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ABSTRACT 

 

Passive energy dissipaters, in the form of slip-friction connectors, are implemented in an 

experimental timber wall as hold-downs. Under an increasing and laterally applied force, 

rocking of the wall ensues when the slip-force in one or both of the connectors is 

obtained. The initial stages of this research focussed on developing a symmetric slip-

friction connector that is both simple to fabricate and cost-effective. Previously, 

symmetric slip-friction connectors have relied on brass shims to enable stable sliding. 

However, experiments on symmetric connectors with abrasion resistant steel placed in 

direct contact with mild steel, reveals stable sliding with highly elastoplastic 

characteristics. This is provided the faying surfaces are in the clean mill scale condition 

(removal of mill scale and polishing of the faying surfaces is found to result in extremely 

erratic force-displacement behaviour). The need for brass shims, or indeed shims of any 

kind, is thus obviated. 

 

The new concept slip-friction connectors are implemented as hold-downs in an 

experimental wall of engineered lumber. The elastoplastic characteristics of the slip-

friction connectors readily transfer to the wall, and a novel shear key arrangement 

facilitates re-centring during quasi-static reversed cyclic loading. The wall strength is 

readily adjusted through varying the preload in the bolts used to mobilise friction, and this 

preload is achieved and maintained through the use of stacked Belleville washers. 

 

The interaction of the slip-friction connectors with the shear key produces a rocking 

motion that is quite distinct from that of a free rocking block. An analytical procedure is 

developed in order to explore and describe this motion, and the influence of shear key 

placement on re-centring capability is clearly demonstrated. A tentative displacement-

based design procedure is then proposed for multi-storey walls with slip-friction 

connectors, and an example structure numerically modelled. Under earthquake 

simulations, the example wall is found to emulate the response of an equivalent but 

idealised structure with a plastically deformable hinge at its base. Drifts typically remain 

within the intended limits, and residual displacements are small when gravity effects are 

considered. When compared with the response of comparable, but fully elastically 

responding structures, base shears and response accelerations are significantly reduced. 
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Chapter One 

 

 

INTRODUCTION 

 

1.1   SHEAR WALL WITH SLIP-FRICTION CONNECTORS 

The centerpiece of this research is shown in Figure 1.1(a). A 2.44 m × 2.44 m wall 

consists of two LVL (laminated veneer lumber) panels, and LVL planks, assembled 

together using screw connections. Slip-friction connectors are implemented as hold-

downs at the bottom corners (Figure 1.1(b)). 

 

 
Figure 1.1. (a) Wall panel prepared for testing, and (b) slip-friction connector 

 

The wall, when pushed or pulled with increasing racking force at its top corner, will 

eventually uplift and rock about one of its bottom corners. This uplift will occur when the 

available strength in the slip-friction connector at the uplifting end is just exceeded. It is 

intended that the hysteretic behaviour of the slip-friction connectors will transform the 

behaviour of the wall (which is in itself, essentially rigid) into one that is ductile and 

highly elastoplastic, and that the wall will posess a strength that is both predictable and 

stable.  

 

This thesis has three main themes: 
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1. The development of a slip-friction connector that is cheap and simple to fabricate, 

and easily implemented in a timber wall.  

2. Exploring the behaviour of an experimental wall with slip-friction connectors, and 

introducing a method that allows for the ready adjustment of wall strength through 

varying the slip-threshold in the connectors.   

3. The potential benefits of employing the wall as part of a multi-storey structure, 

and a proposed displacement-based design procedure.   

 

1.2  SLIP-FRICTION CONNECTORS 

Passive energy dissipation devices concentrate nonlinear behaviour within a structure to 

predefined locations, and thereby limit the inelastic damage incurred by the structural 

components, such as beams and columns [1]. The asymmetric slip-friction connector (or 

sliding-hinge joint) is a type of passive energy dissipater that has been intensively 

researched by Butterworth [2], Clifton et al. [3], and Khoo et al. [4, 5], for use  in beam 

column joints in steel frame structures. This type of connector is now seeing increasing 

implementation in the construction of multi-storey steel structures in New Zealand [6, 7]. 

Two types of slip-friction connector, asymmetric and symmetric, are shown in Figure 1.2, 

along with their respective hysteretic behaviours.  

 

 
Figure 1.2. Two types of slip-friction connectors and their respective hysteretic behaviours: (a) 

asymmetric connector, and (b) symmetric connector. [8] 
 

Compared with the symmetric connector, the asymmetric connector has a less 

straightforward hysteresis loop. The stresses on the bolts of the asymmetric connector are 

also significantly more complex. The bolts in the symmetric connector are typically only 

ever under tension, whereas with the asymmetric connector, the bolts are placed in both 
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bending and shear, as well as tension, during sliding of the plates. Nevertheless, for beam 

column joints the asymmetric connector is relatively convenient to implement, and the 

non-rectangular hysteresis loops are expected to assist in reducing post-earthquake 

permanent displacements [3, 7].  

 

Symmetric slip-friction connectors (also known as slotted-bolt connectors) were 

researched by Grigorian et al. [9] in the early 1990s at UC Berkeley. It was found that 

placing mild steel directly against mild steel, resulted in erratic and stick-slip sliding 

behaviour. However, when thin brass shims were used to separate the mild steel surfaces, 

relatively stable sliding was achieved. 

 

Recently, Khoo et al. [4] replaced the brass shims with hard steel shims (Bisalloy 400 

[10]). This was done for asymmetric connectors. The hysteretic behaviour was found to 

be stable over repeated cycles of loading. Thus, at least in the case of  asymmetric 

connectors, the need for using expensive and sometimes difficult to procure brass shims, 

is obviated. Khoo et al.’s research motivated the author to adopt a similar concept with 

symmetric connectors. This topic forms the first part of this thesis (mainly in Chapters 2 

and 3).  

 

1.3  ROCKING WALLS  

The notion of allowing a structure to rock during an earthquake is not a new one. Housner 

[11], Priestley et al. [12], and Ma [13], among others, have investigated the mechanics of 

free rocking and rigid blocks, while more recently, Acikgoz and DeJong [14] explored 

the behaviour of rocking structures that are both flexible and free rocking, introducing 

analytical solutions to describe their behaviour. The University of Canterbury has been at 

the forefront in the research and development of rocking timber walls that are restrained 

by pairs of post-tensioned steel cables that run up the height of the wall [15-17]. The 

concept has seen implementation in the design and construction of the Carterton Event 

Centre [18] (near Wellington), and the Arts and Media Building [19] in Nelson, New 

Zealand.  

 

Loo et al. [20] numerically modelled the behaviour of sheathed light timber frame walls 

which are flexible. Rocking is restrained, not through the use of post-tensioned cables, but 

instead through the implementation of passive energy dissipaters (slip-friction 
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connectors) as hold-downs. Chapter 4 presents experiments on a rigid timber wall with 

slip-friction connectors, while in Chapter 5 the unique motion characteristics of such 

walls are investigated. 

 

1.4 MOTIVATION 

Interest in engineered lumber as a viable building material for medium to high rise 

buildings has been on the upswing in recent years [21]. CLT (cross laminated timber), in 

particular, has seen increasing use in this type of construction, and there has been 

substantial research on its seismic performance [22, 23]. In 2007, shake table tests were 

carried out on a full scale seven storey CLT building in Kobe, Japan. No significant 

damage was incurred, and the structure remained fully operational post-earthquake [24, 

25]. 

 

In Europe, the use of CLT as  construction material has become widespread. An example 

is the rehousing of 20,000 people in CLT structures within six months of the devestating 

2009 L’Aquila earthquake, Italy [26]. Researchers have gone so far as to propose 

skyscrapers of hybrid CLT/concrete construction [27].  However, CLT structures do have 

drawbacks in terms of limited ductility and poor energy dissipation characteristics, and 

this can result in dangerously high response accelerations during an earthquake [28]. 

 

It is intended that a rocking wall with slip-friction connectors will have the following 

features: 

 Highly elastoplastic behaviour and excellent energy dissipation characteristics 

 Well defined strengths i.e. over-strength will be small 

 Drifts during design level earthquakes will be within code-defined limits 

 Base shears are capped and response accelerations are tolerable 

 Re-centring occurs after an earthquake 

 

Note that while this thesis implements the concept specifically in timber, its applicability 

would be expected to be independent of the construction material used.  
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1.5 ORGANISATION OF THESIS 
 
Slip-friction connectors 
Chapter 2 describes experiments on a new type of slip-friction connector. This work is 

published in the Journal of Constructional Steel Research. 

 

Chapter 3 continues the research of Chapter 2, but focusses on the influence of surface 

preparation. This chapter is based on an article under review with Steel and Composite 

Structures. 

 

Experimental wall 

Chapter 4 describes experiments on an LVL wall with slip-friction connectors and a new 

type of shear-key. This work is published in Earthquake Engineering and Structural 

Dynamics. 

 

Chapter 5 proposes an analytical method for a single storey wall with slip-friction 

connectors. Analytical results are compared with experimental results from the wall of 

Chapter 4. This chapter is under review with Earthquake Engineering and Structural 

Dynamics.  

 

Advantages of the concept, and ‘staged ductility’ 

Chapter 6 describes how slip-friction connectors can shield a multi-storey CLT wall from 

damage. 

 

Chapter 7 describes the controlled sequencing of plasticisation (or ductility) of a CLT 

wall with slip-friction connector.The importance of this is demonstrated through a 

numerical simulation. This work was published in the proceedings of the International 

Network on Timber Engineering Research, September 2014, Bath, UK. 

 

Tentative design 

Chapter 8 describes the conceptualisation of a wall with slip-friction connectors as a 

plastically deformable hinge within a larger structure. A displacement-based design 

procedure is introduced. This work has been accepted for publication by the ASCE 

Journal of Structural Engineering.  
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Chapter 9 provides a flowcharted tentative design procedure, and an example design.  

 

Conclusion and future research 

Chapter 10 concludes the thesis, and proposes areas for future research. 

 

Foundation to base - frictional effects 

Appendices A, B, and C provide derivations for the influence of friction on the wall base, 

and ways to minimise this. The concept of ‘static’ rocking is introduced. These three 

appendices will inform the design procedure of Chapters 8 and 9. 

 

 

 

PLEASE NOTE: 

Because three of the chapters of this thesis are based on published journal articles, one 

based on a conference article, and two others based on articles under review, there is 

inevitably material that is repeated in places. Where this is the case, the reader is advised 

under the relevant section headings as follows: “Significant parts of this section overlap 

with material presented in previous chapters”. 
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Chapter Two 

 

 

A NEW TYPE OF SLIP-FRICTION CONNECTOR 

 

Based on an article published in the Journal of Constructional Steel Research, volume 
94(2014), pages 11-22, March 2014 

 

In recent decades, there has been increasing interest in the use of slip-friction connectors 

(or slotted-bolt connectors) to dissipate energy in earthquake resistant structures. These 

devices, which rely on the friction controlled sliding of steel plates, have already seen 

implementation in buildings with steel moment resisting frames, with the intention that 

non-linear behaviour is concentrated at the connectors themselves, thereby protecting the 

structure from damage. The sliding mechanism of slip-friction connectors can be either 

symmetric or asymmetric. In the case of symmetric connectors, brass shims have, up until 

now, been required to ensure stable elastoplastic behaviour. However brass can be 

expensive, and sometimes difficult to procure. A new type of symmetric connector that 

entirely eliminates the need for shims of any kind is proposed. The centre-plate of the 

connector consists of abrasion resistant steel that is in direct contact with the mild steel 

plates between which it slides. From experimental testing, the performance of the 

proposed connector is found to be equal, if not superior, to that of traditional symmetric 

connectors with brass shims. The proposed connector maintains strength and stiffness 

over a large number of cycles of loading, and although minor pre-conditioning of the 

sliding surfaces may be required in order to improve behaviour, is nevertheless simpler, 

and likely to be cheaper, than its current equivalent with brass shims. The potential for 

galvanic corrosion is also avoided. 

 

2.1 INTRODUCTION 

Traditionally, earthquake resistant structures have been designed to incur a limited 

amount of plastic deformation during a seismic event. However, recent years have seen 

increasing focus on the principle of ‘damage avoidance’, whereby non-linear behaviour 
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occurs not through plastic deformations, but instead through the provision of energy 

dissipation devices at specific locations in a structure. A simple and cost effective energy 

dissipation device is the ‘slip friction’ connector, also known as the ‘slotted bolt’ 

connector. The slip-friction connector relies on the mobilisation of friction between steel 

plates. Non-linear behaviour occurs when the slip-threshold force, Fslip, is achieved (see 

Figure 2.1) and sliding takes place. The frictional forces are mobilised by tension bolts 

that clamp the plates together. There are two types of slip-friction connectors, namely 

asymmetric and symmetric. The typical hysteretic behaviour of each is different, with the 

symmetric connector providing improved elastoplastic behaviour and a more predictable 

sliding force (compare Figure 2.1(b) with Figure 2.1(a)). 

 

 

Figure 2.1. Two types of slip-friction connectors and their respective hysteretic behaviours: (a) 
asymmetric connector, and (b) symmetric connector. 

 

Asymmetric connectors have the external loads applied to the slotted centre-plate and 

only one of the external plates (see Figure 2.1(a)). Thus during sliding, the external plate 

that is not directly loaded is ‘dragged’ along by the bolts, and this can give rise to 

complex stresses on the bolts and on the bolt holes. Nevertheless, the asymmetric 

connector has been experimentally shown to perform well in steel moment frames [3]. 

Slip-friction connectors in symmetric sliding (see Figure 2.1(b)) work with the connector 

load, Fslip, applied to the slotted centre-plate (as with the asymmetric connector), but with 

½Fslip applied to each of the external plates. Provided the bolts do not impact the slot ends 

during earthquake excitation, there are only tensile stresses on the bolts. Brass or steel 

shims, 2 or 3 mm thick, (not shown in Figure 2.1) are typically inserted between the mild 

steel plates of both asymmetric and symmetric connectors, in order to reduce wear and 

tear, and to enhance hysteretic stability. 
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Popov et al. [29] has reported that for symmetric connectors, mild steel sliding against 

mild steel tends to produce erratic and uneven force-displacement behaviour. However 

when 3.2 mm shims of half-hard cartridge brass are inserted between sliding surfaces, 

stable and rectangular hysteresis loops are obtained. These connectors were further tested 

in a braced structure placed under earthquake excitation on a shake-table. They were 

found to perform well under this heavy duty regime, and energy dissipation could readily 

be increased by simply increasing design ductility. However, there is the drawback that 

the half-hard cartridge brass required is typically expensive and not always readily 

available.  

 

For steel structures, Clifton et al. [3] developed the asymmetric sliding-hinge joint for use 

at the beam column joints of moment resisting steel frames. This concept has seen 

implementation in the design and construction of several steel buildings in New Zealand 

[7]. Butterworth [2] explored the use of asymmetric connectors in concentrically braced 

frames, finding from time-history analyses that even with structural ductility factors as 

large as 6.7 to 18.6, maximum drifts remained within code prescribed limits.  

 

Bora et al. [30] investigated the use of asymmetric slip-friction connectors with brass 

shims as hold-downs for pre-cast concrete walls, and found that the connectors could 

provide ductility to these otherwise brittle structures, and effectively cap base shear. As 

expected with asymmetric slip-friction connectors, Bora’s connectors showed a double 

plateau in their force-displacement behaviour. Bora et al. explained that the double 

plateau relates not to the frictional sliding characteristics of brass against steel, but instead 

through sliding first being initiated between the plate attached to the precast wall, and the 

slotted centre-plate attached to the foundation, and then followed by slip between the 

centre-plate and the cover plate at a slightly larger displacement.  

 

Khoo et al. [4] tested asymmetric connectors, with abrasion resistant steel shims replacing 

the previously used brass shims. It was shown that abrasion resistant steel in direct 

contact with mild steel could produce stable sliding, and that performance generally 

improved with increasing differences in hardness between the type of abrasion resistant 

steel used on the one hand, and mild steel on the other hand. Further to the work of Khoo 

et al., Chanchi Golondrino et al. [31] also demonstrated that for asymmetric connectors, 

abrasion resistant shim materials with hardness values on the Brinell scale of between 300 
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HB and 500 HB, consistently provide stable hysteretic behaviour. Golondrino et al., noted 

the interesting result that superior performance seemed to correlate with longer sliding 

lengths.  

 

Loo et al. [20, 32] has proposed the use of symmetric slip-friction connectors as hold-

downs for timber shear walls. Walls with slip-friction connectors were numerically 

modelled and it was found that such walls have significant advantages over walls with 

traditional hold-down connectors. The slip-friction connectors are used to provide 

ductility to the wall system, thus capping base shear to the desired design level. Re-

centring capability under various extreme earthquake events was found to be excellent 

[20]. This research has now moved into the experimental stage, and a symmetric slip-

friction connector suitable for use in experimental shear walls is required.  

 

Given the promising results obtained for asymmetric connectors, it was decided that it 

would be worthwhile to test abrasion resistant steel with symmetric connectors as well - 

which to the author’s knowledge has not been previously attempted. Additionally, it was 

decided to eliminate the need for shims altogether and simply have an abrasion resistant 

centre-plate of Bisalloy 60 or 400 sliding directly against the external plates. If it can be 

shown that symmetric connectors can perform well in the absence of shims, there will be 

two main advantages – firstly, fabrication costs will be reduced, and secondly, the fact 

that there are only two sliding surfaces for ‘shim-less’ connectors (instead of the four 

interfaces of connectors with shims), means that there is less opportunity for the ingress 

of constituents that could cause corrosion.  

 

Because Butterworth [2] has mentioned that previous researchers had found some success 

with brake-lining in friction devices, it was also decided that it would also be worthwhile 

to try this concept on an exploratory basis. Based on the results of the exploratory tests, 

one of either abrasion resistant steel, or brake lining, would be chosen for comprehensive 

experimentation.  

 

This chapter describes research that attempts to address the following main themes: 

1. The feasibility of using brake lining in symmetric slip-friction connectors. 

2. The feasibility of using abrasion resistant steel for the centre-plate, and avoiding 

the need for shims altogether. 
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3. The hysteretic performance of different grades of abrasion resistant steel. 

4. The effect of rate of loading on hysteretic behaviour. 

5. The effect of surface preparation on hysteretic behaviour. 

 

2.2 EXPLORATORY INVESTIGATIONS INTO BRAKE LINING AND 
ABRASION RESISTANT STEEL 

 

Two symmetric slip-friction connectors were fabricated for testing in the MTS machine. 

One of the connectors used brake lining to facilitate sliding, while the other connector had 

no shims whatsoever, with sliding taking place between the centre-plate of abrasion 

resistant steel and the mild steel external plates. Based on the results of these tests, one of 

these options would be later explored in greater detail.  

 

It should be emphasised that because only one specimen was used to explore each of the 

two concepts, the results for these exploratory tests should not be interpreted as providing 

any sort of definitive conclusion on the feasibility or non-feasibility of either option. The 

tests were conducted simply to suggest the likely superior option for further detailed 

testing. Nevertheless a brief discussion is provided of these exploratory investigations, for 

the reader’s interest. 

 

2.2.1 Exploratory Investigations: Connector configuration and test setup 

The general configuration of the two symmetric connectors was essentially the same and 

is shown in Figure 2.2(a). The only difference between the two connectors was one had 

brake lining glued to the inside surface of the two external plates while the other used 

Bisalloy 400 (an abrasion resistant steel) for the slotted centre-plate. For the latter 

connector, because no shims were used, the Bisalloy 400 was in direct contact with the 

mild steel of the external plates. Bolts were maintained in tension by Belleville washers. 

Figure 2.2(b) shows the displacement schedule used for the tests, and Figure 2.2(c) shows 

the connector with brake lining, set up in the MTS machine. 
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Figure 2.2. (a) General connector configuration (brake lining not shown) (b) displacement 
schedule, and (c) ‘brake lined’ connector in MTS machine. 

 

Salient details that apply to both connectors are as follows: 

 All plates were of mild steel grade 350, except in the case where the slotted plate 

is of Bisalloy 400. 

 Front and slotted plates 12 mm thick, back plate 16 mm thick. 

 M20 Grade 8.8 coarse threaded (3 mm pitch) bolts applied and maintained normal 

force across plates. 

 M20 Grade 4.6 threaded rods connected assemblage to MTS machine. 

