear, easy clean up, and corrosion protection. Rubber moulders have found the coating to 

provide better release and corrosion properties than wet bath electro-plating. Punch and 

Die sets, Chopping and Slitting Blades, Wear Components and all Tungsten Carbide 

tooling are just a few of the functional applications for this process. The hardness (Hv) 

value of a TiN coated surface is around 2200, compared with 400 to 600 for the uncoated 

high hardness shim material and 80 for the grade 300 cleat or beam. 

Four high hardness (Raex 450 Grade) shims were PVD TiN coated by a New 

Zealand based PVD coating specialist Company. The surface of the shims after the 

treatment became very smooth giving an average Ra value of 0.68µm,  0.55µm, and 

4.56µm for the coated surfaces of the shims of the first, second, and third tests 

respectively. A pair of new coated shims was used for each of the first two tests. For the 

third test, the shims which had been against the cap during the first and second tests, were 

used. This is because the “shim against the cap” interface has the minimum wearing 

among all of the AFC sliding interfaces. However the Ra, value of the third test was 

higher than the first and second tests. Figure 8.3 shows the AFC which is assembled using 

the PVD TiN coated shims. 

         

Figure 8.3. The AFC assemblage with TiN coated shims, front view (left), and side view (right)  

The AFC with PVD TiN coated shims showed a stable and acceptable sliding 

behaviour similar to the conventional AFC. The average stable sliding coefficient of 
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friction was 0.55 and 0.48, and 0.43 for the tests 1, 2, and 3 respectively. The bolt tension 

loss was 56%, 64%, and 68% for the tests 1, 2, and 3 respectively (note that the third tests 

average installed tension was 20% higher than the other tests, hence explains the higher 

bolt tension loss). The “AFC with PVD TiN coated shim” tests produced comparable 

maximum frictional resistance to the current AFC configuration. The bolt tension loss was 

also slightly higher than that of the current AFC configuration. Figure 8.4 shows the 

coefficient of friction versus cleat relative to the beam flange displacement under the first 

and second severe loadings for the first out of the three experiments on the AFC with PVD 

TiN coated shims. 

 

Figure 8.4. Coefficient of friction versus cleat relative to the beam flange displacement for first test on 

the AFC with TiN coated shims during firs (blue) and second (red) severe events 

Moreover, as can be seen in Figure 8.5, the TiN coating wore off under the 

loading. The coating is also costly and would add further complexity to the connection.  

It could also cause corrosion due to being a different material. When dissimilar 

metals and alloys are in contact in a corrosive environment, due to having different 

electrode potentials, one of the metals is subject to an accelerated corrosion rate. The 

contacting metals form a bimetallic couple because of their different affinities (or 

attraction) for electrons, and when two or more come into contact in an electrolyte, one 

metal acts as anode and the other as cathode. The electro potential difference between the 

dissimilar metals is the driving force for an accelerated attack on the anode member. The 

presence of an electrolyte and an electrical conducting path between the metals is essential 

for this to happen. The metal which is higher in the galvanic series of metals, i.e. the 

anode, sacrifices itself and provides protection for the metal which is lower in the series, 
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i.e. the cathode. The galvanic potential between the TiN and the Fe surface would drive 

this corrosion. 

Based on the above mentioned points, the use of TiN coated shims, as is tested in 

this research, is not advised for future implementation, unless more development work is 

undertaken to address the abrasion of the coating. 

  

Figure 8.5. TiN coated shim before the test (left) and after the test (right) 

8.5 The AFC with abrasion resistant shims and cleat 

This section reports the results of the AFC experiments using a wear resistant cleat 

against wear resistant shims. These were expected to potentially give less favourable 

results according to [17] due to the similarity in sliding surfaces’ hardness, however it was 

considered that verification of this should be undertaken. High hardness (Raex 450 Grade) 

shims and cleat were used for each one of two tests on the AFC with abrasion resistant 

shims and cleat. The sliding surfaces were prepared to the mill-scale free condition. 

