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ABSTRACT: This paper presents the results of the past research and a future plan of the 

ongoing research to improve the seismic behaviour of the Sliding Hinge Joint (SHJ), a 

low damage beam-column moment connection. The SHJ seismic behaviour depends on 

the sliding behaviour of the Asymmetric Friction Connections (AFCs), the energy 

dissipating components of the SHJ. In current practice, the AFC bolts are fully tensioned 

at installation. The experimental testing on joints with fully tensioned bolts has shown a 

significant reduction in the AFC post-sliding elastic strength due to the bolt tension loss. 

To reduce that effect and other potential causes of bolt tension loss after sliding, the use 

of Belleville springs (BeSs) has been proposed and experimentally tested, with the bolts 

installed within their elastic range. These findings are presented in this paper. 

A test setup has been developed to investigate the effect of the sliding surface finish on 

the AFC sliding behaviour. Different levels of surface preparation, covering the range of 

surface preparations that may be encountered in slip critical connections, have been tested 

to determine the optimum surface finish.  

A SHJ component test setup is being designed to determine the optimum way of using 

BeSs as well as the effect of having three rows of bolts in the SHJ’s beam bottom flange 

AFC. A test setup has also been designed to carry out the experiments to establish the 

method of bolt tightening with BeSs.  

The past and ongoing experimental plans are presented in this paper. 

1 INTRODUCTION 

The Sliding Hinge Joint connection (SHJ) is a low damage alternative to the traditional beam-column 

welded connections of the seismic Moment Resisting Steel Frames (MRSFs). The SHJ was initially 

proposed and developed from 1998 to 2005 by (Clifton 2005) and has been further developed at the 

Universities of Auckland and Canterbury. The SHJ is intended to behave as a rigid beam-column 

connection under the serviceability limit state (SLS) condition. Under the ultimate limit state (ULS) 

condition, the SHJ is expected to allow large beam to column inelastic relative rotation through stable 

sliding in its key energy dissipating components i.e. the Asymmetric Friction Connections (AFCs).  

Figure 1 shows the SHJ layout. 

  

Figure 1 - The SHJ layout: lateral view (left) and cross sectional view (right) 
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The AFCs are located in the bottom web and bottom flange bolt groups. A top flange plate is bolted to 

the beam top flange, and the SHJ point of rotation is where this top flange plate is pinned to the 

column. The main benefits of the SHJ are; isolating the floor slab to limit additional demands to the 

beam, column, and slab under inelastic rotations; decoupling joint strength and stiffness to limit 

inelastic demands in the beams and columns; and confining yielding to the bolts. However, the latter is 

being researched to ideally be avoided, thus eliminating the need to retighten or replace bolts 

following a severe earthquake. 

This paper presents the results of the past research and a future plan of the ongoing research to 

enhance the seismic behaviour of the SHJ. 

2 THE SHJ SEISMIC BEHAVIOUR 

The moment-relative rotation behaviour of the SHJ is dependent on and schematically similar to the 

AFC force-displacement behaviour. When subjected to an increasing bending moment, the SHJ 

initially behaves like a rigid beam-column connection until the moment in the beam end exceeds the 

frictional resistance of the bottom web and bottom flange AFCs. When this occurs, the beam rotates 

relative to the column about the point of rotation, through sliding in the AFCs while dissipating energy 

through friction sliding. 

Figure 2(a) shows the AFC layout at the beam bottom flange as it is currently used. The AFC consists 

of five plies, including the beam bottom flange, a high hardness shim, the bottom flange plate (cleat), 

another high hardness shim, and the cap plate, all clamped by the pre tensioned high strength friction 

grip (HSFG) property class 8.8 bolts. According to the design procedure that has been initially 

developed for the SHJ, the AFC bolts are fully tensioned at installation based on the part turn method 

of bolt tensioning from NZS3404 (1997/2001/2007). Implementing this method is intended to ensure 

that the bolts are yielded in tension after tightening. 