 Brake lining material (where used) glued to the inside surfaces of both the front 

and back plates. 

 

For the tests of this section a maximum connector slip of 60 mm was used, which 

corresponds to a drift of 2.5% for a typical 2.4 m wide shear wall (the connectors were 

originally intended for use with shear walls). The displacement schedule (see Figure 
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2.2(b)) was based on that adopted by Bora et al. [30], and only allowed upward 

displacement (as would be the case if the connectors were implemented as shear wall 

hold-downs). Because these tests were of an exploratory nature, a cautious approach was 

taken, and in order to avoid a possible overpowering of the MTS machine, the duration of 

a displacement cycle was 20 s, instead of the 10 s used by Bora et al.  

 

2.2.1.1 Brake lining 

For the connector with brake lining, the brake lining material used was of 3.5 mm thick 

D3701 rigid moulded friction material produced by Ferotec Friction Ltd [33] in the UK. 

This material is typically used in industrial clutches, drums and disc brakes, or in band 

linings and segments for automatic and semi-automatic transmissions. Table 2.1 provides 

some mechanical properties for D3701 brake lining. 

 

Table 2.1. Mechanical properties of D3701 brake lining (data from [33]) 

Property Value 
Coefficient of friction, dry static 0.30 
Coefficient of friction, dry dynamic 0.32 
Density 1.62 g/cc 
Ultimate tensile strength 29.0 MPa 
Ultimate shear strength 27.0 MPa 
Ultimate compressive strength 154 MPa 
Maximum rubbing speed 25 m/s 

 

The inside surfaces of the outer plates of the connector were sand blasted to remove mill 

scale, and Bostik 17 primer was then applied. The brake lining was subsequently glued to 

the prepared surfaces using Bostik 2402. Seven days were required for the curing process.  

 

2.2.1.2 Abrasion resistant steel (Bisalloys) 

Bisalloy 400 is a through hardened, abrasion resistant steel plate, typically used for high 

impact and abrasion applications, such as deflector plates, storage bins, and earthmoving 

buckets, among other applications [10]. Some mechanical properties of Bisalloy 400 (as 

well as Bisalloy 60 – referenced later in Section 2.3), are presented in Table 2.2. 
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Table 2.2. Mechanical properties of Bisalloy (data from [10]) 

Steel grade 
Brinell hardness 

(HB) 
0.2% Proof 
stress (MPa) 

Tensile strength 
(MPa) 

Elongation in 50 
mm G. L. 

Bisalloy 60 210 500 590 to 730 20 
Bisalloy 400 370 to 430 1070 1320 16 

 

Mild steel has a hardness typically below 200 HB (Khoo et al. [4] reported an average of 

168 HB for mild steel of yield strengths of between 300 and 430 MPa). It is this 

difference in hardness between Bisalloy 400 (approximately 400 HB) on the one hand, 

and mild steel on the other hand, that was hoped to provide for smooth and even sliding. 

 

2.2.1.3 Belleville washers 

Belleville washers are used to apply and maintain tension in the two bolts used to clamp 

the plates together, and thus mobilise frictional forces. The specifics of the Belleville 

washers (manufactured by Solon Manufacturing Co., USA [34]) used for these 

exploratory tests are shown in the first two rows of Table 2.3 (the washers of the final two 

rows were used in later tests described in Section 2.3). 

 

Table 2.3. Solon Belleville [34] washers used in exploratory tests  

Part Number 
Inside dia. 

(mm) 
Outside 

dia. (mm) 
Thickness 

(mm) 
Overall 

height (mm) 
Flat deflect, 

δflat (mm) 
Flat Load 

(N) 
M20-40-1.5-177 20.599 40.005 1.575 2.692 1.118 4003 

M20-40-2.25-177 20.599 40.005 2.337 3.200 0.787 14995 
M20-L-3.4-177 20.599 44.450 3.454 4.216 0.762 32472 

M20-L-3.4 20.599 44.450 3.404 4.318 0.914 37810 
 

Belleville washers can be grouped together in a series of parallel stacks. If np is the 

number of washers in a single parallel stack, ns  the number of parallel stacks placed in 

series, and Pflat the load of a single washer, deflecting the entire washer group (of np × ns 

washers) by δ, produces the bolt tension, Tb: 

 

stackflat
flatpb PnT

,



        (2.1)

 

 

where δflat,stack is the deflection that would be required to flatten the entire washer stack: 
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flatsstackflat n  ,          (2.2)
 

 

where δflat is the flat deflection for a single washer.  

 

Connector strength, Fslip, is related to the tension in the bolts, Tb, as follows: 

 

bbslip TnF 2
         (2.3) 

 

where nb is the number of bolts, and µ the coefficient of friction between the sliding 

plates. For these exploratory tests the assumed coefficient of friction, µ, for brake lining 

against mild steel was 0.3 [33], while 0.35 was adopted for Bisalloy 400 steel against 

mild steel [4]. The washers were deflected using the turn-of-nut method, in which the 

number of rotations of the nut required to achieve the desired deflection, δ, (and thus 

force, Tb) of the washer stack, was found by dividing this deflection by the 3 mm pitch of 

the coarse threaded bolts. 

 

2.2.2 Exploratory investigations: Results 

Altogether six tests (applying the displacement schedule of Figure 2.2(b)) were carried 

out on the connector with brake lining, and 13 tests carried out on the connector with the 

centre-plate of Bisalloy 400 centre-plate. In order to achieve the targeted connection 

strength, Fslip, the Belleville springs were adjusted using the turn-of-nut method 

(described in Section 2.2.1.3).  

 

For the connector with brake lining, it was found that for connector strengths of up to 

approximately 30 kN, stable elastoplastic loops were achievable.  Results for three of the 

six tests carried out, for connector strengths of 10 kN, 20 kN, and 30 kN are shown in 

Figures 2.3(a) to 2.3(c) respectively.   
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Figure 2.3. Exploratory test results for the brake lined connector; strengths of (a) 10 kN, (b) 20 
kN, and (c) 30 kN, and for Bisalloy 400; strengths of (d) 8 kN, (e) 15 kN, (f) 20 kN, (g) 30 kN, 

(h) 40 kN, (i) 65 kN, and (j) 80 kN. 
 

Clearly, it can be seen that brake lining can provide excellent elastoplastic characteristics 

in symmetric connectors. However, upon attempting to increase the connector force to 

beyond 40 kN, the brake lining incurred serious cracking and slid relative to the steel 

plate to which it was adhered, and further testing at higher connector strengths was thus 

abandoned. Because of this damage, and also considering the expense, time, and effort 

required to glue brake lining material to steel, further experimental work on connectors 

with brake lining was not carried out. 

 

On the connector with the Bisalloy 400 slotted centre-plate, a total of 13 tests were 

carried out, one after the other. Results for six of these tests, with connector strengths of 

around 8 kN, 15 kN, 20 kN, 30 kN, 40 kN, 65 kN, and 80 kN, are shown in Figures 2.3(d) 

to (i) respectively. It can be seen that the connector demonstrated excellent elastoplastic 

characteristics, with strength and stiffness maintained over multiple cycles of loading 
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(note that the initial slip at low load occurred because of some slippage of the bolts 

securing the connector ends to the MTS machine).  

 

It should be noted at this point that the use of a coarse threaded bolt of 3 mm pitch, meant 

that, in most cases, a lack of both accuracy and precision in terms of the expected 

relationship between bolt tension and connector force. However in the context of an 

exploratory investigation only, the results are useful in that they verify that abrasion 

resistant steel on mild steel has excellent elastoplastic characteristics over a wide range of 

connector strengths. The detailed tests of Section 2.3 improved the bolt tensioning 

procedure, firstly be adopting a fine threaded bolt of 1.5 mm pitch, and then further 

improvements were noted when a depth micrometre was used to directly measure the 

deflection of the Belleville stack. 

 

The promising exploratory results from the connector with the Bisalloy 400 centre-plate, 

led to further and more detailed testing of this concept. These tests are discussed in the 

following sections. 

 

2.3 DETAILED TESTING – ABRASION RESISTANT STEEL 

2.3.1 Test specimens 

To further explore the performance of slip-friction connectors with abrasion resistant 

steel, 19 connectors of the same general configuration shown in Figure 2.4(a) were 

fabricated, and tested.  

 

The two external plates of all connectors were of Grade 350 mild steel. For the slotted 

centre-plates, four were of Grade 350 mild steel, three of Bisalloy 60, and 12 of Bisalloy 

400 (refer to Table 2.2 for some mechanical properties of Bisalloy 60 and 400). All three 

plates of the connectors were 12 mm thick and 70 mm wide, with the centre-plate 295 

mm long and the external plates each 390 mm long. The centre-plate had a slot 170 mm 

in length and 22 mm in width. Two M20 Grade 8.8 bolts clamped the connectors 

together, and these bolts were separated by a distance of 70 mm.  The 135 mm long by 

100 mm wide plate at the top of the connector was clamped to the MTS machine, and 

welded or bolted between the two external plates. 
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Figure 2.4. (a) Connector configuration, (b) connector prepared for testing in MTS machine, (c) 

typical displacement time-history schedule, and (d) use of depth micrometre to control deflection 
of Belleville washers. 

 

2.3.2 Test setup   

The MTS machine used for the tests is an MTS 810 model (manufactured by the MTS 

Systems Corporation) capable of performing both high and low force static and dynamic 

testing. The machine can be adapted with load unit assemblies that are force rated up to 

100 kN, 250 kN, or 500 kN. For the tests of this research, the 100 kN unit was used. The 

load cell is mounted on the crosshead above the specimen, while the displacement 

transducer for precision displacement control and measurement is included within the 

hydraulic actuator unit, which is located below the specimen. A computer-controlled 

function generator is connected to and controls the actuator displacement.  

 

The same computer also acts as the data acquisition system recording displacement and 

force data. A connector set up and prepared for testing in the MTS machine is shown in 

Figure 2.4(b). Hydraulic grips secure the specimen to the MTS machine, with the bottom 

grips clamping the centre-plate of the connector, and the top grips clamping the single 

135 × 100 × 12 mm mild steel plate that is attached between the external plates (see 
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connector details of Figure 2.4(a)). For all tests, the starting position of the centre-plate 

relative to the external plates was such that the centroid of the two bolts coincided exactly 

with the middle of the slot, thus allowing displacement amplitudes of 38 mm in both the 

upward and downward directions. 

 

2.3.3 Test procedure   

A displacement schedule (see Figure 2.4(c)), partly based on that of Grigorian et al. [9] 

was adopted. Note that unlike the exploratory tests described in Section 2.2, the 

displacement schedule allowed for both downwards and upwards displacement from the 

original starting position. All of the applied displacement schedules took the general form 

shown in Figure 2.4(b) and consisted of seven sets of displacement cycles with 

amplitudes of 7.62 mm, 15.24 mm, 25.4 mm, 38.1 mm, 25.4 mm, 15.24 mm, and finally 

7.62 mm. However the number of cycles within a set varied between tests, as did the 

displacement rate. The four variations of displacement schedules used are shown in Table 

2.4. 

 

 Table 2.4. Displacement schedules 

Label 
Cycles per 

set 

Frequency of loading within sets (Hz) 
1st  and 7th 

sets 
2nd  and 6th 

sets 
3rd  and 5th 

sets 
4th (middle) 

set  
*Fast-full 10 1.00 0.67 0.50 0.25 
Slow-full 10 0.20 0.13 0.10 0.05 
Fast-half 5 1.00 0.67 0.50 0.25 
Slow-half 5 0.20 0.13 0.10 0.05 

*shown in Figure 2.4(b) 
 

Stacks of Belleville washers were used to apply and maintain tension in the bolts. Two 

methods were used to achieve the desired deflection of the washer stacks. The first 

method was the turn-of-nut (ToN) method (also used for the exploratory tests – see 

Section 2.2.1.3), where the number of rotations of the nut required to deflect the washer 

stack was found by dividing the required deflection by the pitch of the bolts (1.5 mm for 

these tests). The second method, adopted for the later tests, was the depth-micrometre 

(Dmcr) method, in which the final washer stack height corresponding to the targeted 

deflection was directly measured (see Figure 2.4(d)). The test matrix is displayed in Table 

2.5. Note the naming convention, with the ‘MS’, ‘B60’, and ‘B400’ prefixes representing 

mild steel, Bisalloy 60, and Bisalloy 400 centre-plates respectively.  Some specimens 
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were subjected to more than one loading regime - for example B400.3/2 denotes the 

second test on the third Bisalloy 400 specimen, B400.3. 

Table 2.5. Test matrix 

Spec. / 
Test 

Displace. 
schedule 

Belleville washer arrangement 4Tension in 
bolts (kN) M20 washer 

type 
1np 

2ns 
3Method of 
deflecting 

Deflect. 
(mm) 

MS.1/1 Fast-full 40-2.25-177 1 2 ToN 1.57 15.0 
MS.1/2 Fast-full 40-2.25-177 1 2 ToN 1.57 15.0 
MS.2/1 Fast-full 40-2.25-177 2 2 ToN 1.57 30.0 
5MS.3/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
MS.4/1 Fast-full 40-2.25-177 1 3 ToN 2.36 15.0 
B60.1/1 Fast-full L-3.4-177 1 2 ToN 1.52 32.5 
B60.2/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B60.2/2 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B60.3/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.1/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.1/2 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.2/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.3/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.3/2 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.4/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.5/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.5/2 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.6/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.7/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.7/2 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.7/3 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 

5B400.8/1 Fast-full L-3.4-177 1 3 ToN 2.29 32.5 
B400.9/1 Fast-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.9/2 Slow-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.9/3 Fast-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.9/4 Slow-half L-3.4 1 4 Dmcr 3.14 32.5 

B400.10/1 Slow-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.10/2 Fast-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.10/3 Slow-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.10/4 Fast-half L-3.4 1 4 Dmcr 3.14 32.5 
B400.11/1 Fast-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.11/2 Slow-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.11/3 Fast-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.11/4 Slow-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.12/1 Slow-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.12/2 Fast-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.12/3 Slow-half L-3.4 1 4 Dmcr 3.66 37.8 
B400.12/4 Fast-half L-3.4 1 4 Dmcr 3.66 37.8 
1np = number of washers in parallel. 
2ns = number of washers in series. Note that the total washers in a stack = np × ns 
3 ToN is the turn-of-nut method, Dmcr is the depth-micrometre method. 
4Bolt tension is found from Equation 2.1.
5Sliding interfaces sweep blasted to remove mill-scale.
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2.3.4 Test results and discussion 

The test results are displayed in Table 2.6, and a discussion follows on how these results 

were obtained (the first two columns of Table 2.5 are repeated for ease of reference). 

 

Table 2.6. Test results 

Spec. / 
Test 

Displace. 
schedule 

Elastic 
stiff., K 

(kN/mm) 

Energy 
dissipated, 

E (kJ) 

Sliding performance 1Coeff. 
Friction, 

µ 
Fslip 
(kN) 

SD 
(kN) 

COV 

MS.1/1 Fast-full 147.5 107.1 21.0 2.32 0.11 0.35 
MS.1/2 Fast-full 156.2 94.8 18.6 2.58 0.14 0.31 
MS.2/1 Fast-full 191.7 136.3 35.6 5.19 0.15 0.30 
2MS.3/1 Fast-full 46.4 3.1 79.1 13.13 0.16 0.61 
2MS.4/1 Fast-full 148.6 4.3 74.5 13.86 0.19 1.24 
B60.1/1 Fast-full 182.7 166.6 33.2 4.29 0.13 0.26 
B60.2/1 Fast-full 158.5 240.0 47.6 6.18 0.13 0.37 
B60.2/2 Fast-full 160.8 199.8 39.3 4.38 0.11 0.30 
B60.3/1 Fast-full 172.7 254.4 51.1 8.02 0.16 0.39 
B400.1/1 Fast-full 169.7 230.0 46.1 4.61 0.10 0.36 
B400.1/2 Fast-full 162.7 226.0 44.6 6.25 0.14 0.34 
B400.2/1 Fast-full 171.0 231.8 46.3 3.89 0.08 0.36 
B400.3/1 Fast-full 170.9 242.9 49.1 4.66 0.09 0.38 
B400.3/2 Fast-full 176.3 184.0 36.4 4.18 0.11 0.28 
B400.4/1 Fast-full 177.2 281.5 56.0 4.99 0.09 0.43 
B400.5/1 Fast-full 168.8 238.2 47.2 5.56 0.12 0.36 
B400.5/2 Fast-full 165.8 229.8 45.4 6.46 0.14 0.35 
B400.6/1 Fast-full 121.1 215.9 43.6 5.30 0.12 0.34 
B400.7/1 Fast-full 139.4 318.9 40.1 2.87 0.07 0.31 
B400.7/2 Fast-full 137.0 313.2 39.3 4.91 0.13 0.30 
B400.7/3 Fast-full 120.1 4.5 44.1 8.04 0.19 0.34 
B400.8/1 Fast-full 131.6 277.3 36.9 5.86 0.16 0.28 
B400.9/1 Fast-half 144.1 118.3 48.9 2.95 0.06 0.38 
B400.9/2 Slow-half 116.5 124.8 52.2 3.54 0.07 0.40 
B400.9/3 Fast-half 138.9 109.0 45.3 2.73 0.06 0.35 
B400.9/4 Slow-half 120.3 104.5 43.5 1.90 0.04 0.33 

B400.10/1 Slow-half 116.0 133.2 56.0 3.25 0.06 0.43 
B400.10/2 Fast-half 119.7 120.2 50.5 3.06 0.06 0.39 
B400.10/3 Slow-half 105.2 121.1 51.2 2.64 0.05 0.39 
B400.10/4 Fast-half 130.7 110.0 46.4 2.29 0.05 0.36 
B400.11/1 Fast-half 128.7 145.2 62.3 5.16 0.08 0.41 
B400.11/2 Slow-half 122.1 142.4 61.3 3.98 0.06 0.41 
B400.11/3 Fast-half 144.9 130.0 55.8 2.84 0.05 0.37 
B400.11/4 Slow-half 112.2 120.2 51.6 2.65 0.05 0.34 
B400.12/1 Slow-half 118.4 145.2 60.9 3.81 0.06 0.40 
B400.12/2 Fast-half 140.5 127.0 52.8 3.19 0.06 0.35 
B400.12/3 Slow-half 118.4 132.4 55.3 2.98 0.05 0.37 
B400.12/4 Fast-half 145.6 119.6 49.6 2.89 0.06 0.33 
1µ = Fslip / (2 bolts × 2 sliding surfaces × bolt tension). 
2 Test terminated at early because of sudden load increases to limit of  MTS load unit. 
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Elastic stiffness, K, provides an average of the close to vertical parts of the force-

displacement relationship, before true sliding is generated. The effective energy 

dissipated, E, was found by totalling the work done during the time steps of a single test – 

but excluding from consideration those time steps over which the average force is below a 

threshold force of half the maximum force, 0.5Fmax.  

 

This threshold was chosen to eliminate minor initial displacements and ‘noise' at low 

forces that were unrelated to sliding behaviour (for example some movement between the 

connecting plate at the top of the connector, and the external plates).  
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where Fi and δi is respectively the force and displacement at the ith time step of n time 

steps (time steps were variously of 0.05 s, 0.033 s, and 0.066 s), and Ei the work at each 

time step. The effective distance of travel D is: 
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The connector strength Fslip is thus the average energy absorbed per unit distance of 

cumulative travel, E : 

 

D

E
EFslip 

          (2.6) 

 

The standard deviation, ESD, and corresponding coefficient of variation (COV) for work 

done per unit distance of cumulative travel, can be used as relative measures of the 

stability of force-displacement behaviour, and are found as follows: 
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where Ej is the energy absorbed between cumulative travel of (j-1) and j units of distance. 

Note that for calculating the standard deviation, using work per unit distance of 

cumulative travel is more relevant than using the force at each time step. This is because 

stability of force-displacement behaviour is better represented as a function of how force 

changes with cumulative distance, and not necessarily over time.  

 

In order to provide a quantitative basis to compare sliding performance, the coefficient of 

variation of the energy absorbed per unit distance of travel is proposed : 

 

EECOV SD /           (2.8) 

 

A low value of COV naturally implies sliding behaviour of relatively low variability in 

strength, wherease a connector with erratic sliding behaviour would have a relatively high 

COV. The following sections 2.3.4.1 and 2.3.4.2 should be read in reference to the results 

of Table 2.6. 