Figure 8.6 shows the coefficient of friction versus cleat relative to the beam flange 

displacement under the first and second severe loadings for two experiments on the AFC 

with high hardness cleat and shims. The AFC with abrasion resistant cleat and shims 

showed a relatively stable and acceptable sliding behaviour. The average stable sliding 

coefficient of friction was 0.38 and 0.45 for the tests 1 and 2 respectively. The bolt tension 

loss was 38% and 80% for the tests 1 and 2 respectively, which shows a considerable 

difference. 
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Figure 8.6. Coefficient of friction versus cleat relative to the beam flange displacement for the first 

(left) and second (right) tests on the AFC with abrasion resistant shims and cleat during first (blue) 

and second (red) severe events 

The result showed that the performance was similar to the high hardness shim to 

mild steel cleat. However, the concerns with weldability of a high hardness steel cleat to 

the mild steel column flange that discussed in section 8.3 are still the case. Additionally 

using a high hardness cleat is more expensive than a mild steel cleat. Therefore the use of 

a high hardness cleat against high hardness shims is not recommended. 

8.6 Conclusions to chapter 8 

This chapter presents the results of three sets of experiments on the Asymmetric 

Friction Connection (AFC). These include the AFC with abrasion resistant cleat and no 

shims, the AFC with Titanium Nitride (TiN) coated shims, and the AFC with abrasion 

resistant shims and cleat.  The aim was to investigate the possibility of minimizing the 

post sliding degradation of the AFC while maintaining or improving all other AFC 

characteristics and/or to decrease the cost and complexity of the AFC construction. 

The AFC with high hardness cleat and high hardness shims or with no shims were 

shown to provide no specific benefit regarding the AFC seismic behaviour. They may 

impose extra complexity and/or cost to the conventional AFC in Sliding Hinge Joint 

(SHJ). Hence are not recommended to be implemented in practice. The AFC with 

Tintanium Nitride (TiN) coated shims was tested and showed no appreciable benefit 

because of the wearing of the TiN surface. 
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9 Chapter 9 
Self-Centering Capability of the 

Seismic Friction Dampers: A Conceptual 
Study on the Static and Dynamic Self-
Centering Requirements for the Single 
Degree of Freedom (SDOF) Asymmetric 
and Symmetric Friction Connections 
(AFC and SFC) 

9.1 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. These are discussed in 

previous chapters. 

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 [105, 106]. Christopoulos, Filiatrault [107] analysed similar 

post-tensioned connections with the addition of energy dissipation devices (PTEDs). Other 
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researchers [49, 108, 109] investigated MRSFs with energy dissipating devices located on 

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 [110] proposed a connection 

consisting of four large nickel titanium shape memory alloy bars. Sepúlveda, Boroschek 

[111] investigated the use of copper-based SMA bars. DesRoches, Taftali [112] and 

Ellingwood, Taftali [113] studied the effect of austenitic and martensitic SMAs in seismic 

resilient structures. 

Advantages of using the SHJ, which is the main focus of this thesis, 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. These are all at no additional cost compared with the 

conventional MRSFs. 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 [6] 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. 

9.2 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 
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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 9.1 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 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 9.1. Mass-Spring-Damper system incorporating AFC or SFC 

 Statically self-centering SFC 

Figure 9.2 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 9.2. 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: 
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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. 

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) 
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o The value of K can be chosen according to the desirable design over-

strength action and available springs’ K values. 

 Statically self-centering AFC 

Figure 9.3 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 9.3. 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. 
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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. 

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 
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9.3 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 9.2.1 and 9.2.2. These include 

Belleville springs, Gas springs, Die springs, and Lurethane springs. 

Belleville springs: Belleville springs are discussed in the previous chapter, and 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 
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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 the Lurethane material, the smaller is the 

% of the linear elastic area). On unloading, the Lurethane spring is expected to come back 

to its initial position instantly, however this needs to be experimentally confirmed. It is 

possible to define an elastic modulus (following ISO 7743 [114]) 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, months, 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 [115]. 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). 

9.4 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 

inexpensive 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 9.4; 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. 

The research into the potential benefits of this additional self centering system 

comprised a numerical study, reported in section 9.2. It is also an area of potential ongoing 

research as described in sections 10.2 and 10.3. 
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Figure 9.4. Elevation and Plan Views of Lurethane Spring in the SHJ 

9.5 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. Note that the 

cases without spring were studied too. 

• 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 9.5, 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 9.5. 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 9.6. 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 [116], 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 9.7 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 
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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 stable sliding occurs 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 9.6: Hysteresis definition of the SFC (left) and AFC (right) 

Figure 9.6 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 considered to be ~6.6mm. Hence, the displacement at 

which the stable sliding force is first 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 MRFs initially developed by SAC-Joint-

Venture [93] and then modified by Clifton [10] and Ramhormozian, Clifton [59]. 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 
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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 9.7 

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 9.7. 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 9.8 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. 