 

Figure 2 - (a) AFC in the bottom flange plate and (b) AFC idealised force-displacement behaviour (Khoo, 
Clifton et al. 2014) 

The idealised force-displacement behaviour of the AFC is shown in Figure 2(b). When the force 

overcomes the first AFC sliding surface frictional resistance, this surface starts to slide. After a very 

short distance of movement along the first sliding surface, the cap plate becomes fixed in position 

relative to the beam by the bolt group, which doubles the sliding shear developed by the AFC (shown 

as C). By removing the load, the AFC retains its maximum displacement, and under load reversal 

shows a relatively 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 into double curvature in 

the opposite direction. This behaviour provides the SHJ with a “pinched” hysteresis loop, which is 

closer to a flag shape hysteresis loop than a symmetric friction connection rectangular hysteresis loop. 

A flag shape hysteresis loop is ideal for the joint self-centring. 

3 DEVELOPMENTS IN THE SHJ AND AFC 

Being simple to build, cost effective, capable to dissipate energy under the Ultimate Limit State (ULS) 

earthquake loading, and able to provide a pinched form hysteresis curve (which benefits the tendency 

to self centre) for the moment-resisting connection which is being used, the AFC is a suitable friction 

component to be introduced into different types of low damage seismic resisting systems comprising 

steel/concrete or steel/timber components. The possibility of using the AFC in column bases as well as 

braces of low damage seismic resisting systems has been also the subject of ongoing research at the 
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Universities of Auckland (UofA) and Canterbury (UofC) [(Khan and Clifton 2011; Chanchi, MacRae 

et al. 2012; Borzouie, MacRae et al. 2015; Borzouie, MacRae et al. 2015)]. However, the AFC post 

sliding behaviour has been shown by Khoo, Clifton et al. (2012) to be different from its pre sliding 

behaviour. This is due to the loss of part of the AFC bolts’ installed tension, resulting in a need to 

retighten and/or replace the bolts to restore the AFC to its as-built state. The reasons of the AFC post 

sliding bolt tension loss along with introducing the Belleville springs (BeSs) into the AFC to reduce or 

ideally eliminate this undesirable consequence are being researched by the authors at the UoA. 

The AFC behaviour is dependent on the shim material as well as the clamping force over the two 

sliding surfaces. Brass shims were tested in the original development of the SHJ (Clifton 2005), in 

accordance with the findings of Popov and Yang (1995), to remove the instability in symmetric sliding 

between mild steel surfaces, and stable sliding between mild steel and brass. However, the cost, 

availability, and corrosion issues with brass against steel were unsolved issues until MacRae, Clifton 

et al. (2010) compared aluminium, mild steel, and brass shims concluding that mild steel and brass 

shims show similar moment-rotation behaviour and capacity. This was a difference in frictional 

behaviour between the symmetric and asymmetric friction connections. Mild steel shims are cheaper, 

more readily available, eliminate dissimilar metal corrosion issues at the interface, and can be tack 

welded in place. Hence, they were adopted in SHJ building construction instead of brass. Khoo, 

Clifton et al. (2012) tested steel shims of different grades, with the finding that sliding between 

surfaces of different hardness improves performance. While slightly more expensive than mild steel, 

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 SHJ building construction. It is worth 

noting that the use of mild steel shims in the AFC generates unstable and unpredictable hysteretic 

behaviour, moreover the AFC behaviour is dependent on the ratio between the hardness of the shim 

and the hardness of the slotted plate(Golondrino, MacRae et al. 2012). 

The self-centering SHJ (SCSHJ) with dual-directional ring spring was proposed to reduce residual 

deformation and losses in elastic strength (Khoo, Clifton et al. 2012). The SCSHJ incorporates ring 

springs as a self-centering component. The ring spring is designed as a percentage of total joint 

moment capacity (PRS), with analytical studies showing reduced frame residual drifts. The SCSHJ 

was tested experimentally, showing improved flag-shape response with increasing PRS Khoo, Clifton 

et al. (2012). 

4 USING BELLEVILLE SPRINGS IN THE SHJ 

Experimental testing has shown that during sliding, the AFC bolts lose part of their installed tension 

when stable sliding is reached (Khoo, Clifton et al. 2012). This does not affect the maximum strength 

reached during stable sliding but it does cause the AFC to commence sliding in a less intense 

subsequent excitation. The AFC bolt tension loss is principally because the bending moment combines 

with the bolt installed tension to partially plasticize the bolt. The prying of the cleat can also over 

stretch and plasticize the bolts during sliding. Finally, the abrasion of the sliding surfaces makes the 

post sliding grip length slightly shorter, causing the bolt tension to drop. 