 

2.3.4.1 Performance of mild steel 

Four connectors with mild steel centre-plates were fabricated and tested. This was done in 

order to confirm the results of Popov et al. [29], and also to allow comparison to be made 

between these connectors, and connectors with Bisalloy centre-plates. Results for mild 

steel are shown in Figure 2.5.  

 

Connectors MS.1 and MS.4 had bolts tensioned to provide connector strengths of around 

20 to 25 kN. The first test on connector MS.1 and the only test on connector MS.4 are 

shown in Figures 2.5(a) and (b) respectively. The performance of connector MS.1 was 

surprisingly stable throughout the test. The connector quickly attained a strength of 

around 21.0 kN, maintaining this strength, as well as stiffness, for the entire duration of 

the test. An additional test (not shown) was carried out on connector MS.1, and 

performance showed only a slight deterioration in performance, with the mean strength 

dropping from 21.0 kN for the first test, to 18.6 kN for the second test.  
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Figure 2.5. Mild steel on mild steel results for tests (a) MS.1/1, (b) MS.4/1, (c) MS.2/1, and (d) 

MS.3/1. 
 

In order to investigate whether or not this result could be repeated, connector MS.4 was 

tested under the same conditions, and for the initial cycles of loading excellent 

elastoplastic behaviour was achieved at the intended strength of around 20 kN. However, 

when the connector displacement approached 25 mm, there was a sudden spike in force 

up to around 100 kN, and the test was stopped. This result is not surprising and is 

consistent with the findings of other researchers such as Grigorian et al. [9] concerning 

mild steel on mild steel sliding, in which a connector demonstrating initial stable sliding 

would register sudden increases in sliding force.  

 

Grigorian et al. proposed that the nature of friction between metal surfaces results in wear 

particles working loose during sliding, and these particles cause some outward 

displacement of the outside-plates of the connectors, thereby increasing bolt tension, and 

thus normal force between the surfaces in sliding. The increased normal force naturally 

leads to an increase in the slip-force. This phenomenon is particular pronounced in the 
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case of mild steel on mild steel, and a reason for this is perhaps the similarity in hardness 

of the sliding surfaces, which lessons the opportunity for wear particles to become 

reabsorbed into a softer layer. 

 

Connector MS.2 had bolts tensioned to provide a connector strength of approximately 40 

kN. This connector (see Figure 2.5(c)) showed reasonable elastoplastic behaviour, albeit 

with a significant decline in strength during the duration of the test, and this is reflected in 

a relatively high COV of 0.15 (compared with 0.11 and 0.14 for tests MS.1/1 and MS.1/2 

respectively). For connector MS.3, all surfaces in sliding contact were sweep blasted and 

then polished with a rotary hand tool in order to remove mill scale. Under testing, 

extreme behaviour was observed after less than two cycles of displacement with forces 

jumping to 100 kN and causing the MTS machine to stop automatically (see Figure 

2.5(d)).  

 

The results of this section agree with the findings of Grigorian et al. [9], who reported that 

while friction between mild steel surfaces did not always result in erratic behaviour, such 

behaviour was present in most cases. Grigorian et al. also found that preparing the surface 

by removing mill scale actually intensified unstable behaviour, and this is consistent with 

the result shown in Figure 2.5(d) - further experiments, however, would be required to 

establish this as a general rule. 

 

 

2.3.4.2 Performance of abrasion resistant steel 

A representative sample of the force-displacement, and force-time history results for 

connectors with Bisalloy 60 and Bisalloy 400 slotted centre-plates are shown in Figures 

2.6(a) to (g). Figure 2.6(h) shows a result for a connector relying on brass on steel sliding 

from Grigorian et al. [9] (courtesy of the National Information Service for Earthquake 

Engineering/PEER, University of California, Berkeley), and is provided to allow 

comparison with the concept of Bisalloy on mild steel.  
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Figure 2.6. Abrasion resistant steel on mild steel: results for Bisalloy 60 from tests (a) B60.1/1, 
(b) B60.2/1, and (c) B60.2/2. Results for Bisalloy 400 for tests (d) B400.2/1, (e)  B400.4/1, (f) 

B400.8/1, and (g) B400.13/1 and 2 - one after the other. Results for brass on steel sliding shown 
in (h) are from Grigorian et al. [9] (courtesy of NISEE/PEER Library, University of California, 

Berkeley). 
 

Stable sliding was achieved for all connectors with Bisalloy centre-plates. For all the 

initial tests on a connector in which the turn-of-nut method was used, COV averaged 0.14 

for Bisalloy 60, and 0.09 for Bisalloy 400. For tests in which the depth-micrometre 

method was used (specimens B400.9 to B400.13), the average COV for the first two half-

tests (equivalent to one full-test) was 0.06, lower than the 0.09 obtained from the turn-of-

nut method. This suggests that using the depth-micrometre method to tension the bolts 

may achieve more stable sliding – perhaps due to an improved ability to achieve the 

same, or similar, forces in both bolts. From Figure 2.6, it is apparent from visual 

inspection that the performance of abrasion resistant steel compares favourably with the 

example using brass shims on mild steel (see Figure 2.6(h)), which has a comparable 

level of connector strength. 

 

Of the Bisalloy connectors fabricated, one Bisalloy 60 and seven Bisalloy 400 connectors 
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were subjected to two or more loading regimes. In order to allow any possible effects 

from heating to dissipate, approximately 10 minutes separated the completion of the first 

tests from the start of the second tests. For the Bisalloy 60 connector (test B60.2/2) it was 

found that while average strength decreased from 47.6 kN in the first test to 39.3 kN in 

the second, sliding was relatively more stable during the second test with a COV of 0.11 

compared with 0.13 for the first test (also see Figures 2.6(b) and (c)).  

 

The result suggests that for this Bisalloy 60 connector, a phase of significant interface 

conditioning occurred, with microscopic asperities being smoothed over or mostly 

removed during the first test, and thus resulting in smoother sliding for the second - albeit 

at a lower load. Interface conditioning is described in more detail by Khoo et al. [4]. For 

the Bisalloy 400 connectors, connectors B400.1 and B400.5 experienced only a minor 

reduction in strength, while connector B400.3 showed a decline from 49.1 kN in the first 

test, to 36.4 kN in the second, a decrease of 25.9% (these tests not shown in Figure 2.6). 

For the connectors in which the bolts were tested using the depth-micrometre method, the 

averaged decrease in strength between the first two half-tests and the second two half-

tests was 10%.  

 

Clearly then the result for B400.3 in terms of decrease in strength between tests is 

somewhat anomalous – it is proposed that there may have been an unusual loosening of 

one or more of the tension bolts between tests or during the second test. This would be 

quite possible in the case of initial differential tension between the two bolts, in which the 

bolt that was first tensioned is subsequently loosened by relative over-tightening of the 

second bolt. During a vigorous testing regime, the loosening of the first bolt would then 

progressively become more severe.  

 

While all these eight connectors did undergo a general decline in strength, their overall 

performance was nevertheless excellent, with stability of sliding either maintaining itself 

or even improving with each successive test (refer standard deviation and COV results in 

Table 2.6). This is perhaps due to some kind of conditioning effect occurring under 

repeated cycles of sliding, with the effect being more pronounced for the Bisalloy 60, as 

already discussed. 

 

For the initial tests on those specimens in which bolts were tensioned by the turn-of-nut 
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method, the coefficients of friction for Bisalloy 60 and Bisalloy 400 averaged 0.34 and 

0.35 respectively. These averaged values are consistent with the range of 0.30 to 0.35 

indicated by previous researchers, but for mild steel on mild steel [4] - although 

individual values were found to be as high as 0.43 (test B400.4/1) and as low as 0.26 (test 

B60.1/1). It is likely this variation was due to the reliance on human judgement inherent 

to the turn-of-nut method. There was difficulty in ascertaining the points both at which 

counting of rotations should commence and finish.  

 

The authors thus adopted the depth-micrometre method for specimens B400.9 to B400.12 

which seemed to lead to more consistent results. Considering the first two half-schedule 

tests on each of these specimens, the average coefficient of friction was 0.40, and values 

ranged from 0.38 to 0.41. These values are consistent with the value of 0.39 reported by 

Chanchi Golondrino et al. [31] for Bisalloy 400 shim materials on mild steel. It appears 

that the direct measurement of the deflection of the washer stack provides results that are 

both more precise and accurate, compared with the turn-of-nut method.  

 

For elastic stiffness, K, the averaged result for all Bisalloy connectors was 148 kN/mm. 

This is reasonably close to the value of 167.2 kN/mm reported by Bora et al. [30] for 

asymmetric connectors with brass shims. From results for specimens subjected to two or 

more tests, it was found that there was generally little, if any, deterioration in stiffness 

between tests.  

 

It was observed that connectors with Bisalloy centre-plates had their initial displacement 

cycles occurring at strengths less than the stable peak strength. In order to see if surface 

preparation could improve behaviour, connector B400.8 was fabricated, with the surfaces 

in sliding contact sweep blasted to remove mill scale, followed by polishing with a rotary 

hand tool. The results from testing are shown in Figure 2.6(f). It appears that while 

surface preparation does seem to reduce the number of initial cycles at low loads for 

Bisalloy 400 connectors, it does not eliminate the effect entirely. However, it should be 

noted that this result was obtained from a single connector, and while suggestive of the 

possibility of minor improvement in performance, further research is required before any 

firm conclusion can be drawn on the effects of surface preparation. It is emphasised, 

however, that the results presented in Figure 2.6 show that even without pre-conditioning, 

the connectors with Bisalloys generally perform at least as well as, if not better than 
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connectors with brass on steel sliding (see Figure 2.6(g)). 

 

To investigate the effects of rate of loading, six specimens (namely B400.6, B400.7, and 

B400.9 to B400.13) were used, and tests carried out using relatively slow and relatively 

fast schedules (see Table 2.4 for displacement schedule details). For specimens B400.6 

and B400.7 the schedules used were slow-full, and fast-full respectively, whereas each of 

specimens B400.9 to B400.13 were subjected to four ‘half’ tests (see Tables 2.5 and 2.6). 

These abridged test schedules were used so that a better idea could be obtained of how 

varying the rate of loading on a single connector several times would influence behaviour, 

without the interpretation of results being unduly influenced by excessive wear.  

 

From Figure 2.7(a) and (b), it is apparent that the specimen that underwent loading at the 

fast rate (test B400.7/1) demonstrated slightly more stable behaviour compared with the 

connector at the slow rate (test B400.6/1). 

 
Figure 2.7. Effect of loading rate on Bisalloy 400 connectors: (a) Specimen B400.6 under slow 
loading compared with (b) specimen B400.7 under fast loading, followed by (c) fast loading, 
followed by (d) slow loading. (e) Specimen B400.9 under fast loading followed by (f) slow 

loading. (g) Specimen B400.10 under slow loading, followed by (h) fast loading. 



30 
 

Considering only the first ‘fast’ tests carried out, for all Bisalloy 400 connectors that had 

bolts tensioned by the ‘turn-of-nut’ method; the average COV was 0.10, compared to 0.12 

for ‘slow’ loading. However, for the four specimens B400.9 to B400.12, it was found that 

there was essentially no difference between slow and fast testing, in terms of the sliding 

stability of the connectors, with the averaged COV being 0.06 for both cases. The low 

values for COV reflect superior sliding stability and this is also visually apparent 

(compare results of Figures 2.7(e) to (h) with those of Figures 2.7(a) to (d) and also those 

of Figure 2.6). For the coefficients of friction, the averaged values for slow and fast 

loading were 0.38 and 0.37 respectively. 

 

Specimen B400.7 was also subjected to an additional fast test (see Figure 2.7(c)), and a 

slow test (see Figure 2.7(d)). These extra tests were carried out in order to investigate the 

ability of the connector to maintain strength and stiffness under conditions that would 

likely be more demanding than that of an actual earthquake. The tests occurred one after 

the other, with the second and third tests starting immediately after the conclusion of the 

previous tests. From Figure 2.7(c) it can be seen that even after having nearly completed 

two test regimes, performance appears to be at least as good as, if not superior to that of 

the brass on steel connector over just one test event (see Figure 2.6(h)).  

 

There is little decline in strength observed over the two tests (Fslip of 40.1 kN for the first 

test compared with 39.3 kN for the second). However, towards the final stages of the 

second test (see Figure 2.7(c)), there was a moderate step-up in strength. This was likely 

due to significant heating of the connector - observed after nearly two sets of rapid 

loading. It is surmised that expansion of the plates under heating would have increased 

the normal forces across the sliding surfaces, causing an increase in connector force, Fslip.  

 

The residual effect of overheating was felt during the initial cycles of the subsequent slow 

test (Figure 2.7(d)), but this effect quickly dissipated - along with perhaps a reduction in 

temperature due to the relatively slow rate of loading. At the conclusion of this third and 

final test, the connector had maintained around 75% of the original strength of the first 

test, and in terms of maintaining strength, stiffness, and stability of sliding, the overall 

performance of connector B400.7 can be considered excellent. 
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2.4 CONCLUSIONS 

From the experiments described in the previous sections, it was found that: 

 

a) Symmetric connectors without shims, in which external mild steel plates slide 

directly against centre-plates of abrasion resistant steel, demonstrate performance 

in terms of maintaining strength, stiffness, and hysteretic stability, equal to or 

superior to that of their current equivalents with brass on steel sliding. 

b) Bisalloy 60, under almost all criteria, performed to a similar level as Bisalloy 400. 

The exception is possibly durability, where the sole Bisalloy 60 connector 

subjected to a second test, showed a significantly larger decrease in strength than 

the average decrease experienced by the Bisalloy 400 connectors. 

c) Use of a depth-micrometre to directly measure the deflection of the Belleville 

stack appears to provide results that are more precise, accurate, and consistent, 

than those obtained by the ‘turn-of-nut’ method. 

d) Rate of loading, within the range investigated, is unlikely to have a significant 

effect on the behaviour of the proposed connector. 

e) Surface preparation to remove mill scale and polishing of the sliding surfaces does 

appear to offer a minor effect in reducing the number of displacement cycles 

required to reach a stable peak load. However only one sample with surface 

preparation was tested, and further work will be required to substantiate this.  

f) Pre-conditioning of surfaces that will eliminate initial sliding at low forces, and 

allow peak connector strength to be immediately attained may be required to 

further improve performance – further research should be carried out to define a 

simple workshop protocol for this. 

g) Symmetric sliding of mild steel against mild steel has unreliable sliding 

characteristics, and this confirms the results of previous researchers. 

h) Brake lining against mild steel provides excellent elastoplastic behaviour. 

However, under relatively higher pressures, brake lining is susceptible to cracking 

and other forms of damage. Furthermore, the effort and expense required to 

adhere the brake lining to mild steel reduces the attractiveness of this option. 

 

The proposed slip-friction connector is expected to be cheaper than equivalent connectors 

currently in use, because brass shims, or indeed shims of any kind are not required. It is 

also unlikely to be susceptible to galvanic corrosion (all the component parts are of 
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ferrous alloys). The concept has considerable potential as an energy dissipation device to 

be implemented in steel moment frames, braced frames, and as shear wall hold-downs. 
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Chapter Three 

 
 
 
 

 
THE IMPACT OF SURFACE SMOOTHING ON THE BEHAVIOUR 

OF SYMMETRIC SEMI-RIGID CONNECTORS 
 
 

Based on an article currently under review with Steel and Composite Structures  
 
 

Recent research has shown that when relatively hard abrasion-resistant steel is placed in 

direct sliding against mild steel, excellent elastoplastic behaviour is achieved with both 

symmetric (and asymmetric) semi-rigid slip-friction connectors. However, these results 

are obtained from specimens where both surfaces of a sliding interface are typically in the 

clean mill-scale condition. This chapter describes experiments on slip-friction connectors 

where steel surfaces have either been smoothed through grinding and/or sand-blasting, or 

simply wire brushed to the clean mill-scale condition. It was found that polished on 

polished sliding produced behaviour that was erratic and unstable, and in one particular 

experiment, testing was terminated at an early stage due to friction welding occurring 

along both faying surfaces of a connector. In those cases where a polished or sand-blasted 

surface was in sliding against a clean mill-scale surface, stable sliding was possible, but 

nonetheless inferior to the case of clean mill-scale against clean mill-scale. The observed 

sliding behaviours are explained in the context of the adhesion theory of friction. While 

on the one hand, surfaces that are overly rough manifest poor sliding performance 

because of the physical interlocking of asperities, on the other hand, the smoothing of 

surfaces can result in very large real areas of contact between the surfaces in sliding, with 

the outcome being a rapid build-up of unpredictably large frictional forces. It is strongly 

recommended that the clean mill-scale condition be specified in the design and 

specification of slip-friction connectors. 
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3.1 INTRODUCTION  

(Significant parts of this section overlap with material presented in previous chapters) 

The essence of damage avoidance in seismic design is the enablement of non-linear 

elastoplastic behaviour at specific points in a structure – but without any associated 

material damage. While there are a variety of ways to achieve this, a simple and effective 

solution is through the use of semi-rigid slip-friction (also known as slotted-bolt) 

connectors. These connectors consist of three steel plates that provide a rigid connection 

up to a pre-defined slip threshold, Fslip. When sliding does occur, energy is dissipated 

through the work done by frictional forces along the two sliding interfaces of the 

connector. These frictional forces are mobilised by pre-loading the structural bolts that 

clamp the plates together. The forces on a symmetric slip-friction connector (where the 

load on the connector is resisted equally by the two outside plates) are shown in Figure 

3.1(a), and an idealised hysteretic result is shown in Figure 3.1(b). Note that Belleville 

washers are used to achieve and maintain preload in the bolts. 

 

 

Figure 3.1. (a) Symmetric slip-friction connector, and (b) desired, and idealised, elastoplastic 
hysteretic behaviour. 

 

There has been a significant amount of research on slip-friction connectors over the past 

two decades, and the asymmetric type, in which the external forces are applied only to the 

centre-plate and one of the outside plates, have been researched extensively in New 

Zealand [5, 35]. These connectors have already seen implementation at the beam-column 

joints in steel frame buildings in New Zealand [7], and friction dampers have also been 

proposed for use in braced frames [2, 36].  
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Because of the erratic behaviour of mild steel on mild steel sliding, these connectors have 

heretofore relied on the use of expensive brass shims to separate the steel plates and 

facilitate sliding [9]. The bottom flange friction devices of Iyama et al. [37] implemented 

in moment resistant frames likewise rely on brass shims to provide stable moment-

rotation behaviour.  

 

Recently however, research on asymmetric connectors by Khoo et al. [4] and Chanchi 

Golondrino et al. [31] has demonstrated that when abrasion-resistant steel is used for 

shims (instead of brass), and thus placed in direct sliding against mild steel, stable sliding 

behaviour is obtained – with behaviour improving with increasing hardness of abrasion-

resistant steel. Loo et al. [8] achieved similar results with symmetric connectors in which 

the centre-plate of abrasion-resistant steel (Bisalloy 400) was in direct sliding against the 

mild steel outside plates.  

 

While the benefits of using hardened abrasion-resistant steel in sliding against mild steel 

has been clearly demonstrated, the experiments conducted so far have been mainly 

confined to specimens where the sliding surfaces are in the clean mill-scale condition. 

How the connectors will perform where all or some of the surfaces have mill-scale 

removed is essentially an unknown.  

 

As a brief aside, it is noted that for slip-critical connections, the American Institute of 

Steel Construction [38] adopts a coefficient of friction of 0.35 for faying surfaces of clean 

mill-scale. However, this value could be conservative, as it is typically preferred that the 

assumed strength underestimates the actual, rather than overestimates it. However, in the 

capacity design of seismic resistant structures, it is important that the actual strength of 

the slip-friction connectors do not substantially exceed the adopted design. That is, the 

over-strength factor should be minimal, so that the structural members designed to remain 

elastically responding during an earthquake, are in fact unlikely to exceed their respective 

yield strengths.  

 

This chapter explores the effects on sliding behaviour of surfaces in contact that have 

been prepared by cheap and commonly available techniques. Will the removal of mill-

scale, and perhaps even polishing of the surfaces (purposefully or even perhaps 

inadvertently) improve or diminish the behaviour of these connectors? What can be done 
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to reduce any over-strength in these connectors, and what are typical over-strength 

values? Having an improved understanding of these concerns will contribute to the safe 

design and implementation of slip-friction connectors, and that is the motivation behind 

this research. 