-20

-10

0

10

20

0 10 20 30 40 50

D
is

pl
ac

em
en

t (
m

m
)

Time (s)

Loading Regime Comparison

with WD NWD



221 | P a g e  
 

 

Figure 9.8. 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 9.1. The number of output time steps is determined by dividing the length 

of the loading regime by the output time step size. 

Table 9.1. 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 [117]. 

9.6 Results 

Two sets of 544 models were run, each assigned with SFC and AFC friction 

dampers. Table 9.2 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 

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
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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 9.2. 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 9.3 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. 

Table 9.3. 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 9.9 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. 

Seismic weight: Seismic weights of 1M, 1.5M, 2M and 4M were applied to 68 

models each. Figure 9.10 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. 

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

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
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Figure 9.9. Summary of self-centering cases by loading regime frequency 

 

Figure 9.10. Summary of self-centering cases by seismic weight 

Spring stiffness: Four levels of spring stiffness: 1S, 5S, 10S and 15S, were applied 

to 64 models each. 50 of the 1S cases, 48 of the 5S cases, 48 of the 10S cases, and 54 of 

the 15S cases self-centered effectively. This equates to 78%, 75%, 75% and 84% 

respectively. By comparison 10 out of 16 of the cases with no springs (62.5%) produced 

residual drift values within +/-0.14%. 

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

75P, were applied to 64 models each. Table 9.4 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. 

Table 9.4. Number of self-centering cases by spring pre-compression 

 

9.7 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 

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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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. Figure 9.11 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 9.11. 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. 2f accounts for potential higher mode 

effects. 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 9.12 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. 
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Figure 9.12. 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-centering capability. 156 models out of 208 self-centered 

effectively for no spring, 1S, 5S and 10S cases (75%). The 15S case improved this value 

by 9%, with 54 models out of 64 models achieving residual drift within +/- 0.14%. This 

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

investigated range considerably improves dynamic self-centering capability of the AFC. 

Spring pre-compression: Spring pre-compression had the most significant impact 

on the self-centering capability of the AFC. For most cases, any level of pre-compression: 

25%, 50% or 75%, reduced residual drift to within the +/- 0.14% threshold. Figure 9.13 

demonstrates a sample of the spring pre-compression effect on residual drift. It can be seen 

that previous to pre-compression, all cases lay outside of the threshold. Upon the 

application of 25%, 50% or 75% spring pre-compression, 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 9.13. Residual drift-spring pre-compression level graph 
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9.8 Conclusions to chapter 9 

This chapter 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, but only a significant effect at the 4f frequency. 

• 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 as described in section 10.3. 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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Chapter 10 
Ongoing Research 
The following sections present the ongoing research being undertaken or intended 

to be undertaken by the PhD student and the PhD supervisor: 

9.9 Finite Element Analysis (FEA) of the Asymmetric Friction 

Connection (AFC) in the Sliding Hinge Joint (SHJ) 

This research is looking at the Finite Element Analyses (FEA) of the AFC using 

Abaqus FEA software. This includes a series of parametric studies to investigate the 

effects of the following parameters on the AFC sliding behaviour: 

• Level of the AFC installed bolt tension  

• Number of bolt rows 

• SHJ Beam-column gap 

• Reduction of the AFC plies thickness during sliding 

The optimum values for the above mentioned parameters will be recommended, 

along with demonstrating the effects of the prying as well as using BeSs. 

9.10 Dynamic Performance Analysis and System Identification 

(SI) of a Low Damage Multi-Storey Structural Steel Building 

under two Moderately Severe Earthquake Events using 

Structural Health Monitoring (SHM) Data 

The Te Puni buildings are a number of 11 storey structural steel apartment 

buildings with steel-concrete composite floors, built in Wellington, New Zealand. The 

buildings are designed according to the low damage design philosophy. One of these is 

instrumented by GeoNet for deflections and accelerations and this building is the focus of 

this research. The structural system comprises seismic resisting Moment Resisting Steel 
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Frames (MRSFs) with stepping-column bases in the longitudinal direction, and rocking 

Concentrically Braced Frames (CBFs) with friction ring springs at the column bases in the 

transverse direction and connected with coupling beams. The MRSFs’ beam-column 

connections are Sliding Hinge Joints (SHJs). The SHJs are also implemented at both ends 

of the coupling beams between the CBFs in the transverse direction. The primary purpose 

of this research is to analyse the instrumented accelerometer data to determine the 

structure’s fundamental dynamic properties, in both directions, before and after two 

moderately severe earthquakes occurred in July and August of 2013, respectively with 

magnitudes of 6.5 and 6.6. The secondary objective is to investigate the SHJ behaviour 

before, during, and after these two earthquakes. The results of this research are presented 

at the annual technical conference of New Zealand society for earthquake engineering 

(NZSEE)  [118]. 