To reduce this post sliding AFC bolt tension loss, the use of Belleville springs (BeSs) is proposed and 

being investigated along with installing the bolts in their elastic range. Belleville springs are very high 

strength, truncated conical washers which have a defined elastic stiffness when loaded and a defined 

squash load when fully compressed. They are a standard component in many mechanical engineering 

applications to maintain installed bolt tension. 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 BeS pushes out to maintain most of the installed level of tension. 

The optimum level of bolt tension as well as the optimum configuration of the BeSs is to be 

determined in this research. It has been also shown that the use of BeSs can improve the self-centring 

capability of the SHJ by increasing the self-centring ratio. These concepts have been being 

experimentally, analytically, and numerically developed and established by the authors. 
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5 THE SHJ DYNAMIC COMPONENT TESTS WITH AND WITHOUT BELLEVILLE 

SPRINGS 

A test rig (Figure 3) has been used to test the sliding characteristics of the SHJ bottom flange AFC 

assemblage. It consists of a reaction arm hinged to a strong wall at A, a ±300 kN actuator applying the 

dynamic displacement controlled load at B, and the test specimen mounted at C. The test setup is 

actually an inverted configuration of the SHJ, with the point of rotation at bearing A, and C is 

representing the bottom flange plate. The motion of the reaction arm and the specimen simulates the 

rotational characteristics of the SHJ. 

 

Figure 3 - The AFC test rig (Khoo 2013) 

The vertical distance between the centre of the hinge and the top surface of the cleat “where the 

displacement is measured” is 478mm, which is intended to closely simulate a beam depth of a 460 UB 

section. The reaction arm amplifies the load at C from that applied at B by a factor of 2.24 when the 

load is static, generating the required sliding shear capacity for the AFC. In case of a dynamic loading, 

there is a need to consider the test rig column e.g. as a generalized single degree of freedom dynamic 

system (Chopra 2007). However, since the imposing loads are orders of magnitude higher than the 

inertia forces, it is well acceptable to use the factor of the static system 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) is 

(1071/478)=2.24. 

Each test specimen comprised a beam flange plate representing the beam flange, a cleat representing 

the bottom flange plate, and a cap plate on top. The beam flange plate was 16 mm thick with 22 mm 

diameter holes and was connected to the strong wall. The narrow end of the cleat was 243 mm × 150 

mm × 16 mm with 57 mm long elongated holes, with the wider end bolted to the top of the reaction 

arm and held by a circular shear key. The cap plate was 175 mm × 150 mm × 16 mm with 22 mm 

diameter holes. These plates were made from Grade 350 steel. The shims were made from high 

hardness Raex 450 grade plate. The shims were inserted between the beam flange plate and cleat, and 

between the cap plate and cleat. The shims were 190 mm long and 175 mm wide. The shim thickness 

was 5 mm. 

50% of the HSFG property class 8.8 M20 bolt proof load i.e. 0.5×147=73.5kN was considered as the 

installed bolt tension. Five different configurations were designed for the BeSs i.e. NS, S1, S2, S3, and 

S4 representing having no BeS, and having one, two, three, and four BeSs in series. The flat load of 

the BeSs used was 124.7kN with the maximum deflection of 0.838mm. Nine tests were carried out 

including three tests on NS, one test for each one of S1, S2, and S3, and three tests on S4 

configurations. The specimens were tested with a displacement controlled quasi-static/dynamic load 

regime. 

It was shown that BeSs can significantly reduce the bolt tension loss if they are used in the most 

effective way. The greater the squash load deflection of the BeS stack, the lower the loss of installed 

bolt tension , however the greater the cost and complexity of installation, so an optimum point where 

these two factors intersect needed to be found. The average bolt tension loss for the three NS tests, 

despite not having fully tensioned bolts, was 60%. This was 35% for the three S4 tests. 

Figure4 demonstrates the AFC system coefficient of friction,   
                          

                                
, 
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calculated for the cases with no BeSs “NS” and with four BeSs “S4” respectively plotted with the 

same scale, each one for three test repeats. These show the higher coefficient of friction and the 

considerable improvement in the joint self-centring capability introduced by the BeSs. This effect is 

expected to be much more helpful for the joint self-centring capability while the BeSs are used in a 

whole SHJ including two AFCs with BeSs and more sources of restoring elastic energy i.e. floor slab 

out of plane strength and stiffness, continuous elastic columns, and elastic column bases. 