 

3.2. CONNECTORS 

3.2.1  Configuration and preparation 

A suite of 20 connectors of the configuration of Figure 3.2(a) were fabricated. Similar to 

the connectors of Loo et al. [8], the connectors consist of two G350 mild steel outside 

plates, sandwiching a middle slotted plate of abrasion-resistant steel Bisalloy-Steels [10]. 

All plates are of 12 mm thickness and width 70 mm. The outside plates are 390 mm long, 

while the centre-plate has a total length of 295 mm, with a 170 mm long slot that is 22 

mm in width. Grade 8.8 M20 bolts are preloaded and clamp the assemblage together.  

 

In order to investigate the effects of surface conditioning, four types of surfaces were 

prepared. These were 1) the clean mill-scale condition, achieved simply by cleaning on a 

rotary wire brush machine, so that all loosely adhering mill-scale and rust was removed, 

2) the polished condition corresponding to the SSPC-SP11 definition, in which the 

original surface was ground down removing all mill-scale and other visual coatings, and 

exposing a bare bright metal substrate, 3) a clean mill-scale finish subsequently sand-

blasted, and 4) the SSPC-SP11 polished surface, subsequently roughened by sand-

blasting (it was thought that slightly roughening the polished surfaces would improve 

performance).  

 

For convenience of reference these four surface conditions are referred to as CMS, POL, 

CMS-Sa, and POL-Sa, respectively. Figures 3.2(b) to 3.2(d) show the processes and 

apparatuses used to prepare the surfaces. Clean mill-scale, sand-blasted, and polished 

surfaces are shown in Figure 3.2(e). Note that both the sand-blasting and polishing 

process for a single surface was very rapid - in most cases this could be carried out in less 

than two minutes. 
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Figure 3.2. (a) Configuration of connectors. (b) Removal of mill-scale and polishing with a belt-

grinding machine, (c) Rotary wire brush machine for cleaning mill-scale surfaces, (d) Sand-
blasting, (e) Surface conditions, from left to right - clean mill-scale condition, sand-blasted with 

mill-scale removed, and polished/bright steel condition (note holes are 22 mm in diameter). 
 

3.2.2  Hardness of surfaces 

A series of hardness tests were carried out on the steel plates using a Rockwell hardness 

testing machine (see Figure 3.3(a)). The obtained hardness readings (Rockwell A scale) 

were  converted to the corresponding Brinell hardness values according to ASTM 

International [39], and the resulting cumulative distributions are shown in Figure 3.3(b).   

 

For polished G350 mild steel, the average Brinell hardness was 135.7 HB, for polished 

Bisalloy 400, 314.4 HB, and for G350 mild steel in the clean mill-scale condition, the 

average was 135.7 HB. Median values were close to the average in all three cases. While 

the result for Bisalloy 400 is lower than the expected value of 400 HB Bisalloy-Steels 

[10], this discrepancy could well be an artefact of the polishing and/or testing process 

(there was some minor difficulty in stabilising the slotted plates on the testing platform). 
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Figure 3.3. (a) Hardness testing of mild steel plate, and (b) cumulative distributions of hardness 

readings. 
 

Because of the thinness of the mill-scale layer, it is uncertain as to whether the results for 

the clean mill-scale surface reflects the actual hardness of the mill-scale itself. However, 

the results are useful in that they are likely to show an upper-bound value for hardness, 

making it reasonable to conclude that the mill-scale layer is significantly softer than the 

underlying metal substrate.  

 

3.2.3  Achieving the desired slip-force 

The sliding threshold, or Fslip, of the connectors relates directly to the preload, Tb, in the 

bolts as follows: 

 

bbslip TnF 2
         

(3.1) 

 

where nb is the number of bolts (2 for these connectors), and µ the coefficient of friction 

between the plates (µ assumed to be 0.4 in order to set bolt tension). Preload, Tb, is 

achieved through adjusting the height of the stack of four Solon M20-L-3.4 Belleville 

washers that are placed in series. The height of the stack is measured using a depth 

micrometre (note that a single M20-L-3.4 washer has a flat load of 37.8 kN [34]). For a 

detailed description of the method used to achieve Tb, the reader is referred to Loo et al. 

[40]. 
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3.3 TESTING 

The assembled connectors were subjected to displacement controlled testing, with various 

faying surface combinations (see Table 3.1) The displacement schedules are the same as 

those used by Loo et al. [8], which in turn, are based on the schedule that Grigorian et al. 

[9] used in their tests on symmetric connectors with brass shims. The displacement 

amplitude was ±38 mm. The full schedule is shown in Figure 3.4(a).  

 

The test setup (see Figure 3.4(b)) was essentially the same as that adopted by Loo et al. 

[8]. However, it is also described here for the convenience of the reader. The machine is 

an MTS810 model by MTS Systems Corporation. The machine’s capability includes the 

performance of both high and low force static and dynamic testing. While various load 

unit assembly adapters are rated for 100 kN, 250 kN, and 500 kN, only the 100 kN load 

assembly adapter was used for the testing of this research. The load cell is mounted on the 

crosshead directly above the specimen, and the displacement transducer for precision 

displacement control and measurement is within the hydraulic actuator unit that is located 

below the tested specimen. The actuator displacement is connected to and controlled by a 

computerised function generator. Hydraulic grips secure the specimen to the machine, 

and for all tests the neutral starting displacement corresponded with the middle of the 170 

mm long slot. 

 

 

Figure 3.4. (a) Full displacement schedule, and (b) connector set-up in MTS machine. 

 

The test matrix is shown in Table 3.1. Note the naming convention, with the ‘400’ 

representing the Bisalloy 400 centre plate: for example, 400.13.2 is the 2nd test on 
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specimen 13. Note that the specimen numbering starts at 13, following on from the final 

and 12th specimen of the experiments of Loo et al. [8].  

 

Table 3.1 Test matrix 

Spec / Test 
Faying surface condition 

*Displace. 
schedule 

Deflection 
of Belleville 
stack (mm) 

Tension in 
bolts, Tb

 

(kN) 
External G350 

plates 
Bisalloy 400 
slotted plate 

400.13.1 POL POL Fast-half 3.66 37.8 
400.13.2 POL POL Fast-half 1.22 12.6 
400.13.3 POL POL Fast-half 2.44 25.2 
400.14.2 POL POL Fast-half 3.66 37.8 
400.15.1 POL POL Slow-half 0.97 10.0 
400.16.1 POL POL Slow-half 0.97 10.0 
400.17.1 CMS POL Slow-half 0.97 10.0 
400.17.2 CMS POL Slow-half 0.97 10.0 
400.18.1 CMS POL Fast-half 2.90 30.0 
400.18.2 CMS POL Fast-half 2.90 30.0 
400.19.1 CMS POL Slow-half 2.90 30.0 
400.19.2 CMS POL Fast-half 2.90 30.0 
400.20.1 POL POL Fast-full 2.90 30.0 
400.20.2 POL POL Fast-full 2.90 30.0 
400.21.1 CMS POL Fast-full 2.90 30.0 
400.21.2 CMS POL Fast-full 2.90 30.0 
400.22.1 CMS-Sa CMS-Sa Fast-full 3.09 32.0 
400.22.2 CMS-Sa CMS-Sa Fast-full 3.09 32.0 
400.23.1 POL CMS Fast-full 3.09 32.0 
400.23.2 POL CMS Fast-full 3.09 32.0 
400.24.1 POL POL-Sa Fast-full 3.09 32.0 
400.25.1 CMS #POL-Sa Fast-full 3.09 32.0 
400.25.2 CMS #POL-Sa Fast-full 3.09 32.0 
400.26.1 POL-Sa POL Fast-full 3.09 32.0 
400.27.1 POL-Sa POL-Sa Fast-full 3.09 32.0 
400.28.1 CMS-Sa CMS-Sa Fast-full 3.09 32.0 
400.29.1 CMS-Sa POL Fast-full 3.09 32.0 
400.30.1 CMS CMS-Sa Fast-full 3.09 32.0 
400.31.1 CMS CMS-Sa Fast-full 3.09 32.0 
400.32.1 CMS POL Fast-full 3.09 32.0 

*Fast-full test as shown in Figure 3.4(a). 'Slow' test at 50% the frequency for all cycles. 'Half' test with   
5 cycles per set, compared with 10 cycles per set for 'full' test. 
#Plate reused from test 2508/3-01 

 

 

3.4 RESULTS 

The test results are displayed in Table 3.2. Note that the first four columns of Table 3.1 

are replicated in Table 3.2 for ease of reference. 
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Table 3.2. Test Results 

Spec / Test 

Surface condition 
Displace. 
schedule 

Elastic 
stiff., K 

(kN/mm)

Energy 
dissipated, 

E (kJ) 

Sliding performance 
Coeff. 

friction, µ 

Cumul. travel 
prior to stable 
sliding (mm) 

Sliding strength (kN) 

G350 
Bisalloy 

400 
SD (kN) 

Stability 
(1/COV) 

Fi Fslip Fpeak 

*400.13.1 POL POL Fast-half 97.7 4.3 14.77 5.6 0.54 59.0 29.0 81.9 104.1 
400.13.2 POL POL Fast-half 180.6 62.2 2.04 12.7 0.52 12.2 19.8 26.0 36.3 
400.13.3 POL POL Fast-half 128.2 93.0 4.06 9.6 0.39 0.5 39.2 39.0 51.5 
*400.14.2 POL POL Fast-half 81.0 2.3 12.87 6.0 0.51 26.9 42.4 77.0 100.3 
400.15.1 POL POL Slow-half 100.9 62.8 4.81 6.7 0.81 734.2 7.5 32.5 50.7 
400.16.1 POL POL Slow-half 112.0 72.3 4.66 7.9 0.92 722.4 7.4 36.8 57.8 
400.17.1 CMS POL Slow-half 154.7 30.9 2.29 7.8 0.45 1078.2 8.4 18.0 23.5 
400.17.2 CMS POL Slow-half 142.5 52.9 3.25 6.8 0.55 372.7 15.6 22.1 33.5 
400.18.1 CMS POL Fast-half 154.6 125.9 3.31 16.3 0.45 288.6 25.2 53.9 75.2 
400.18.2 CMS POL Fast-half 154.5 122.8 2.88 17.6 0.42 0.0 58.5 50.8 71.9 
400.19.1 CMS POL Slow-half 135.3 137.5 6.04 10.0 0.51 553.6 21.0 60.6 77.3 
400.19.2 CMS POL Fast-half 147.9 123.9 3.11 15.9 0.41 0.0 55.3 49.5 59.9 
400.20.1 POL POL Fast-full 112.7 310.1 6.99 9.4 0.55 90.9 21.6 65.7 93.3 
*400.20.2 POL POL Fast-full 0.0 0.0 53.03 NA 0.00 0.0 105.2 0.0 105.2 

*Early termination of testing due to load spikes exceeding the 100 kN capacity of the installed load unit 
 

 

Continued on next page 
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Table 3.2. Test Results (continued from previous page)  

Spec / Test 

Surface condition 
Displace. 
schedule 

Elastic 
stiff., K 

(kN/mm)

Energy 
dissipated, 

E (kJ) 

Sliding performance 
Coeff. 

friction, µ 

Cumul. travel 
prior to stable 
sliding (mm) 

Sliding strength (kN) 

G350 
Bisalloy 

400 
SD (kN) 

Stability 
(1/COV) 

Fi Fslip Fpeak 

400.21.1 CMS POL Fast-full 187.8 287.8 6.45 9.7 0.52 534.0 25.8 62.8 79.8 
400.21.2 CMS POL Fast-full 158.1 236.8 5.05 9.7 0.41 0.2 58.3 49.1 61.8 
400.22.1 CMS-Sa CMS-Sa Fast-full 167.5 145.4 6.04 10.3 0.49 66.3 9.5 62.3 96.0 
400.22.2 CMS-Sa CMS-Sa Fast-full 158.2 132.7 4.02 13.8 0.43 0.9 60.7 55.3 71.8 
400.23.1 POL CMS Fast-full 199.8 129.7 5.82 9.8 0.45 514.3 23.5 57.1 74.4 
400.23.2 POL CMS Fast-full 265.8 136.6 3.90 14.7 0.45 0.4 60.5 57.1 71.1 

*400.24.1 POL POL-Sa Fast-full 170.2 97.2 9.93 7.4 0.57 487.7 10.6 73.3 98.4 
400.25.1 CMS POL-Sa Fast-full 170.3 142.9 6.09 9.9 0.47 36.1 31.0 60.0 80.5 
400.25.2 CMS POL-Sa Fast-full 207.7 131.2 3.98 13.9 0.43 134.2 52.8 55.2 75.9 

*400.26.1 POL-Sa POL Fast-full 0.0 1.1 13.88 5.6 0.61 18.8 34.3 77.5 102.4 
*400.27.1 POL-Sa POL-Sa Fast-full 29.4 0.9 16.55 4.8 0.62 17.0 59.2 78.8 100.0 
*400.28.1 CMS-Sa CMS-Sa Fast-full 60.4 1.8 11.53 5.9 0.53 28.1 60.6 68.4 105.1 
*400.29.1 CMS-Sa POL Fast-full 26.0 1.1 16.98 4.5 0.59 13.0 53.2 75.9 100.3 
400.30.1 CMS CMS-Sa Fast-full 191.7 318.8 5.23 12.8 0.52 80.9 25.1 67.0 83.1 
400.31.1 CMS CMS-Sa Fast-full 123.3 245.7 3.50 14.8 0.40 410.5 5.4 51.8 63.3 
400.32.1 CMS POL Fast-full 127.2 356.3 7.94 9.7 0.60 380.5 30.5 77.2 98.2 

*Early termination of testing due to load spikes exceeding the 100 kN capacity of the installed load unit 
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Note that elastic stiffness, K, provides an average of the close to vertical parts of the 

force-displacement relationship – i.e. the non-sliding portion of the relationship. The 

energy dissipated, E, was found by totalling the work done for all time steps of a single 

test, excluding from consideration those time steps over which the average force is below 

a threshold force of 0.5Fmax (in the same manner as that of Loo et al. [8]. This was in 

order to eliminate minor initial displacements and ‘noise’ at low forces that are unrelated 

to sliding behaviour (for example, minor slippage between the connecting plate at the top 

of the connector, and the outside plates). 
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The cumulative travel, D is: 
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For Equations 3.2 and 3.3, Fi and δi are respectively the force and displacement at the ith 

time step of n time steps where (Fi + Fi-1) / 2 > 0.5Fmax. The force threshold Fslip then 

equates to the average energy, E , dissipated per unit distance of travel: 

D

E
EFslip             (3.4) 

 

In order to provide a relative measure of the fluctuation of force about Fslip, the standard 

deviation, ESD and coefficient of variation (COV), of energy absorbed per unit distance of 

travel about the mean E  is thus found: 
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Where Ej is the energy absorbed between the j-1 and j steps of cumulative travel. The 

COV is then: 

 

EECOV SD /          (3.6) 
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Obviously the lower the COV the greater the stability of sliding, and thus a relative 

measure of stability is 1/COV. 

 

3.4.1  Slıdıng and hysteretic behaviour 

The comparison of the stability and consistency of sliding, in terms of the inverse of COV 

(1 / COV), for the various combinations of faying surface conditions are shown in Figure 

3.5(a) (for the first tests carried out on each specimen), and the coefficients of friction 

(calculated by re-arranging Equation 3.1, )2/( bbslip TnF  where nb is 2 bolts, and Tb and 

Fslip, are from Tables 3.1 and 3.2, respectively), are displayed in Figure 3.5(b). Those 

cases where load spikes exceeded the 100 kN of the load unit, thus causing early 

abandonment of the test, are shown asterisked. The data for CMS/CMS are sourced from 

previous testing by Loo et al. [8] (note that combinations of surface conditions are written 

in this order, i.e. G350 surface condition / Bisalloy 400 surface condition. Thus 

CMS/POL means G350 in the clean mill-scale, CMS condition, and Bisalloy 400 is in the 

polished, POL, condition).  

 
Figure 3.5. Sliding behaviour of various faying surfaces: (a) Stability of sliding, and (b) 

coefficient of friction, µ (data for tests 400.1.1 to 400.12.1 from [8]. 
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From Figure 3.5(a), it is seen that in terms of sliding quality, sliding is most stable for 

those cases where both surfaces of a sliding interface are in the clean mill-scale condition 

(CMS/CMS). The worst performance is observed for those cases where the sliding 

surfaces were polished (POL/POL), with other combinations having intermediate values. 

It also appears that the quality of sliding is roughly inversely correlated with the 

coefficient of friction, i.e. with increasing stability of sliding, the lower the coefficient of 

friction.  

 

This is consistent with tribology theory in which severe frictional behaviour (where 

sliding is characterised by large fluctuations in the friction force), is associated with high 

friction coefficients, while mild frictional behaviour (where the frictional force is less 

erratic) is associated with coefficients of friction in the range of 0.3 to 0.6 [41]. The 

behaviour of polished vs. polished surfaces (POL/POL) is perhaps surprising. Instead of 

the expected improvement in sliding stability, the results, as already mentioned, were in 

fact the worst.  

 

Hysteretic results for some of the tests carried out are shown in Figure 3.6. In Figures 

3.6(a) and (b) the hysteretic relationship of POL/POL is shown where a rapid escalation 

of frictional force caused the early abandonment of testing. The experiments of Figure 

3.6(c) recorded a very high coefficient of friction of 0.92. While the experiment of Figure 

3.6(d) did initially achieve a somewhat acceptable level of sliding stability, it ended with 

the complete cessation of sliding as the plates welded together, a phenomenon known as 

friction welding [42]. The behaviour associated with POL/POL faying surfaces, is 

contrasted with the cases of CMS/CMS (clean mill-scale vs. clean mill-scale).  Figures 

3.6(e) to (g), show typical results from previous testing of the authors [8] – the sliding 

characteristics are excellent, and the coefficient of friction is around 0.4. 

 

Figures 3.6(h) and (i) show that mild steel surfaces in the CMS condition, in frictional 

contact with sand-blasted Bisalloy 400 (CMS/CMS-Sa), while certainly not improving 

frictional behaviour (compared with CMS/CMS), did not significantly worsen it. This is 

similarly the case where surfaces in the CMS condition were slid against polished 

surfaces (Figures 3.6(j) to (m)). 
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Figure 3.6. Hysteretic behaviour of faying surfaces of various surface condition – selected 

examples. 
 

However, a large number of displacement cycles at relatively low loads were typically 

required before the connector strength, Fslip, stabilised to an essentially constant value. It 

was decided to remove most of the mill-scale (on both mild steel and centre plates) by 

sand-blasting, and two results for CMS-Sa/CMS-Sa, are presented in Figures 3.6(o) and 

(p).  While the first result of Figure 3.6(o) shows sliding behaviour that is relatively 

stable, the result for Figure 3.6(p) terminated early due to the capacity of the load unit 

being exceeded. Polished surfaces slightly roughening by sand-blasting were then tested, 

to see whether or not sliding behaviour could be improved relative to the POL/POL cases. 
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However, from Figures 3.6(q) to (t) it is seen that this did not occur, with severe and 

erratic frictional behaviour occurring, causing, in three of these cases, the early 

termination of testing.  

 

3.4.2  Over-strength 

Fslip,i and Fslip are respectively the initial sliding strength, and stable sliding strength (see 

the example of Figures 3.8(b) to (f)).  

 
Figure 3.7. Connector strength ratios: (a) average strength, Fslip, to initial strength, and (b) peak 

strength to Fslip. 
 

In practically all the tests carried out, several cycles of displacement at lower forces were 

observed before the sliding strength managed to stabilise. This is particularly apparent in 

Figures 3.6(c) to (o), of the previous section. The ratio of Fslip to the initial force, Fslip,i, is 

shown in Figure 3.7(a), and the peak force, Fpeak, to Fslip in Figure 3.7(b).    