9.11 Simplified Multi Degree of Freedom (MDOF) Model of the 

Buildings Incorporating the Seismic Friction Dampers 

A simplified yet accurate MDOF model is developed to model the multi storey 

buildings using the SHJs in the commercial structural analysis and design programs such 

as SAP 2000 being able to undertake the parametric studies and investigations. The aim of 

this research is to undertake dynamic analysis of a complete multi-storey seismic resisting 

MDOF building allowing for the consideration of positively influential self-centering 

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

flexibilities. The key objectives of this research are as follows: 

• To take the design of a 10 storey MRF with SHJAFCs and convert that into 

the MDOF analytical model required for subsequent advanced seismic 

analysis (Time History Analysis (THA)). 

• To undertake analysis over a range of earthquake records and scaling 

factors to investigate the peak inter-storey deflection (drift) and the residual 

drift of the system. 

• To determine the influence of column base rotational stiffness, floor slab 

out of horizontal plane displacement, type of friction damper, additional 

linear elastic spring between the column and beam, and stepping column 

base on the peak and residual drift of the system. 
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• To make recommendations for column in-plane strength and stiffness and 

column base rotational stiffness on minimising post-earthquake residual 

drift. 

9.12 Developing a modified AFC bolt model 

A modified AFC bolt model is developed to be used for understanding more 

clearly the sliding behaviour of the AFC and to design the AFC. The model is based on the 

first principals and is validated by the results of the undertaken PhD experiments. The 

limits to keep the AFC bolt critical cross section (including MVP interaction) fully in the 

elastic range and fully yielded (based on von Mises yield criterion) are analytically 

discussed followed by recommending the optimum allowable limit. The proposed design 

procedure includes the checks on the expected system behaviour for as built, pre-ULS 

SLS, ULS, and post-ULS SLS conditions. 

9.13 Developing an analytical model of the SHJ connection 

An analytical model of the whole SHJ joint will be developed to explain, 

investigate, and optimise the design parameters of the SHJ including the AFC plies’ 

geometrical characteristics, SHJ beam-column initial gap, SHJ beam column relative 

rotation, SHJ top flange plate geometrical characteristics, size of the AFC bolts, and 

number of AFC bolt rows. This model may be compared with the FEM model (see section 

10.1). 

9.14 Industry/practice guide on the design and installation of the 

Sliding Hinge Joint (SHJ) and/or Asymmetric Friction 

Connection (AFC) with Belleville springs (BeSs) along with 

the examples (to be used for the new and existing buildings) 

• This guide will first explain the seismic/sliding behaviour of the SHJ/AFC 

based on the first principles. This is a potential need currently to make the 

asymmetric friction sliding behaviour of the SHJ clear and easy to 

understand for the engineers. 
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• The values of the coefficient of friction with respect to the surface 

preparation level are presented based on the undertaken experiments, to be 

used in design and practice. This is to remove an uncertainty used to be the 

case in the field. 

• The optimum level of the AFC bolt tension is presented based on the 

undertaken experiments, to be used in design and practice. 

• The design procedure of the BeSs is presented. 

• A turn-of-nut based method of bolt tightening is presented in which the 

required part-turn is determined by the designer and will be implemented 

by the installer. This method in any application that a specific amount of 

the bolt tension is needed to be known, achieved, and maintained in 

practice. 

• A step by step design example is presented to make the guide easy to be 

used. 

• A simplified and powerful building model is also proposed making the 

engineers able to easily assess the seismic behaviour of the designed low-

damage building. 

• This guide can be used to design and build new buildings, and to be 

implemented on the existing SHJ buildings to be completely compatible 

with their initial design assumptions but improve their behaviour. 

It is intended to publish this guide within the second half of 2018, through the UC 

Quake Centre, a dynamic partnership between the New Zealand Government, the 

University of Canterbury (UC), and several leading industry groups. The guide will be 

supported by Steel Construction New Zealand (SCNZ), the organisation which represents 

the structural steel design and fabrication industry in New Zealand, and Heavy 

Engineering Research Association (HERA). 
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