 

  

Figure 4 - AFC sliding surfaces coefficient of friction, μ left) without BeSs “NS”, right) with BeSs “S4” 

 

Using BeSs can provide more stable behaviour for the AFC and the bolt group. The system coefficient 

of friction of the AFC found in this research is higher than the values proposed so far (Khoo, Clifton et 

al. 2014) and is significantly increased by using the BeSs. 

BeSs can also eliminate the prying effect if they are not installed fully squashed. Furthermore, the 

hysteresis curve is better from the self-centring point of view for the cases that use the BeSs installed 

in the partially compressed state.  

All of the bolts were longer after removing compared with the initial length suggesting the plastic 

elongation. Part of this can also be because of the plastic torsion that had happened in the bolt body at 

installation. This issue has been researched and addressed by the authors and can be significantly 

reduced by pre-installation physical inspections and lubricating the bolts (Ramhormozian, Clifton et 

al. 2015). 

6 THE EFFECT OF SURFACE ROUGHNESS ON THE SHJ SEISMIC BEHAVIOUR 

The results of the past experiments on the SHJ indicated that after severe cyclic loading the surface 

characteristics changed, causing to raise concerns regarding the wear of the plates and the 

corresponding bolt tension loss. It is important to know the effect this has on the AFC sliding 

behaviour if a successive event also causes sliding to occur. 

Loo, Quenneville et al. (2015) investigated the difference in surface conditions on the steel symmetric 

friction connectors’ behaviour by comparing polished samples (extremely smooth profile) compared 

to the previously used St2 preparation. The polished samples created very high frictional resistance but 

displayed unstable sliding. While this result was not initially expected, because the smooth surface of 

the polished samples was not considered to provide much particle interlock, it was concluded that the 

large contact area leads to the high frictional resistance. Figure 5 shows that both interlock and contact 

area can govern the frictional resistance of the sliding surfaces, but the results of (Loo, Quenneville et 

al. 2015) suggest that for the very low surface roughness values it is expected that contact area is the 

controlling parameter. Hence, this can be expected that the smoother surface profiles will give greater 

friction, however the findings of Loo, Quenneville et al. (2015) showed this will decrease the stability 

of the sliding, so a compromise seemed to be needed to be found for the AFC. 
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Figure 5 - Frictional behaviour relation to smoothness (Loo, Quenneville et al. 2015) 

Surface finish is made up of three characteristics; lay, waviness and roughness (Figure 6). The 

coefficient of friction depends on the interaction of these characteristics. Menezes, Kishore et al. 

(2008) looked at the correlation between coefficient of friction and roughness parameters under 

lubricated conditions, and Sedlaček, Podgornik et al. (2009) investigated the influence of surface 

roughness parameters on friction and wear under dry and lubricated conditions. The results carried out 

by these two studies highlighted that there is no one roughness parameter that can be controlled to 

optimise the frictional resistance. Therefore it was decided to investigate current surface preparation 

techniques that are commonly available and if the effect on frictional resistance, stability of the sliding 

characteristics, and wear of the surface is sufficient enough to warrant the extra costs of preparation to 

the SHJ. 

 

Figure 6 - Surface finish characteristics 

Various methods of commonly available surface preparation are specified in BS EN ISO 8501-1, of 

these hand and power tool cleaning (Grades St2 and St3 respectively), and abrasive blasting (Sa 

Grades), are the only surface preparation methods that impose roughness and are therefore useful for 

treating the AFC shims and cleats. The standard only specifies the cleanliness of the different types of 

preparation (because its primary use is the preparation for coatings such as paint); such as the 

percentage of mill scale or rust removed from the surface or the visual appearance of the specimen 

after preparation. It doesn’t give any information about the surface roughness parameters, therefore 

further research was necessary. 

Varacalle Jr, Lundberg et al. (1995) investigated the effect of grit-blasting on surface roughness. It was 

concluded that different grit materials required different operating parameters to optimise their 

efficiency. The parameters investigated were working distance, pressure, and exposure time. The two 

abrasion blasting machines used gave differing roughness results and their susceptibility to the 

operating parameters, such as, working distance was not consistent. 