 

From Figure 3.7(a), it can be seen that for the case where all faying surfaces are in the 

clean mill-scale condition (CMS/CMS), the average strength (or the average slip-force, 

Fslip, calculated over the period of stable sliding behaviour) is around 1 to 1.8 times the 
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initial sliding strength. For cases where one of the sliding surfaces is polished, and the 

other in the clean mill-scale condition, the ratio rises to values typically in the range of 2 

to 3, and for the polished condition mean to initial strengths are as high as 5. Note that for 

the asterisked specimens of Figure 3.7(a), the test terminated early due to the limited load 

capacity of the MTS machine. Therefore the recorded low values, in the case of most of 

these specimens, are likely to be attributed more to the limitation of the testing 

equipment, and less so to what the actual values are likely to be. 

 

Figure 3.7(b) shows the ratios of peak strength to the sliding strength Fslip. It can be seen 

that the values of peak strength to Fslip, are reasonably consistent across the range of 

specimens tested, ranging from around 1.1 to 1.5. This suggests that once Fslip has been 

achieved, fluctuations in connector strength about this value are limited. It is also 

mentioned that some of the increase in force is likely due to the rise in force that is 

associated with the change in direction of displacement (particularly so, given the rapidity 

of the displacement schedule adopted).  For most of the connectors that managed to 

achieve stable sliding, there is a clearly visible concaving effect in the sliding portion 

most of their hysteresis relationships (see Figures 3.6(c) to (o)).  

 

3.4.3  Cumulative travel to achieve stable sliding 

For the experiments where stable sliding was achieved, the cumulative travels required to 

achieve a stable sliding force, Fslip, are presented in Figure 3.8(a) (note that those tests in 

which the sliding behaviour was extremely erratic, in some cases forcing early 

termination, are not shown). From Figure 3.8(a), it is clear that the CMS/CMS 

connectors, in general, require the least amount of cumulative travel in order to achieve 

Fslip. Figures 3.8(b) to (f) show the force-cumulative travel relationships where one of the 

sliding surfaces is CMS, while the other is polished or sand-blasted.  

 

While stable sliding is achieved, it can be seen that the cumulative travel required before 

Fslip is achieved can be anything from 300 mm to up to 1 m. This large amount of travel is 

also apparent from an inspection of Figures 3.6(i) to (m), where a large number of 

densely packed displacement cycles at low force compares unfavourably with what is 

observed for the case for clean mill-scale vs clean mill-scale (see  Figures 3.6(e) to (g)).  
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Figure 3.8. (a) Cumulative travel required before stable sliding, and force-cumulative travel charts 
for experiments (b) 400.9.1, CMS/CMS, (c) 400.12.1, CMS/CMS, (d) 400.31.1, CMS/CMS-Sa, 

(e) 400.19.1, CMS/POL, and (f) 400.23.1, POL/CMS. 
 

3.5 DISCUSSION 

3.5.1  Summary of findings 

For the symmetric sliding of mild steel on abrasion-resistant steel, the findings thus far 

are summarised below: 

a) Clean mill-scale surfaces on clean mill-scale surfaces provide superior sliding 

behaviour, compared with the other tested options. 

b) Sliding where one of the surfaces is of clean mill-scale, and other polished, or 

sand-blasted, provides stable sliding behaviour, but in most aspects, the sliding 

characteristics are inferior to the case where both surfaces are of the clean mill-

scale condition. 
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c) Where both surfaces have mill-scale removed, either by polishing or sand-

blasting, extremely erratic force-displacement behaviour is observed. 

d) All cases demonstrate initial displacements at relatively low connector strengths 

prior to obtaining stable sliding at Fslip. 

e) The ratio of stable sliding strength, Fslip, to the strength at the first cycle of sliding, 

Fslip,i is the lowest for the case of CMS/CMS, and in general the highest in those 

cases where both surfaces have been sand-blasted or polished. The case where 

only one of the surfaces have been sand-blasted or polished, and the other of 

CMS, is intermediate in stability, between these two extremes. 

f) Upon obtaining stable sliding, fluctuations in force are typically constrained 

between acceptable limits, and the peak force, Fpeak to Fslip ratio is not significant. 

g) The cumulative travel required to achieve Fslip, is the smallest for those cases 

where all faying surfaces are of clean mill-scale. While stable sliding is possible 

where one of the surfaces are of clean mill-scale, and the other polished or sand-

blasted, a large amount of cumulative travel is required to obtain stability. 

h) In the case where all sliding surfaces are of clean mill-scale, stable sliding is 

always achieved. This is the case for both symmetric and asymmetric connectors 

[4, 31]. 

i) In those cases where all sliding surfaces are of clean mill-scale, for mild steel 

against mild steel, stable sliding is very occasionally achieved, but frequently 

erratic behaviour occurs with large spikes in strength [8, 9]. 

 

Finding (h) has been well demonstrated in recent research [4, 31] explains the advantages 

to frictional performance of placing a relatively soft metal against a harder metal, with the 

softer surface conforming to the harder and abrasive particles able to embed themselves 

into the soft metal. Finding (i) has been observed by Grigorian et al. [9] and also by Loo 

et al. [8], and is also consistent with tribology theory -  these results for mild steel against 

mild steel are unsurprising. In Friction and Wear of Materials 2nd ed, Rabinowicz [41] 

describes severe frictional behaviour as likely when two sliding surfaces consist of the 

same metal, or very similar metals that are compatible, i.e. the atoms of one of the metals 

is soluble in the lattice of the other. 

 

In the following section, an attempt is made to provide an understanding of findings (a) to 

(g), from the tribological literature. 
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3.5.2  An explanation from frictional theory 

While various theories of frictional behaviour have abounded over the centuries, the 

theory that has gained wide acceptance today is the adhesion theory of frictional 

behaviour. This theory was established largely by the work of Bowden and Tabor [43]. A 

simplified description is provided here.  

 

Surfaces that are apparently flat commonly consist of a series of peaks and troughs. When 

placed in contact with one another, it is actually the peaks (called asperities) that come 

into contact, and these points of contact are called junctions. This contact area is called 

the real area of contact between two surfaces, and this real area is typically significantly 

smaller than the apparent area of contact, Aa [44]. It is this real area of contact directly 

influences the coefficient of friction  [45]. 

 
Figure 3.9. Real area formation in the form of junctions (bolded) for (a) faying surfaces of typical 

roughness, (b) very smooth faying surfaces, (c) friction against roughness, (d) increase of real 
contact area with cumulative travel, (e) increase of shear force or friction with cumulative travel, 

and (f) in cases of different materials in contact, a junction is likely to be sheared through the 
softer material, and a fragment (dark area) detached. 

 

At the points where there is actual contact the two surfaces adhere (hence the term 

adhesion theory) and meld together through atom to atom interaction, and a junction is 

formed. The frictional force is essentially the force needed to shear through all these 

junctions. Thus, the greater the real area of contact, the larger the friction force. When the 

asperities first come into contact, the real area is typically very small. As the normal 

force, FN, is increased, the stress between the asperities likewise increases, until it is equal 
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to the penetration hardness, and then plastic deformation takes place. This plastic 

deformation continues until the real area multiplied by the penetration strength just 

balances the normal force (see Figure 3.9(a)). Thus, under most circumstances, where 

there is sufficient surface roughness, the real area, Ar, is: 

 

pFA Nr /           (3.7) 

 

where FN is the normal force, and p the penetration hardness. The force required to shear 

through Ar is the frictional force, FR, and is given by: 

 

p

F
sAsF N

rR           (3.8) 

 

where s is the shear strength of the softer of the two materials in contact. Note that for 

very smooth surfaces, Equations 3.7 and 3.8 will not necessarily apply. This is because 

excessive smoothing of a surface may result in initial real areas of contact that are very 

large (see Figure 3.9(b)). Plastic deformation of the asperities will thus not occur, but 

instead only some elastic deformation. Thus, the implication from Equation 3.8 that 

friction force is only dependent on normal force and s / p, and independent of apparent 

area, Aa, breaks down. With very smooth surfaces, there is the need to shear through a 

large areal extent of junctions before sliding can occur, and this is manifested in very 

large coefficients of friction, and severe frictional behaviour. This accords with what has 

been observed from the experiments of this chapter, in which both sides of a faying 

interface have been smoothed by polishing or sand-blasting. The results are also 

consistent with the literature [41]. 

 

While it is intuitive that very rough surfaces will have high coefficients of friction due to 

interlocking of the asperities, it is perhaps less apparent that very smooth surfaces will 

also exhibit severe frictional behaviour due to large areas of real contact. It is only within 

some intermediate range of roughness, where the quantitative law of friction (Equation 

3.7) holds, and the friction coefficient is at a minimum; Figure 3.9(c) illustrates this 

concept. 
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From Equation 3.8, for surfaces at an assumed intermediate level of roughness, the 

coefficient of friction, µ = s / p. For steel, the shear strength is about 60% the tensile 

strength, and the penetration hardness, p, is about three times the yield stress in 

compression. For steel the tensile and compressive strengths, fy, are essentially the same, 

and from this reasoning, µ = 0.6 fy / 3 fy = 0.2.  

 

However for the faying surface combinations that reliably achieved stable sliding (i.e. 

CMS/CMS, CMS/CMS-Sa, CMS/POL, and POL/CMS), actual coefficients of friction are 

observed to range from 0.31 to 0.60, and average around 0.43, well above the 

theoretically obtained value of 0.2. Thus, there is an apparent discrepancy between what 

has been measured and the theory. However, note that the coefficients of sliding relate to 

the final connector strength, Fslip, and not to the initial sliding force which is typically 

much lower. If the listed coefficients of friction in Table 3.2 are divided by the over-

strength with respect to the mean force, Fslip, the averaged initial coefficient of friction, µi, 

is 0.23, and this aligns well with the theoretical value of 0.2.  

 

Hence, what could explain the increase in coefficient of friction with cumulative travel? 

Rabinowicz [41] explains that with tangential motion caused by shear force, and through 

a mechanism that is imperfectly understood, the real area of contact,  Ar, is increased with 

cumulative travel. This increase in real area can be as large as three times the original 

area calculated from Equation 3.7. It is suggested by the authors, that this is the likely 

reason for the typically observed doubling (or more) of connector strength (and the 

corresponding increases in coefficients of friction – from averages of 0.23 to 0.43) (see 

Figures 3.8(c) to (f)). In fact the shape of some of the envelopes to the force/cumulative-

travel relationships of Figure 3.8 bear a strong qualitative resemblance to the relationships 

described by Rabinowicz [41], reproduced in a modified form in Figure 3.9(d).  

 

From the forgoing discussion, it is clear that where the sliding interfaces have one or both 

surfaces in the CMS condition (e.g. CMS/CMS, CMS/CMS-Sa, CMS/POL, and 

POL/CMS) mild frictional behaviour is manifested. In those cases where both surfaces of 

the sliding interfaces are polished or in the sand-blasted condition (e.g. CMS-Sa/CMS-Sa, 

CMS-Sa/POL, POL/POL-Sa, POL-Sa/POL, POL-Sa/POL-Sa, and POL/POL) severe 

frictional behaviour is invariably the outcome.  
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Figure 3.10 shows the surface condition after the testing of connectors with various 

combinations of surface preparation. Figure 3.10(a) shows connector plates, both of clean 

mill-scale surfaces (CMS/CMS), immediately after testing. It is seen that even after 

almost 10 m of cumulative travel (two full displacement regimes), and under a normal 

force across the plates of 65 kN, the only visible wear was the presence of very fine 

friction tracks on both the mild steel and Bisalloy 400 surfaces.  

 

In the case where the mild steel plate was of clean mill-scale and the Bisalloy plate was 

polished (CMS/POL) (see Figure 3.10(b)), the observed wear was more severe, and fine 

debris was ejected during testing. One to 2 mm wide grooves were ploughed into the 

surface of the mild steel plate. While the surface of the Bisalloy plate showed little 

evidence of ploughing, a thin film of metal from a foreign source appeared to be smeared 

over its surface, and the occasional ovular shaped fragment (<0.5 mm) was also observed 

- from the theory of adhesive wear, both would most likely be a material transferred from 

the softer mild steel surface to the harder Bisalloy surface [4, 41].  

 

In the sliding of metal surfaces, where both surfaces are of materials of similar strength, 

shear will mostly occur along the junction of the contacting asperities. However, where 

there is a relatively soft material in contact with a harder material, shear will often occur 

through the body of the softer material (see Figure 3.9(f)) instead of the junction interface 

[41], and this is one of the ways in which fragments are detached from the softer material 

and transferred to the harder. While the wear incurred by the CMS/POL connector of 

Figure 3.10(b) is not insignificant, it should nevertheless be noted that this was observed 

after almost 10 m of cumulative travel under a normal force of 60 kN over the faying 

surfaces. It can thus be said that this particular connector demonstrated satisfactory 

elastoplastic behaviour throughout the two loading regimes it underwent, although with 

some loss of strength over the second regime. 

 

Figure 3.10(c) shows the result for connector 400.16, POL/POL (see also Figure 3.6(c) 

for the hysteretic relationship). Severe frictional behaviour is apparent from the irregular 

and deeply ploughed tracks in the mild steel, some of these up to 3 or 4 mm wide and 

around 2 mm deep. 
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Figure 3.10. Final surface condition of specimens (note the hole diameters are 22 mm) (a) 400.9 

after 9547 mm of cumulative travel, (b) 400.21 after 9409 mm, (c) 400.16 after 1965 mm, (d) 
400.14 after 213 mm, (e) 400.29 after 15 mm, and (f) 400.28 after 27 mm of cumulative travel 
(note: all slots 22 mm in width) (g) surface of polished plates, post-testing, with some abraded 
particles from soft steel (mild steel) onto abrasion-resistant steel indicated (h) surface condition 

after friction welding. 
 

The condition of the Bisalloy plate is similar to that of the case of Figure 3.10(b), with a 

thin film of metal from a foreign source smeared in places. In addition to this, the 

presence of transferred fragments is evident, but this time, the fragment sizes are up to 2 

or 3 mm in diameter. Note that while connector 400.16 underwent only around 1/5th the 

cumulative travel of the two previously discussed connectors, and under a normal force of 

only 20 kN (compared to 65 kN and 60 kN), the final condition of plates shows far 

greater evidence of wear, than in the case where one or more of the contacting surfaces is 

in the clean mill-scale state. 

 

Figure 3.10(d) shows again, an example where all contacting surfaces were in the 

polished condition. However, for this example, the normal force across the plates was 
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increased to nearly 38 kN. The outcome was the abrupt termination of the test after only 

around 200 mm of cumulative travel - due to the load capacity of the MTS unit being 

exceeded. It can be seen that the post-test condition of the plates shows remarkably little 

evidence of wear. There is only the occasional grouping of minor friction traces. 

Similarly, this is also the case for the CMS-Sa/POL and CMS-Sa/CMS-Sa of Figures 

3.10(e) and (f) respectively, after only 15 mm and 27 mm of cumulative travel.  

 

The observation that connectors can achieve high strengths with a minimum amount of 

visible wear, would seem to agree with the theory that adhesion (that is the shearing 

through of junctions formed by interatomic attractions) contributes the large part of the 

coefficient of friction, and the role played by deformation, which arises through the 

damage and ploughing of grooves in a softer material caused by the harder material, is 

actually rather small [4]. Figure 3.10(g) shows a larger scale view on the effects of 

deformation, with deep and irregular grooves evident, and the presence of large (up to 3 

mm diameter) transferred fragments from the softer (mild steel) to harder (Bisalloy 400). 

Figure 3.10(h) shows the condition of the POL/POL specimen that was friction welded 

during testing (specimen 400.20.1). After separating the plates, it was found that spot 

welds occurred at a single discrete location on both faying surfaces of the connector, and 

these can be clearly seen. 

 

What then is the role of mill-scale? Mill-scale is formed on steel during rolling, and 

consists of an outermost layer of ferric oxide, Fe2O3, a middle layer of magnetic oxide, 

Fe3O4, and a innermost layer of ferrous oxide, FeO [46]. The mill-scale as a whole is 

significantly softer than the underlying steel – refer to the hardness test results of Figure 

3.3.  

 

From tests on connectors in which all surfaces are in the clean mill-scale condition, 

friction tracks on both the mild steel and the Bisalloy 400 plates were observed after 

testing (see Figure 3.10(a)). It is clear that the soft mill-scale has been penetrated, 

exposing the underlying bright steel. From the relatively fresh nature of that part of the 

plates without friction traces, it is reasonable to assume that the large part of the frictional 

resistance is a result of the interaction of the underlying steel on both surfaces, at the 

location of the friction traces. It is suggested that during the initial stages of sliding, the 

mill-scale layers on both surfaces are quickly worn off and enough of the underlying 
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metal is exposed for sufficient real area, Ar, (refer Equation 3.7) to resist the applied 

normal force. The corresponding friction force is thus close to that found from Equation 

3.8 (typically corresponding to a coefficient of friction of around µ = 0.2). As cumulative 

travel increases, the real area Ar also increases (see Figure 3.9(d)), and this is 

accompanied by the observed rise in friction force (relative to the initial force) during 

testing (see Figures 3.8(b) and (c)). This supposition is consistent with the fact that the 

amount of real area, Ar, required to resist the normal force across the faying surfaces is 

typically very small.  

 

For example, consider a normal force of FN = 65 kN (adopted for many of the tests), and a 

penetration hardness, p, for the softer material (mild steel) of 1050 MPa ( note that p is 

assumed to be three times the yield strength [47],  i.e. p = 3 × fy = 3 × 350 MPa = 1050 

MPa). The initial real area Ar from Equation 3.7, is then found to be only 62 mm2, which 

even after perhaps doubling to 120 mm2 with increasing cumulative travel (see Figure 

3.9(d)), is still less than 1% of the nearly 12000 mm2 of apparent area available (consider 

the dimensions of the connector shown in Figure 3.2(a)). 

 

For CMS/POL, POL/CMS, CMS/POL-Sa, and CMS/CMS-Sa connectors (where one of 

the surfaces has mill-scale removed through polishing and/or sand-blasting, while the 

other surface is of clean mill-scale condition) the initial condition is that of a bright steel 

surface, pressing directly against a thin film of relatively softer material (which is the 

mill-scale) which is in turn layered on top of another hard steel surface. It has been found 

in other engineering applications, that a soft thin metallic film can provide a lubricating 

effect [47, 48], and this provides a possible explanation for the very low initial strengths, 

seen with this type of connector (see Figures 3.8(e) and (f)). The low initial strengths, 

typically maintain for a greater length of cumulative travel, than for comparable 

CMS/CMS connectors (see Figure 3.8(b)). Eventually however, after sufficient 

cumulative travel, the mill-scale is abraded away at certain limited locations on the steel 

surfaces. The subsequent increase in friction force then takes place in the manner 

described for CMS/CMS connectors.   
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3.6.  CONCLUSIONS AND RECOMMENDATIONS 

Previous research has confirmed the excellent elastoplastic characteristics of connectors 

that involve mild steel surfaces sliding against a harder, abrasion-resistant steel surface 

such as Bisalloy 400. This desired behaviour leverages off a general tribological 

principle, in which desirable and stable sliding between metal surfaces is typically 

obtained when one surface is significantly harder than the other. 

 

However, for the slip-friction connectors developed by a variety of researchers, 

experiments have been, to the knowledge of the authors, only carried out on specimens 

where the sliding surfaces are in the clean mill-scale condition. 

 

The research considered 20 specimens, on which a total of 30 experiments were 

performed.  The results show that when both surfaces of a sliding interface are smoothed, 

either by a process of polishing and/or  sand-blasting, in the process removing the mill-

scale, severe frictional behaviour is likely to result. Large fluctuations in sliding force and 

significant wear of the faying surfaces are manifested. This outcome might contradict 

what would be expected from common sense. However, it can be understood in terms of 

the adhesion theory of friction, and the concept of real and apparent areas of contact 

between two surfaces. 

 

Experiments were also carried out on connectors where surfaces of clean mill-scale 

condition were slid against polished or sand-blasted steel surfaces. While stable sliding 

did develop, there was no advantage observed over simply leaving both surfaces in the 

clean mill-scale state. In fact behaviour was in general, slightly worsened – particularly in 

the length of cumulative travel required to achieve stable sliding. A tentative and brief 

explanation for this is provided from tribological theory.  

 

Earthquake-resistant buildings that include slip-friction connectors of abrasion-resistant 

steel in sliding against mild steel have already been constructed, and more are anticipated. 

These structures depend on a reliable and stable sliding force, with minimal over-strength. 

Based on the findings presented in this chapter, it is strongly recommended that when 

specifying such connectors (symmetric or asymmetric) for inclusion in seismic resistant 

structures, and pending further research, it should be explicitly stated that all faying 

surfaces are in the clean mill-scale condition.  
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Current research involves the fabrication of a cheap and simple device that will allow the 

preconditioning of connectors in the workshop, through placing the connectors (while 

under design normal forces) under several cycles of small displacements. This will allow 

the connectors to immediately obtain their full sliding capacity when an earthquake 

strikes. 
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Chapter Four 

 

 

EXPERIMENTAL TESTING OF A ROCKING TIMBER SHEAR 
WALL WITH SLIP-FRICTION CONNECTORS 

 

Based on an article published in Earthquake Engineering & Structural Dynamics, volume 
42, issue 11, pages 1621-1639, September 2014 

 

 

Allowing a structure to uplift and rock during an earthquake is one way in which 

activated forces can be capped, and damage to the structure avoided or minimised. Slip-

friction connectors (also known as slotted-bolt connectors) were originally developed for 

use in steel construction, but for this research have been adapted for use as hold-downs in 

an experimental 2.4 m × 2.4 m rigid timber shear wall. A novel approach is used to 

achieve the desired sliding threshold in the connectors, and the wall uplifts when this 

threshold is reached. From a series of quasi-static cyclic tests, it is shown that slip-friction 

connectors can impart ductile and elastoplastic characteristics to what would otherwise be 

essentially brittle structures. Because forces on the wall were capped by the slip-friction 

connectors to levels well below the design level, no damage to the wall was observed. 

Self-centring potential was also found to be excellent. The slip-friction connectors 

themselves are of a unique design, and have proven to be robust and durable, adequately 

performing their duty even after almost 14 m of cumulative travel under high contact 

pressures. To resist base shear without unduly affecting rocking behaviour, a new type of 

shear-key is proposed and implemented, and a procedure developed to quantify its 

influence on overall wall behaviour.  
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4.1 INTRODUCTION 

While there has been a significant amount of research on freely uplifting (or rocking) 

structures in recent years, experimental work on similar structures adapted with energy 

dissipating slip-friction (or slotted-bolt) connectors has been rather limited. Nevertheless, 

numerical studies on timber shear walls by Loo et al. [20, 32] have found that the concept 

has significant promise in terms of mitigating damage and allowing self-centring during 

and after an earthquake. This chapter discusses experimental tests carried out on a rigid 

timber wall panel, fitted with slip-friction devices acting as hold-down connectors. Figure 

4.1(a) shows how the slip-friction connectors resist overturning of the wall, up to a pre-

determined threshold.  

 

 
Figure 4.1. (a) Forces under quasi-static loading, (b) slip-friction connector and hysteretic 

behaviour, and (c) experimental wall. 
 

Through the principle of moment equilibrium, the slip force, Fslip, of the connectors 

enable the base shear, V, to be capped below the desired level, thereby minimising, or 

even entirely eliminating damage. The slip-friction connector and its idealised hysteretic 

behaviour are shown in Figure 4.1(b), while Figure 4.1(c) shows the experimental wall, 

with the positions of slip-friction connectors and shear-key indicated. 

 

The main aims of this research were to: 

a. Gain an understanding of the hysteretic behaviour of rigid walls with slip-friction 

connectors. 

b. Demonstrate that the slip-friction device developed by the authors can be finely 

calibrated to cap wall strength to the desired level.  

c. Develop and test a shear-key that is able to not only resist activated base shear, but 

does not unduly affect the hysteretic stability of the rocking wall. 
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d. Confirm the expected self-centring capability of the structure, under minimal 

vertical loading. 

 

4.2 PREVIOUS RESEARCH 

As early as 1956, Housner [11] had derived a relationship governing the free rocking of a 

rigid block. Housner noted that during the Chilean earthquakes of 1960, tall, slender 

structures unexpectedly did not overturn, whereas structures apparently more stable 

incurred significant damage. Housner then analysed the free oscillations of a rocking 

block, and found that even though two blocks may be geometrically similar, there is a 

scale effect where a larger rigid block is more stable than the smaller block – thus 

providing a possible explanation for what he observed in Chile.  

 

While most research on rocking structures has focussed on rigid blocks, Acikgoz and 

DeJong [14] have addressed the fundamental dynamics of flexible rocking structures, and 

have shown that these structures have characteristics distinct from those of both elastic 

oscillators and rigid blocks.  

 

Ma et al. [49] noted that free rocking behaviour was an extremely complex, nonlinear 

phenomenon, where numerical and experimental results should be interpreted with 

caution (it should be noted that in cases where an overwhelming proportion of damping is 

provided through slip-friction connectors, this element of unpredictability is likely to be 

largely eliminated – refer research by Loo et al. [20, 32]). 

 

In the context of timber structures, an example of current research is the investigation of a 

novel gravity rocking solution for moment frame buildings. It is intended that during a 

major earthquake event, the beam-column joints open up in a rocking action, thereby 

capping activated base shears on the structure. Built-in steel friction connections at the 

beam-column joints help to contribute to moment resistance, while self-centring relies 

mainly on resultant gravity loads acting eccentrically to the column centre line. Small 

scale shake-table tests by Jamil et al. [50] have shown that self-centring performance is 

excellent, with very small residual drifts, and minimal damage to the steel friction 

connections, floor slabs, and framing members. Further research is planned on how to 

reduce peak drifts under near source earthquake ground motions.    
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Modified rocking structures with internal post-tensioned cables that resist overturning and 

provide self-centring capability have been researched for both engineered lumber and 

concrete [16, 51]. A timber building incorporating rocking shear walls with post-

tensioning has already been constructed in Nelson, New Zealand, with additional energy 

dissipation provided by a series of U-shaped steel plates inserted between the walls [19]. 

Bora et al. [30] has investigated precast concrete shear walls with load limiting 

asymmetric (this term is described further on in this section) slip-friction connectors as 

hold-downs, and has demonstrated that these otherwise brittle structures can be made to 

behave in a ductile manner. Resistance to base shear during rocking partly relies on the 

friction developed between the foundation and the compression corner of the wall about 

which rotation occurs. 

 

Comprehensive numerical studies were carried out by Loo et al. [20] on the use of 

symmetric slip-friction connectors with timber shear walls, in a way similar to that 

attempted by Bora et al. The walls of Loo et al. were flexible, and it was demonstrated 

that concentrating non-linear behaviour at the connectors enabled forces on the wall to be 

capped, and damage avoided. Just as importantly the ability of the walls to self-centre, 

even under low vertical loads, was found to be excellent.  

 

Slip-friction connectors (or slotted-bolt connectors), are typically one of two types – 

asymmetric or symmetric. Until recently, both types have relied on the use of brass shims 

to enable stable sliding behaviour. Lately however, Khoo et al. [4] has described 

experiments that show that asymmetric connectors can perform satisfactorily with 

hardened steel shims, while Loo et al. [8] has proposed symmetric connectors that 

eliminate the need for any type of shim whatsoever, and instead achieve stable sliding 

through a centre-plate of abrasion resistant steel directly in contact with mild steel.  

 

Symmetric connectors have the advantage over asymmetric connectors in having a more 

predictable threshold force for sliding that avoids an initial two-step slip-force profile (as 

found by Bora et al. [30] for asymmetric connectors), and the avoidance of complex 

stresses placed on the bolts and bolt-holes (see Loo et al. [8] for further details). Note that 

the connector shown in Figure 4.1(b) is a symmetric connector, and these will be the type 

used in the experiments of this chapter. 
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Further numerical studies were carried out by Loo et al. [32] on cross-laminated timber 

(CLT) walls that were essentially rigid. While CLT is an excellent material in terms of 

strength and stiffness to weight ratio, it nevertheless suffers from the drawback of very 

high response accelerations during an earthquake. Ceccotti et al. [25] reported a 

maximum response acceleration of 3.8 g, over a short time, at level 6 of an elastic CLT 

structure tested in Japan. The mean value for the maximum acceleration averaged over a 

period of 0.1 s was 1.7 g.  Loo et al. [32] modelled CLT walls both with and without slip-

friction connectors, and it was found that slip-friction connectors can reduce response 

accelerations and their associated base shears significantly, while allowing the structure to 

remain within code defined drift limits. 

 

In the following sections, the experimental wall and test set-up are described, followed by 

a discussion of the two critical components of the wall – the slip-friction connectors 

themselves and the shear-key. An analytical procedure is proposed to estimate the wall 

strength, taking into account the slip-friction connector sliding strength, the weight of the 

wall, any additional gravity loading, and just as importantly the friction developed in the 

shear-keys. The results of testing are explored in this context, followed by a discussion on 

self-centring capability. 

 

4.3 WALL FABRICATION AND TEST SET-UP 

Based on an assumed maximum racking force at the top of the wall of 70 kN, a 2.44 × 

2.44 m wall panel was designed and assembled from two 1.22m × 2.44 m, 45 mm thick 

laminated veneer lumber (LVL) panels. The experimental rig was set-up, as shown in 

Figure 4.2. Seventy kN was considered adequate to represent forces on a typical 5-storey 

timber building (67 kN was calculated for a building in a high seismicity region of New 

Zealand, refer Loo [52]).  

 

Studs and plates (cross-section 300 mm × 45 mm), also of LVL, were used to join the 

wall panels (see Figure 4.2(e)). Screw connections were adopted because they provide a 

very stiff connection -compared to nails. Approximately 700 countersunk, square socket 

head, 4.9 × 75 mm screws were used in total. Note that along the vertical centre line and 

along the top and bottom of the assembled wall, studs and plates were secured on both 

sides, while at the ends of the wall, studs were placed only on one side.  
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Figure 4.2. Experimental wall: (a) General set-up, (b) force transfer plates with flattened 

Belleville washers, (c) LVDT to record vertical displacement, (d) hydraulic actuator and draw-
wire (bolded for additional clarity), and (e) elevation of wall showing arrangement of timber 

members, slip-friction connectors, shear plates, and shear pins (dimensions in mm). 
 

To restrain the wall in the out of plane direction, 135 mm × 25 mm LVL planks screwed 

side-by-side to a 100 mm × 50 mm member (see Figure 4.2(a)) formed a channel through 

which the wall would move with a 3 mm gap on either side. For prevention of out-of-

plane motion at the base of the wall, vertical steel plates were installed between the shear-

key and the slip-friction connectors.  

 

The hydraulic actuator, fitted with a 100 kN load cell, was used to apply racking force to 

the top wall corner (see Figure 4.2(d)). The force from the actuator was transferred via 

900 × 100 × 10 mm thick mild steel plates on both sides of the wall. These force-transfer 

plates (see Figure 4.2(b)) were secured to the wall by five 25 mm diameter bolts acting in 

double shear. Typically, bolted connections are prone to ‘slop’ during loading [53], 

however this was anticipated and so the bolts were tensioned using Solon 16L150 

Belleville washers (details in Table 4.1 in Section 4.4.1) placed under the heads of both 

bolts and nuts. The nuts were turned to the point where the Belleville washers were flat 

resulting in approximately 50 kN of tension in each of the bolts.  

 

The static coefficient of friction for dry wood on steel is around 0.65 [54], and adopting 

this value the mobilized frictional resistance is likely to be over 300 kN (5 bolts × 2 

surfaces × 50 kN × 0.65 = 325 kN). This is over four and a half times the maximum 



67 
 

expected racking force of 70 kN. During all the tests carried out, the transfer plates were 

carefully monitored for slip, and as expected none was observed – confirming the rigidity 

of the connection, at least under the loads considered. The weight of the wall was 

calculated as 2.85 kN (based on an LVL density of 560 kg/m3), the actuator weight is 

approximately 0.7 kN (half of this imposed on the wall), and the force transfer plates 

weighed 0.25 kN.  

 

The slip-friction connectors were attached to the end chords of the wall by riveted 

connections, and secured at the other end to the foundation using a single 24 mm bolt 

acting in double shear between steel brackets welded to the foundation. The shear-key 

assemblage consisted of two solid steel 25 mm diameter pins inserted through the base of 

the wall, and bearing against upright mild steel plates on both sides of the wall (see 

Figure 4.2e)). These mild steel plates were welded to the 32 mm thick foundation steel 

plates.  

 

LVDTs at the bottom corners recorded vertical uplift and a draw-wire was used to record 

horizontal displacement (see Figures 4.2(c) and (d) respectively). The slip-friction 

connectors and shear-key are discussed in greater detail in the next section.  

 

4.4 PROVIDING RESISTANCE TO OVERTURNING AND SLIDING 

Ideally speaking, the wall would have its resistance to overturning moment. Mr (and 

hence base shear) contributed to only by its self-weight (and any additional vertical 

loading), and the slip-threshold, Fslip, of the slip-friction connectors. In this way, the 

strength of the wall would be highly predictable, and this is desired when designing a 

structure for a certain level of ductility. However, it is unavoidable that the shear-key will 

contribute to overturning resistance due to mobilised friction within itself. In this section, 

the slip-friction connectors are first described, followed by a discussion of the shear-key. 

A method is proposed to quantify the influence of shear-key friction on the overall 

moment resistance of the wall, and how this can be kept to a minimum. 

 

4.4.1 Slip-friction connectors 

As already mentioned, the slip-friction connectors used with the experimental wall have a 

symmetric sliding mechanism. Unlike other slip-friction connectors in use, the connectors 

do not have shims, and the abrasion resistant steel (Bisalloy 400) of the inside-plate was 
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thus in direct contact with the two outside plates. All three plates of the slip-friction 

connector were 12 mm thick. The two outside plates were 314 × 100 mm mild steel, and 

the inside-plate was 423 × 100 mm, with a 24 mm wide slot that allowed an upwards 

displacement amplitude of 80 mm (corresponding to a drift of 4% - note that code 

mandated maximum design drifts for the ultimate limit state are around 2.5% in New 

Zealand [19], thus the wall will be tested to what would be expected to be well beyond 

the design displacement range of any actual implementation of the concept).  

 

The slot was made slightly wider than the 20 mm tension bolt diameters. This was done 

in order to accommodate some expected twisting and expected minor lateral movement of 

the inside-plate relative to the outside plates. A small vertical gap of approximately 5 mm 

was also provided between the top of the slot and the top tension bolt. This essentially 

eliminates the possibility of the slot ends impacting against the top bolts and preventing 

the bottom corners of the timber wall from coming into full contact with the foundation. 

To provide a rigid connection between the slotted inside-plate and the wall, steel rivet 

connections were used. Figure 4.3(a) shows the connector riveted to the end chord of the 

wall, while Figure 4.3(b) shows how the connector is anchored to the foundation plate. 

 

 
Figure 4.3. Slip-friction connector: (a) riveted to end chord, (b) pinned connection to foundation 
plate bracket, (c) four Belleville washers stacked in series, and (d) using a depth micrometre to 

gauge the deflection of the washer stack. 
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While bolts can easily provide the required strength, they invariably demonstrate ‘slop’ 

and localised crushing of the timber material [53] under cyclic loading. Wood screws can 

provide the necessary stiffness - however they are required to be spaced at relatively large 

distances, which can render them unfeasible for implementation in this context. While 

seldom used in timber construction, to date, rivets are currently under study at the 

University of Auckland, and it has been shown that they can provide extremely stiff 

connections with a very high transfer load per unit area, compared with screws and bolts. 

Furthermore no reduction of timber cross-section area needs to be accounted for in terms 

of the rivet holes, with the driven rivets pushing aside the timber fibres, rather than 

cutting through them, as would be the case with bolts and screws.  

 

Zarnani and Quenneville [55] have developed an original analytical model to describe the 

behaviour of rivets in timber, and from this model produced a set of design equations, 

which have been further verified by comprehensive experimental testing.  For the wall, 

the authors adopted 24 × 65 mm long rivets, at a spacing of 25 mm in both the vertical 

and horizontal direction. The rivets were simply hammered by hand through 6.9 mm 

round holes, drilled through the connector’s inside plate, into the wood. 

 

To achieve the desired connector strength (or sliding force), Fslip: 

 

bbsslip TnnF 
         

(4.1) 

 

where ns is the number of surfaces in sliding (two in this case), nb is the number of bolts 

(two), Tb the tension in a single bolt, and μ the coefficient of friction. For the slip-friction 

connectors, μ = 0.36 is adopted - this value being the average from component tests on 

connectors of abrasion resistant steel (Bisalloy 400) sliding against mild steel, carried out 

by Loo et al. [8].  Chanchi Golondrino et al. [31] obtained a figure that was quite similar 

(0.39). 

 

Belleville washers were used to achieve and maintain the required tension in the bolts, Tb 

(see Figure 4.3(c)). These washers are essentially springs that can be stacked together as a 

series of parallel stacks (see Figure 4.4). If nparallel is the number of washers in a single 

parallel stack, nseries the number of parallel stacks placed in series, and Pflat the ‘flat’ (or 



70 
 

maximum) load of a single washer in the fully deflected state, δflat, the maximum possible 

force applied by a stack of Belleville washers is then: 

 

flatparalleltotal PnP 
         (4.2) 

 

and the total stack deflection, δtotal, required to achieve, Ptotal is:     

 

flatseriesstackflat n  ,    
      (4.3) 

 

 
Figure 4.4. Belleville washers: dimensions, and examples of arrangements in series and 

parallel. 
 

Assuming a linear load-deflection relationship throughout the maximum possible range of 

deflection; the deflection of the stack to achieve the desired bolt tension, Tb, is then: 

 

stackflat
total

b
Tb P

T
,           (4.4) 

 

From the geometry (see Figure 4.4), the height of the Belleville stack with zero 

deflection, h0, is: 

 

  seriesflatparallel ntnh  0
       (4.5) 

 

where t is the thickness of a single washer. The final height of the washer stack, hTb, to 

achieve a desired Tb is thus obtained by subtracting Equation 4.4 from Equation 4.5: 

  stackflat
total

b
seriesflatparallelTb P

T
ntnh , 

  
   (4.6) 
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and substituting for Ptotal and δflat,stack, from Equations 4.2 and 4.3 respectively: 

 

  flatseries
flatparallel

b
seriesflatparallelTb n

Pn

T
ntnh        (4.7)  

 

In the experiments of this chapter, the height of the Belleville stack, hTb, was achieved 

through the use of a depth micrometre accurate to 0.0127 mm (refer Figure 4.3(d)). The 

depth micrometre measured the required height of the entire washer stack, including the 

thickness of the ordinary flat washer capping and protecting the Belleville stack.  

 

It should be noted that this method of tensioning bolts is a novel one. Previous researchers 

have relied on the use of direct tension indicators washers (expensive and not always 

readily available), or used what is known as the ‘turn of the nut’ and torque wrench 

methods. However the authors believe that directly measuring the deflection of the 

washer stack and using them in a non-flattened position, is likely to provide the best 

outcome in terms of accuracy and long term robustness of performance, and research is 

planned to provide additional substantiation of this new approach. 

 

Table 4.1 shows the specifications of the Belleville washers (manufactured by Solon 

Manufacturing Co., USA [34]), with the M20-L-3.4 and M20-40-2.25-177’s used with 

the slip-friction connectors, and the 16L150’s used only with the actuator force-transfer 

plates (refer Section 4.3). 

 

Table 4.1. Solon Belleville washer details [34] 

Part Number 
Inside dia. 

(mm) 
Outside 

dia. (mm) 
Thickness, 

t (mm) 
Flat deflect, 

δflat(mm) 
Height 
(mm) 

Flat Load, 
Pflat (N) 

M20-L-3.4 20.60 44.45 3.40 0.914 4.32 37810 
M20-40-2.25-177 20.60 40.01 2.34 0.787 3.20 14995 

16L150 26.16 50.80 3.91 0.787 4.85 49820 
 

At this point, it should be mentioned that the load-deflection relationship is not always 

entirely linear. This is due to a pronounced increase in strength near the limit of 

maximum deflection that occurs in some, but not all, types of Belleville washers. This can 

lead to an overestimation of the actual stiffness for most of the range of deflection of the 

washer if Pflat/ δflat is adopted for stiffness. In these cases Equation 4.7 is re-expressed and 

should be used as follows: 
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  series
bellparallel

b
seriesflatparallelTb n

kn

T
ntnh        (4.8)  

 

where kbell is the general stiffness of the Belleville washer, for the displacement range that 

excludes the sharp increase in load near the point of maximum deflection. The load 

deflection relationship can typically be found from the manufacturer’s literature. 