However, there was not enough current research into this topic to be able to draw conclusive links 

between the sliding shear capacity and various types of surface preparation levels. Research 

undertaken by the authors focused on different commonly available surface preparation methods 

which are associated with different surface roughness values. An AFC test setup was designed to be 
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used on a 500kN MTS machine and the research investigated the correlation between the surface 

preparation levels and roughness values as well as the effect that surface preparation has on the sliding 

behaviour of the AFC in the SHJ. A high frictional resistance, stable sliding behaviour, and minimal 

wear, are the characteristics that the ideal surface preparation would display. 

Currently all design for the SHJ has been based on sliding occurring between bare metal. This means 

the sliding surfaces must be free of any surface contaminants or rust. This restricts the SHJ design for 

application in low corrosive environments such as low humidity internal environments, and even then 

there is the concern that in the long term corrosion will occur (Cowie 2009). For this reason testing 

rusted plates that have been exposed to open air in cool, damp internal environment was carried out 

also. 

A Mitutoyo SJ210 surface roughness tester was used to measure the surface profile parameters on the 

same spot area before and after testing on the AFC sliding surfaces Figure 7. Additionally, photos of 

before and after testing were taken to indicate the extent of contact surface area. 

 

Figure 7 - Surface Profile Sample Values 

This research explored different levels of surface preparation namely  Sa2-Sweep blast (steel shot), 

Sa2½-Shot blast (steel shot),  Sa2½-Grit blast (Garnet stone), the rusted St2 plies, Sa2½-Shot blast 

(steel shot),  and St2-Stipple power wire brush to remove major rust spot. The results of these 

experiments are being analysed and will be reported at the conference in a separate paper. 

7 CONCLUSIONS AND ONGOING RESEARCH 

This paper provided a brief review of the SHJ, AFC, and their past and ongoing developments. The 

SHJ is a low-damage beam-column connection that confines inelastic demand to the AFCs’ bolts. The 

aim of the current research is to minimize this inelastic demand. 

It is shown that BeSs can considerably reduce the post sliding bolt tension loss in the AFC. Using 

BeSs reduces the sensitivity of the AFC bolts to the factors of the bolt tension loss, meaning that the 

post sliding bolt tension variability between bolts in a given AFC incorporating the BeSs will be much 

less than the variability in an AFC with no BeS. This will provide the SHJ with much more consistent 

and predictable seismic behaviour. Installing the BeSs in not flattened state provides a degree of 

flexibility under the bolt head and or nut causing to considerably reduce the possibility of the bolt to 

be plastically stretched. It is also beneficial from the SHJ self-centring point of view. 

A set of experiments have been designed and carried out to investigate the effects of the surface 

roughness, on the AFC sliding behaviour. A set of bolt tightening tests have also been carried out to 

establish the method of bolt tightening with BeSs and validate the proposed equation by 

Ramhormozian, Clifton et al. (2014). The following researches are currently being carried out by the 

authors: 

 A finite element model of the AFC has been being developed using the ABAQUS software 

with the aim of redesigning the current SHJ component test rig. The reason of performing this 

FEM is to modify the beam bottom flange plate on the old test rig to accurately represent the 

out of plane flexibility of the beam bottom flange, which is much stiffer than what will be the 

case in practice. This is expected to give a better and more realistic behaviour for the SHJ 
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component tests on the new test rig. This FEA will be later followed by a full FEM analysis of 

the SHJ. 

 The AFC component tests on the MTS machine to establish the optimum level of installed 

bolt tension 

 The SHJAFC component tests using customized BeSs designed by the authors to be fit for 

purpose. This is to establish the optimum way of using BeS in the SHJAFC. 

 The SHJAFC component tests using three rows of bolts instead of the current two rows of 

bolts being implemented in practice. 

 The analytical and numerical research on the use of linear springs such as Lurethane spring to 

establish the design of the linear springs to make the SFC as well as AFC statically and 

dynamically self centre. This will result in designing the required block of the Lurethane 

spring to develop the self-centring Sliding Hinge Joint (SCSHJ). 

 A large scale test setup of the SHJ is being planned to design to investigate the SHJ behaviour 

with BeSs, Lurethane springs, and contribution of the floor slab. 
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