However, for these experiments, the relationships were experimentally obtained in the 

test hall for the M20-L-3.4 and M20-40-2.25-177 washers, with averaged values of kbell = 

37.23 kN/mm (90% of Pflat / δflat) and 12.69 kN/mm (67% of Pflat / δflat) respectively.  

 

4.4.2 Shear-key – minimisation of supplemental moments 

It is important that the shear-key (see Figure 4.5) does not contribute unduly to the overall 

moment resistance, and that most of the resistance to overturning is provided by the slip-

friction connectors.  

 
Figure 4.5. (a) Shear-key, (b) forces on wall under loading P (note that T and µPcos(ϕ) are the 

maximum possible mobilised forces). 
 

How to account for the effect of the shear-key on moment resistance and overall wall 

strength is discussed. A note on terminology: the shear-pins refer to the two horizontal 25 
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mm diameter steel rods (mild steel for tests 19.6/1 to 15.8/2 of Table 4.2, Grade AISI 

4140 for remaining tests) steel rods inserted through the wall near its base (see Figure 

4.5(a)), while the shear-plates, refer to the upright 12 mm thick mild steel plates that are 

placed on both sides of the wall. The shear-pins together with the shear-plates constitute 

the shear-key. As should be apparent from Figure 4.5(a) & (b), for any shear-pin/shear-

plate pair, the direction of racking force resisted is in the direction of shear-pin to shear-

plate. Thus for the case shown in Figure 4.5(a), the left shear-pin/shear-plate pair resists 

racking forces towards the right, while the right pair resists racking forces towards the 

left.  

 

In order to develop a relationship to account for friction in the shear-key, consider a shear 

wall with a shear-key resembling that of Figure 4.5(a) subjected to a racking force P, 

causing an overturning action about the bottom right corner, O (see Figure 4.5(b)). 

Resistance to P comes from the left shear-pin bearing against the shear-plate. The shear-

pin is at horizontal and vertical distances b and h respectively from O. The edge of the 

shear-plate in bearing is inclined at ϕ from the vertical.   

 

The overturning moment from P is:  

 

HPMo             (4.9) 

 

Restraining moment from the slip-friction connector, Mrsf, is:  

 

          (4.10) 

 

Restraining moment from gravity, Mrw, is:  

 





n

i
ii

self
rw lW

BW
M

12
         (4.11) 

 

where Wself  is self-weight of the structure, and Wi and li are respectively the weight and 

horizontal distance of the ith imposed load of a total of n vertical loads (excluding self-

weight). 
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The restraining moment from forces on the shear-pin, Mrp is: 

 

    'cos'cos yPxPM rp           (4.12) 

 

where μ is the coefficient of friction between shear-pin and the edge of the shear-plate, 

and ϕ the angle of the edge from the vertical. From the geometry (see Figure 4.5(b)), x’ 

and y’ are: 

 

))/(tancos()(' 12/122 bhbhx          (4.13) 

 

))/(tansin()(' 12/122 bhbhy          (4.14) 

 

Thus: 

 

 ))/(tansin())/(tancos(cos)( 112/122 bhbhbhPMrp
     (4.15) 

 

The total resistance against overturning Mr is: 

 

rprwrsfr MMMM          (4.16) 

 

and in terms of the geometrical properties of Figure 4.5(b) is: 
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(4.17) 

To further explore the effects of geometry on the restoring moment, Mrp, Equation 4.15 is 

re-expressed: 

 

PKM mrprp            (4.18) 
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where Kmrp is the constant representing the effects of the geometric properties of the 

shear-key, and the coefficient of friction, μ: 

 ))/(tansin())/(tancos(cos)( 112/122 bhbhbhKmrp
      (4.19) 

 

Thus minimising Kmrp is imperative in order to avoid undue influence of the shear-keys 

on the overall rocking performance. For the 2.44 × 2.44 m wall, the effect of both μ and φ 

on Kmrp (with h =0.05 m and b = 1.46 m) are illustrated in Figure 4.6(a). 

 

 
Figure 4.6. Effect of φ and μ on (a) Kmrp, and (b) contribution to overall moment resistance from 

the shear-key, as a percentage. 
 

It can be seen that inclining the shear-key at a slight angle from vertical can significantly 

reduce the moment resistance of the shear-key. For example, for a coefficient of friction, 

μ= 0.4, sloping the contact surface at only 12 degrees from the vertical almost halves the 

moment contribution of the shear-key (note that negative values of Kmrp represent a 

positive contribution to the overturning moment). Figure 4.6(b) shows the effect of μ and 

ϕ on the percentage contribution of the shear-key to the overall moment resistance of the 

wall, with the slip-friction connectors providing most of the remainder - the effect from 

gravity loading being relatively small in this case. 

 

By equating Equation 4.9 with the total moment resistance, Mr: 
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The racking force P required to just cause overturning (i.e. the strength of the wall) is: 

mrp
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self
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12          (4.21) 

 

To find the minimum connector strength, Fslip, required to just resist overturning from 

racking force, P, Equation 4.21 is re-arranged: 
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       (4.22) 

 

Equations 4.21 and 4.22 are used in later sections to predict wall strengths, given slip-

friction connector strengths, and vice-versa. 

  

4.5 EXPERIMENTAL TESTING 

A series of quasi-static cyclic tests were carried out on the wall. The slip-friction 

connectors were set to various strengths, Fslip, and the test matrix of Table 4.2 includes 

the Belleville washer arrangements used to achieve these strengths (refer to Section 4.4.1 

for the methodology). Note that the tests are coded according to date and order carried 

out. For example, test 19.6/5 is the 5th test carried out on the 19th June (of 2013). Note 

also, that for all the tests nparallel = 1, and the stack height of the final column includes the 

thickness of a 4.1 mm flat capping washer used to protect the Belleville washers.   

 

For five of the tests (13.8/2, 13.8/3, 14.8/2, 15.8/1, and 15.8/2) the displacement 

schedules were a series of  three or four cycle sets performed at successively increasing 

amplitudes of 25 mm, 50 mm, 75 mm, and 100 mm (see Figure 4.7). For the other tests, 

just enough displacement cycles were carried out so as to obtain stable hysteretic 

behaviour and a reasonable estimation of wall strength, P. These abridged displacement 

schedules were used so that a relatively large number of tests could be carried out without 

causing undue wear to the slip-friction connectors. 
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Table 4.2. Test matrix and Belleville washer arrangement 

Test 
Target 

Fslip 
(kN) 

Belleville washer configuration   

Type 
Bolt 

tension, 
Tb (kN) 

nseries

Initial 
stack 

height, h0 
(mm) 

Deflection, 
δTb (mm) 

Stack 
height 
(mm) 

19.6/1 8.10 M20-L-3.4 5.63 4 17.272 0.604 20.768 
19.6/2 16.20 M20-L-3.4 11.25 4 17.272 1.209 20.164 
19.6/3 24.30 M20-L-3.4 16.88 4 17.272 1.813 19.560 
19.6/4 32.40 M20-L-3.4 22.50 4 17.272 2.417 18.955 
19.6/5 16.20 M20-L-3.4 11.25 4 17.272 1.209 20.164 
19.6/6 8.10 M20-L-3.4 5.63 4 17.272 0.604 20.768 
19.6/7 24.30 M20-L-3.4 16.88 4 17.272 1.813 19.560 
19.6/8 36.45 M20-L-3.4 25.31 4 17.272 2.720 18.653 
19.6/9 12.15 M20-L-3.4 8.44 4 17.272 0.907 20.466 

19.6/10 12.15 M20-L-3.4 8.44 4 17.272 0.907 20.466 
20.6/1 3.00 M20-40-2.25-177 2.08 3 9.600 0.492 13.209 
20.6/2 6.00 M20-40-2.25-177 4.17 3 9.600 0.984 12.717 
20.6/3 9.00 M20-40-2.25-177 6.25 3 9.600 1.476 12.225 
20.6/4 12.00 M20-40-2.25-177 8.33 3 9.600 1.968 11.733 
20.6/5 9.00 M20-40-2.25-177 6.25 3 9.600 1.476 12.225 
21.6/1 20.25 M20-L-3.4 14.06 4 17.272 1.511 19.862 
9.7/2 20.25 M20-L-3.4 14.06 4 17.272 1.511 19.862 

12.8/2 16.20 M20-L-3.4 11.25 4 17.272 1.209 20.164 
13.8/1 16.20 M20-L-3.4 11.25 4 17.272 1.209 20.164 
13.8/2 16.20 M20-L-3.4 11.25 4 17.272 1.209 20.164 
13.8/3 28.35 M20-L-3.4 19.69 4 17.272 2.115 19.258 
14.8/1 36.45 M20-L-3.4 25.31 4 17.272 2.720 18.653 
14.8/2 36.45 M20-L-3.4 25.31 4 17.272 2.720 18.653 
15.8/1 12.15 M20-L-3.4 8.44 4 17.272 0.907 20.466 
15.8/2 24.30 M20-L-3.4 16.88 4 17.272 1.813 19.560 

 

 

 

Figure 4.7. Displacement schedule (or similar) used for selected tests. 

 

Table 4.3 shows the number of displacement cycles for each test, maximum vertical and 

horizontal displacements, and the slip travel at each of the slip-friction connectors.  
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Table 4.3. Details of quasi-static displacement schedules 

Test 
Number 

of 
cycles 

 Max. displacements (mm)  Total slip travel (mm) 

 Horiz. 
Vertical at 
left SFC 

Vertical at 
right SFC 

 Horiz. 
Vertical at 
left SFC 

Vertical at 
right SFC 

19.6/1 4 67 51 50 888 338 333 
19.6/2 4.5 111 76 41 828 306 295 
19.6/3 5 52 52 53 859 313 281 
19.6/4 4.5 108 75 57 934 330 290 
19.6/5 4.5 85 73 64 1046 385 350 
19.6/6 7 144 76 45 1564 576 579 
19.6/7 4.75 101 75 64 938 349 319 
19.6/8 3.5 80 58 42 750 233 208 
19.6/9 3.5 109 73 55 795 293 143 

19.6/10 5.75 108 75 74 1433 423 435 
20.6/1 4.5 153 76 39 1178 493 312 
20.6/2 5 145 76 73 1362 423 460 
20.6/3 3.5 146 75 65 1117 342 363 
20.6/4 4.5 144 75 75 1265 302 446 
20.6/5 3.5 145 76 73 1177 319 362 
21.6/1 5.5 122 75 73 1267 399 393 
9.7/2 3.25 61 46 47 629 210 193 
12.8/2 3.75 132 75 59 1021 394 377 
13.8/1 4.75 67 48 49 999 413 407 
13.8/2 12 105 75 74 2983 1175 1185 
13.8/3 14 129 76 67 3573 1268 1373 
14.8/1 7.5 93 53 72 1592 545 560 
14.8/2 14.5 100 75 73 3506 1339 1388 
15.8/1 14.25 109 78 76 3709 1489 1458 
15.8/2 14.25  102 76 75  3543 1470 1262 

 

From Table 4.3 it is apparent that the horizontal displacements tend to be larger than the 

vertical. This is mostly the consequence of the shear plate being placed at 12 degrees 

from the vertical (see Figure 4.5(a)). As the wall tilts under loading, the load-bearing 

shear-pin will also ascend, while at the same time sliding against the shear-plate. This will 

naturally give rise to a small amount of horizontal translation, which becomes part of the 

total horizontal displacement measured at the top corners of the wall, but has little effect 

on vertical displacement. 

 

Note that by the end of the final test (test 15.8/2), the two slip-friction connectors had 

cumulated around 14 m of slip travel under high contact pressures, yet still performed as 

expected. 
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4.6 RESULTS AND DISCUSSION 

4.6.1 Wall strengths 

For each of the tests, the energy dissipated (see Figure 4.8(a)) was evaluated by summing 

up the area enclosed by the hysteresis loops. The stable peak strengths for both pushing 

(positive force) and pulling (negative force) were recorded through the load cell and are 

shown in Figure 4.8(b).  

 

 

Figure 4.8. Test results (a) Energy dissipated, (b) wall strengths 

 

Because racking forces were capped by the slip-friction connectors to around their 

expected levels, the wall showed no signs of damage, apart from some minor rotation of 

the slip-friction connectors relative to the wall (further discussed in Section 4.6.3). 

 

In order to investigate the influence of the shear-key on the wall strengths, the averaged 

measured wall strengths of Figure 4.8(b), were compared with strengths ‘predicted’ by 

Equation 4.21. Equation 4.21 was used to obtain a predicted strength for each of the 

targeted slip-friction strengths, Fslip, of Table 4.2, and for a range of values of coefficients 

of friction, μ, for the shear-pin/shear-plate interface. For all tests the angle of the shear-

plate from the vertical was 12 degrees, and for tests up to and including 9.7/2 in Table 

4.2, the positioning of the shear-pins is described by b = 0.96 m and h = 0.06 m. For the 
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remaining tests b = 0.05 m, and h = 1.46 m. 

 

The results are shown in Figure 4.9, and it is clear that for the values of coefficient of 

friction considered, it is μ = 0.8 that provides the closest agreement between predicted 

and actual strength. This value is in considerable agreement with the literature for steel on 

steel - Rabinowicz [41] reports a figure of 0.80, while Kreith [56] provides 0.75. Another 

source provides a figure of 0.74 [57].  

 

 
Figure 4.9. Comparison of actual strength with predicted strength, calculated for various 

coefficients of friction within the shear-key, μ. 
 

From Figure 4.9, it can be observed that, while μ = 0.8 certainly provides the closest 

agreement between actual and predicted strengths, any value of μ in the range of 0.6 and 

0.9 would still have been able to predict wall strength reasonably, with the result not 

being overly sensitive to variation of coefficient of friction within that range. A 

coefficient of friction of μ = 0.8 and shear-plate angle of ϕ = 12 degrees means that the 

contribution to moment resistance from the shear-key will be around 37% (refer to Figure 

4.6(b)), which is high. However for a typical practical implementation of this wall, the 

aspect ratio would be expected to be greater than one, as is the case for the experimental 

wall. Typical walls in a real building would likely have aspect ratios of two or even three, 

in which case the shear-key would contribute only around 18% and 12% respectively of 
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the total moment resistance. Additional reductions could also be achieved by increasing 

the angle of inclination, ϕ, and with taller structures this could be done without 

significantly adding to overall drift.  

 

In spite of the relatively large contribution of the shear key to the moment resistance of 

the wall, the hysteretic behaviour was nonetheless surprisingly stable – as discussed in the 

next section. 

 

4.6.2 Hysteretic behaviour of wall 

Figure 4.10 shows the horizontal force-displacement behaviour for three of the tests 

(representative of the results in general), for wall strengths of around 25 kN, 40 kN, and 

60 kN. The stability of the peak force was excellent in all cases, and the shape of the 

hysteresis loops elastoplastic. For the tests of Table 4.2 up to and including 9.7/2 

(including test 21.6/2 of Figure 4.10(a)) there is some displacement that occurs at more or 

less zero force – indicating some ‘slop’ manifesting itself as sliding of the wall with 

respect to the fixture base.  

 
Figure 4.10. Racking force-displacement, and force time-histories for tests (a) 21.6/2, (b) 13.8/2, 

and (c) 14.8/2. 
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This was due to the installation process in which there was approximately a 10 mm gap 

between the shear-pins and the shear-plates. Following this observation, it was felt that 

improving the installation process would reduce this problem – so for the remaining eight 

tests, the steel pins were first installed, and then the plates welded directly against them, 

in this way achieving a tighter fit. This resulted in the problem being essentially 

eliminated (refer Figures 4.10(b) and (c)).  

 

The wall was observed during and after each of the tests and no damage or movement of 

the screw connections was noted. This was expected – particularly considering the fact 

that the largest racking force placed on the wall at any time was around 60 kN, and for a 

2.44 m × 2.44 m × 0.045 m thick wall of elastic modulus 13200 MPa (for laminated 

veneer lumber), the elastic deflection would only have been around 0.4 mm. Thus the 

force-displacement characteristics of the wall can be assumed to be almost entirely reliant 

on the behaviour of the slip-friction connectors, the shear-key, and how they interact with 

the wall and with each other. 

 

4.6.3 Hysteretic behaviour of the slip-friction connectors 

The hysteretic behaviour of the slip-friction connectors, typical of that of most of the 

tests, is shown in Figure 4.11.  

 
Figure 4.11. Slip-friction hysteretic relationships for tests (a) 13.8/2, (b) 21.6/2, and (c) 14.8/2. 
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While the force in the connectors could not be directly measured, they were calculated 

from the push and pull racking forces at each time step, using Equation 4.22. From Figure 

4.11, it can be seen that stable hysteretic behaviour was obtained in the connectors, with 

excellent maintenance of both strength and stiffness. The small initial displacement of 

around 2 mm, at zero force, is related to the tolerance between the 24 mm bolt, used to 

pin the connector to the foundation, and the associated bolt holes.  

 

Interestingly the results for Figures 4.11(b) and 4.11(c) show a clear but small increase in 

negative (compression force) of around 2.5 to 3 kN near the point of zero displacement, 

that represents the application of self-weight and imposed loading upon contact of the 

wall corner with the foundation. 

 

In spite of the cumulated sliding travel of both connectors being over 14 m (calculated 

from Table 4.3) by the time of the conclusion of the last test, little damage was observed 

to the sliding surfaces of the connector, with no gouging or obvious signs of wear.  While 

this was achieved under quasi-static conditions, similar promising behaviour was found 

from a suite of component tests carried out by the authors, in which abrasion resistant 

inside-plates against mild steel showed similar durability and an ability to retain strength 

and stiffness after many cycles of rapid loading. 

 

The riveted connection of the slotted inside-plate performed well, with essentially zero 

slip in the parallel to grain (or vertical) direction recorded, as expected. There was 

however some rotation of the connector about the centre of rotation of the rivets. 

Interestingly this rotation did not appear to affect the longitudinal strength and stiffness of 

the riveted connection.  

 

Research on riveted connections has found that for the perpendicular-to-the-grain 

direction, the wood fibres can elastically deform and accommodate small movements of 

the rivets, without splitting. Thus, with the wood fibres remaining undamaged, the rivets 

can maintain their strength and stiffness longitudinally, in spite of some lateral strain [58]. 

This was indeed found to be the case for these experiments, and even with the final test, 

the initial ‘slack’ movement at the onset of testing is barely more than what was the case 

for the first test - thus attesting to the fact that the riveted connection had lost little, if any 

stiffness or strength in the longitudinal direction.  
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4.6.4 Self-centring ability 

It should be apparent from the geometry of the wall setup that zero residual uplift in the 

connectors after an earthquake will automatically mean horizontal self-centring (the 

converse is not necessarily the case, with horizontal self-centring possible even with 

residual uplift displacements). Therefore it is desired that the wall demonstrate a tendency 

to descend at one end, while the opposite end uplifts, and that this can happen under 

minimal vertical loading.  

 

Assume the top of the wall is subjected to a racking force towards the right, and C is the 

compression force at the bottom-right corner of the wall that would occur with the wall in 

direct contact with the foundation and prevented from downwards displacement. If the 

racking force is large enough to cause uplift at the left end of the wall, and conservatively 

ignoring friction in the shear key, then C is: 





n

i
ileftslip WFC

1
.

         (4.23) 

 

where Fslip.left is the sliding force of the left connector, Wi is the ith vertical load of n 

vertical loads on the wall. If the right end of the wall has some positive vertical 

displacement, all that is required for descent to occur simultaneously with uplift at the left 

end, is for the calculated value of C to overcome the slip-force, Fslip.right, at the right 

connector: 

 

rightslipFC .
         (4.24) 

 

Or alternatively expressed, for the right side of the wall to descend: 
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        (4.25) 

 

And similarly for the left side of the wall to descend while the right side uplifts: 
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        (4.26)
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And thus for both sides to be capable of descending:  

 





n

i
irightslipleftslip WFF

1
..

        (4.27) 

 

For the tests described in this chapter, the only vertical loads were from the self-weight of 

the wall, half the weight of the actuator, and the weight of the actuator plates (a total 

weight of around 3.5 kN). It should be noted that this relatively small vertical load means 

that in terms of evaluating self-centring potential, the analysis will be conservative. This 

is because any actual implementation of the wall would likely be higher than a single 

storey, and hence involve larger self-weight, and the possible inclusion of additional 

imposed loads. Additionally consideration of friction in the shear key could also 

contribute to an increase in C, and this will typically aid in re-centring.  

 

The connector forces were calculated using Equation 4.22 as a function of the 

experimentally measured racking forces, P, and with an assumed μ = 0.8 for the shear-key 

(see Section 4.6.1) and these results are shown in Figure 4.12(a).  

 
Figure 4.12. (a) Calculated connector strengths, Fslip, for all tests (b) vertical displacements at left 
and right connectors, showing simultaneous uplift and descent for wall strength of approximately 

60 kN (Test 14.8/2). 
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It can be seen that for all tests, the technique of setting connector force (described in 

Section 4.4.1) enabled the connectors at both ends of the wall to achieve strengths very 

close to each other, the maximum difference being 2.2 kN (although it could be argued 

out that μ=0.8 for the shear key was found from the targeted values of Fslip, and to now 

back-calculate Fslip based on the same figure is perhaps circular in reasoning – however 

the exercise is useful in being able show that the discrepancies in Fslip between the two 

slip-friction connectors are likely to be low). 

 

Figure 4.12(b) shows the vertical displacement time history at the position of the slip-

friction connectors for Test 14.8/2. The total vertical load of around 3.5 kN is more than 

sufficient to enable downward movement and elimination of residual displacements, even 

against slip-friction connectors with strengths of almost 40 kN. 

 

It should be noted that numerical studies carried out by Loo et al. [20, 32], have shown 

that walls with slip-friction connectors, both flexible and rigid, and subjected to a variety 

of earthquake simulations, do in fact show excellent re-centring capability - even under 

very low levels of gravity loading. The overall behaviour of the wall of this study would 

suggest that an actual implementation of the concept, under a design level earthquake, 

would likewise experience only very small amounts of residual drift. Experiments on 

scaled models under dynamic conditions are planned to provide further substantiation of 

this point. 

 

4.7 CONCLUSIONS AND FUTURE RESEARCH 

A rigid timber shear wall, typically an essentially brittle structure, has been made, through 

the use of slip-friction connectors, to behave in a highly elastoplastic manner. The type of 

slip-friction connector used is unique in not having shims of any kind. Instead, sliding 

takes place directly between the abrasion resistant steel of the inside plate, and the mild 

steel outside plates. The design has proven to be robust and durable, with few signs of 

wear or tear – even after around 14 m of cumulative travel under high contact pressures.  

 

A new method was used to obtain the desired level of tension in the bolts of the slip-

friction connectors, and appears to be able to set connector strengths with a considerable 

degree of precision – as evidenced by the very small discrepancies in strength found 

between the connectors at either end of the wall. This enabled the wall, under a very small 
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amount of vertical load, to rock with one end descending while the other end was 

uplifting – this ability is essential for good self-centring performance.  

 

The shear key performed well, and did not appear to adversely affect the rocking and 

hysteretic behaviour of the wall. The analytical method which was introduced to quantify 

the effect of friction in the shear-key on wall behaviour, provided a reasonable result for 

the coefficient of friction of the shear-pin/shear-plate interface. 

 

Future research will involve testing the same wall structure using alternative shear-key 

configurations, and also the construction of a modified version for small scale shake table 

testing. The proposed concept has excellent promise as a means of realising damage 

avoidance philosophy in not only timber structures, but structures of any type designed to 

uplift and rock.    
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Chapter Five 

 
 
 
MOTION OF A ROCKING TIMBER WALL WITH SLIP-FRICTION 

CONNECTORS 
 
 

Based on an article currently under review with Earthquake Engineering & Structural 
Dynamics 

 
 

The motion of a rocking rigid timber shear wall that implements slip-friction devices as 

hold-downs in conjunction with a shear key consisting of steel rods bearing on upright 

steel plates is investigated. The motion of the proposed structure has six distinct phases of 

movement, and unlike the case of a free rocking block in which there is continuous 

contact with the foundation during excitation, the proposed structure is lifted completely 

away from the foundation for a significant part of its response to excitation. Equations are 

derived to describe these phases of movement and their associated racking forces, and an 

analytical procedure developed that readily allows for the rapid investigation of the 

dynamic behaviour of the wall under various loading schedules. The placement of the 

shear key to provide the best prospects for re-centring is discussed, and the rotations 

induced between the timber rivets of the slip-friction connectors and the wall, are 

explored in terms of their impact on wall behaviour. The analytical results correspond 

well with quasi-static results from an experimental wall. 

 

 

5.1 INTRODUCTION 

(Significant parts of this section overlap with material presented in previous chapters) 

The concept of using slip-friction (or slotted-bolt) connectors as load limiting, energy 

dissipating devices, within seismic resistant structures, has enjoyed significant research 

interest over the past two decades. Steel frame structures employing these devices at the 

beam-column joint have already seen construction, particularly in New Zealand. 

Previously it was thought that such connectors required the inclusion of expensive, and 
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not always readily available, half-hard cartridge brass shims in order to ensure smooth 

sliding.  

 

However, recent experiments by Khoo et al. [4] and Chanchi Golondrino et al. [31] on 

asymmetric connectors, and Loo et al. [8] on symmetric connectors, have demonstrated 

that stable sliding behaviour is readily obtained between abrasion resistant steel and mild 

steel, provided the sliding surfaces are in the clean mill-scale condition. Such connectors, 

as well as being simple to fabricate, are extremely cost effective, and there is now 

considerable potential for their wider adoption in earthquake-resistant design. As well as 

their use in steel frames, Loo et al. [20] has described numerical studies that demonstrate 

the advantages of using them as shear wall hold-downs.  

 

Loo et al. [40] has also reported on an experimental 2.44 m × 2.44 m rigid LVL timber 

wall with slip-friction connectors and a novel shear key configuration. It was found that 

the elastoplastic characteristics of the slip-friction connectors were reflected in the 

hysteretic behaviour of the overall wall system. The connectors capped forces to the 

desired level, and the damage to the wall was negligible. The shear key consists of shear 

pins inserted through the base of the wall that are made to bear against the edge of 

vertical steel plates welded to the foundation. Figure 5.1(a) shows the configuration of the 

experimental wall. Figure 5.1(b) shows forces on a symmetric slip-friction connector, and 

Figure 5.1(c) shows the implementation of the connector in an experimental wall.  

 
Figure 5.1. Experimental wall: (a) Layout, (b) forces on symmetric friction connector, (c) slip-

friction connector in experimental wall, and (d) shear key. 
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From Figure 5.1(d) it is seen that the shear key consists of two plates on either side of the 

wall, and that the right shear pin and shear plate will resist left racking forces, and vice 

versa. The shear-key and the slip-friction connectors strongly influence the way the wall 

will uplift and rock. Thus the wall’s motion will differ significantly from that of a free 

rocking block (for free rocking blocks, detailed expositions of their behaviour are 

available in the literature [11, 49, 59]).  

 

The behaviour of the wall is explored in some detail this chapter, and additional 

experiments on the rocking wall of Loo et al. [40], and how they conform to the 

predictions of the proposed model are discussed. 

 

5.2 PHASES OF MOTION 

The phases are easily understood in reference to a typical rocking sequence shown in 

Figure 5.2.  

 
Figure 5.2. Movement of wall (slip-friction connectors not shown): (a) Neutral position, (b) 

CWcnr: shear pin slides up the shear plate and rotates about  the right corner, (c) Ltrans: wall 
pushed left towards shear plate, (d) shear plate impacted by shear pin, (e) ACpin: rotation about 

the pin, (f) left corner impacts ground, (g) ACcnr: shear pin slides up shear plate and rotates about 
left corner, (h) Rtrans: wall pushed right towards shear plate, (i) shear plate impacted by shear 

pin, (j) CWpin: pin rotation, (k) right corner impacts ground, and (l) return to phase CWcnr. 
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The rocking wall has six distinct phases of motion. Phases CWcnr (clockwise rotation 

about the right corner) and ACcnr (anti-clockwise rotation about the left corner) occur 

when the shear pin slides up the shear plate, the wall corner all the while remaining in 

continuous contact with the foundation. Phases CWpin and ACpin refer to clockwise and 

anti-clockwise rotation about the shear pins, with the shear pins being held stationary 

against the plates through friction.  

 

There are two horizontal translational phases; Rtrans (movement towards the right) and 

Ltrans (movement towards the left). These translational phases typically occur when the 

racking force changes direction, and the gap opened up between a shear pin and shear 

plate (during a previous phase) is closed. 

 

In the following sections, expressions are derived for each of the above phases of motion.  

The following is assumed: 

 

 The wall itself is essentially rigid. 

 

 Any amount of lateral elastic deflection, in actuality, is deemed to be included in 

the elastic range of the rotational displacement. 

 

 Displacements are small. 

 

 There is sufficient frictional force mobilised between the shear pin and shear 

plate, for the pin to remain stationary during phases CWpin and ACpin.  

 

 The equations are derived assuming a point mass, mapp, at the top-centre of the 

wall. This mass mapp (see Figure 5.3), while not applied in the experimental testing 

and not reflective of the mass distribution of an actual multi-storey building, is 

nevertheless closely analogous to the experimental setup of shake table tests on 

shear walls such as those of Varoglu et al. [60]. Including the applied mass will 

facilitate later comparative analyses (not covered in this chapter). 
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5.2.1 Phases CWcnr and  ACcnr 

 
Figure 5.3. Actions on wall for (a) phase CWcnr and (b) phase ACcnr. Note that the shear pins 

slide up their corresponding shear plates during rotation about one of the base corners.  The mass 
of the wall itself is mwall and the applied mass at the top of the wall is mapp. Note the local x-z 

coordinate system has its origin  at the base left corner. 
 

Phases CWcnr and ACcnr (clockwise and anti-clockwise respectively) are shown in 

Figure 5.3. For this discussion, x-z coordinate systems are adopted, with the origin of the 

global coordinate system corresponding to the location of the base left corner when the 

wall is in its neutral position, whereas the origin of the local coordinate system tracks 

with the location of the base left corner (see Figure 5.3). B is the wall width, H the height, 

h the height of the shear pin from the base of the wall, b the distance from the clockwise 

shear pin to the right base corner (or the anti-clockwise shear pin to the left base corner).  

 

Note that for b > B/2, the clockwise shear pin/shear plate pair will be the left pair, while 

the anticlockwise shear pin/plate pair will be on the right. For b < B/2 the situation is 

reversed. For most of the examples of this chapter, b > B/2, and indeed it is found that b 

> B/2 is required to enable the wall to re-centre. The distance of the slip-friction 

connectors from the end of the wall is esfc, the inclination of the shear plate from the 

vertical is ϕ, and θ is the rotational displacement of the wall measured from the horizontal 

(clockwise displacement is positive, and anti-clockwise negative). 

 

For phase CWcnr, the clockwise shear pin slides up the shear plate with the right base 

corner in continuous contact with the foundation. Similarly for phase ACcnr the anti-

clockwise shear pin slides up its corresponding shear plate, with the left base corner in 
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continuous contact with the foundation. The forces at the corner in contact with the 

foundation include a vertical reaction from the foundation, and possibly a frictional force 

(note this frictional force could be to the left or right, depending on the inclination of the 

shear plate - in this chapter a generic case is assumed, with the contribution of a nominal 

frictional force acting outwards included). While there will be a small horizontal 

translational effect, this is expected to have minimal influence on the overall motion of 

the wall and will be ignored in the analysis.  

 

The equation of motion is: 

 

, 	       (5.1) 

 

with 
	
> 0, and	 0 for phase CWcnr, and 	< 0 and 0 for phase ACcnr. Icnr is the 

rotational moment of inertia of the wall about any of its corners, Mo the moment about the 

base corner induced by the racking force, P, and Msfc,cnr the moment resistance provided 

by the slip-friction connector at the opposite end of the wall.  The applied moments Mo(t) 

for the corner rotational phases are: 

 

∓
	

       (5.2) 

 

where the addition sign is for rocking about the right base corner(CWcnr), and the 

subtraction sign is for rocking about the left corner (ACCnr). Note that the moment 

resistance contribution of the shear key, P(t)Kmrp, is subtracted from the applied moment. 

Kmrp encapsulates the frictional effects of the shear key and is a function of the shear key 

layout, geometry, and the coefficient of friction between the shear pin and shear plate [40] 

(note that this is an approximation that assumes a nominal amount of friction between the 

base of the wall and the foundation): 

 

/ ø cos	 ø tan / sin	 ø tan /  (5.3) 

 

The rotational moment of inertia of the wall itself about any of its corners is: 
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      (5.4)  

 

where mwall is the mass of the wall, r the distance to a differential mass dm, and x and z 

the coordinate of dm on the local coordinate system (see Figure 5.3). For the contribution 

of the applied mass at the centre-top of the wall, the rotational inertia is simply Icnr,mapp = 

(H2+B2/4)× mapp. The total rotational inertia about a base corner is thus: 

 

	 	      (5.5) 

 

The moment resistance of the slip-friction connector, Msfc,cnr, is now considered, with the 

moment-rotation behaviour shown in Figure 5.4(a). The yield moment, Msfc,cnr,y, is: 

 

, ,         (5.6) 

 

 
Figure 5.4. Rotational spring action: (a) Moment-rotation relationship, and (b) spring action, for 

rotation about the corner of the wall (for phases CWcnr and ACcnr). (c) Moment-rotation 
relationship, and (d) spring action for rotation about the shear pin (for phases CWpin and ACpin). 
 

Figure 5.4(b) shows the rotational spring action provided by the slip-friction connector. 

The elastic rotational stiffness, qsfc,cnr,el,  is a function of the longitudinal elastic stiffness, 

ksfc,  of the slip-friction connector: 
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, ,          (5.7) 

 

To account for any additional and miscellaneous elastic effects, qcnr,misc is used to 

represent the combined stiffness of any elastic rotational displacement of the wall, slip of 

the screw connections that assemble the wall panels, movement of the bolted connections 

attaching the slip-friction connectors to foundation, etc. The total elastic stiffness for 

corner rotation then becomes: 

 

1/
, ,

	         (5.8) 

 

Because the moment-rotational behaviour, Msfc,cnr, represented by the slip-friction 

connectors is elastoplastic (not linearly proportional to θ see Figure 5.4(a)), the 

differential equation of motion (Equation 5.1) is non-linear. The equation to be solved, 

with ∆  the time step, is: 

 

∆ ∆ , ∆ ∆ ,                    (5.9) 

 

where: 

 

∆ ∆                     (5.10) 

 

∆ ∆                  (5.11) 

 

∆ ∆                 (5.12) 

 

∆ , ∆                 (5.13) 

 

, ∆ ∆ , ,                  (5.14) 

 

Note the RHS of Equation 5.9 can be expressed in terms of the excitation function P(t) 

(see Equation 5.2): 
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∆ , ∆                (5.15) 

 

The linear acceleration method (described in Chopra [61]), is adopted to solve for each of 

the terms on the LHS of Equation 5.9, and this will enable the acceleration, velocity, and 

displacement at the subsequent time step (respectively	 , , 	 ) to be found. 

 

For the incremental change in rotation, Δθi, between time steps ti and ti+1: 

 

∆
∆ ,

,
             (5.16) 

 

where ∆ ,  is the ‘effective’ incremental applied moment,  

 

∆ , , 3 3 ∆
        (5.17)   

 

and ,  is the ‘effective’ spring constant, 

 

,            (5.18) 

 

where qcnr,i is constant over the time step, and is given by Equation 5.8 for below yield 

(i.e. Msfc,cnr,i <Msfc,cnr,y), and is zero for  , , , , . 

 

Similarly viscous damping term at each time step, ci, (see Equations 5.9 and 5.17), is 

assumed constant over the time ti to ti+1: 

 

2	 , 	             (5.19) 

 

The incremental change in rotational velocity is now found (note that 	and	 	are known 

from the calculation over the previous time step, ti-1 to ti): 

 

∆
∆
∆ 3 ∆

             (5.20) 
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Knowing Δθi and ∆ ,	the displacement and velocity at ti+1 are respectively: 

 

∆              (5.21) 

 

∆              (5.22) 

  

The moment of the spring Msfc,cnr,i+1 is found through incremental changes in spring force 

(and not as a function of θ) : 

 

, , , , , ∆           (5.23)	

 

The acceleration is obtained directly from substituting into Equation 5.1: 

 

, , 		         (5.24) 

 

Note that phase CWcnr terminates and transitions to phase Ltrans when 0, and 

ACcnr to phase Rtrans when 0. 

 

 

5.2.2 Phases Ltrans and Rtrans  

These phases, in which the wall simply translates horizontally (see Figure 5.5), typically 

succeeds phases ACcnr or ACpin (for Rtrans) or CWcnr or CWpin (for Ltrans). The 

assumption is of a purely translational motion resisted by forces from two sources -  (1) 

the inertial forces, and (2) the lateral resistance, Frivets, that arises due to in-plane rotation 

of the slip-friction connectors relative to the wall (the rotation is assumed to take place 

about the centre of the timber rivet group – see Figure 5.1(c)). It is assumed that the slip-

force of the connectors is sufficient to adequately resist gravity, W, which is typically the 

case when only self-weight is considered.  
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Figure 5.5. Actions on the wall during (a) right translation, and (b) left translation. Note that the 

connector forces are assumed sufficient to support the applied gravity load. 
 

The equation of motion for phases Ltrans and is Rtrans is:  

 

          (5.25) 

 

where u is the horizontal displacement and du/dt > 0 for Rtrans, and du/dt < 0 for Ltrans. 

Frivets represents the induced horizontal force associated with the in-plane rotation of the 

connectors relative to the face of the wall. Note that the centre of this rotation is assumed 

coincide with the geometrical centre of the rivet group that attaches the connector to the 

wall (see Figure 5.1(c)). 

 

An expression is now derived for the term Frivets. During movement of the wall, the slip-

friction connector, pinned to the foundation, will rotate about the centre-of-rotation of the 

rivet group that attaches the slip-friction connector to the wall (see Figure 5.1(c) for the 

rivet group). The actions applied to the wall are shown in Figure 5.6.  

 

This connection should not be rigid, but be able to accommodate some rotation, and this 

was the case for the wall of Loo et al. [40] (note that a rotationally rigid connection 

between wall and connector would produce an undesirable pinned portal frame effect). If 

the rotations of the left and right connectors about the centre of the rivet group are 

respectively αLrivets and αRrivets (relative to the wall, and measured clockwise about the 

centre-of-rotation), the moments applied to the wall from the left and right connectors due 
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to this rotation are: 

 

, 		         (5.26)  

 

, 		         (5.27) 

 

where kα,rivets is the rotational stiffness of the rivet group. The horizontal forces on the 

wall induced by this rotation, at the left and the right rivet groups are respectively: 

 

, 		
       (5.28) 

 

, 		
       (5.29) 

 

where lenLsfc is the length of the left slip-friction connector (extended or otherwise), and 

lenRsfc, that of the right connector. These lengths are measured between the pin connection 

to the foundation and the centre-of-rotation of the respective rivet groups.  

 

 
Figure 5.6. Moments and forces due to rotation of the slip-friction connectors relative to the wall. 

Rotation is assumed to occur about the centre-of-rigidity of the rivet group. 
 

To find αLsfc and αRsfc in terms of small horizontal displacements, ΔuLrivets  and ΔuRrivets,  at 

the left and right rivet locations, respectively:  

 

        (5.30) 

        (5.31) 
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Substituting the rotations of Equations 5.30 and 5.31, into Equations 5.28 and 5.29 

respectively, and then adding Equations 5.28 and 5.29 together, the total horizontal force 

is: 

 

,      

           (5.32) 

 

In order to solve Equation 5.25 by a stepwise numerical process, the commencement of a 

translational phase (Ltrans or Rtrans) requires an initial spring force. Equation 5.32 

provides this initial force. For each subsequent time step i, Δui is naturally the same for all 

points on the wall, because both wall inclination θi and the length of both connectors are 

constant (no sliding of the connectors). The change in Frivets between time ti and ti+1 is 

then: 

, ,
		 , 		 ,                (5.33) 

 

Because the displacements at each time step, Δui are small (in comparison to the 

respective connector lengths): 

 

,               (5.34) 

 

,             (5.35) 

 

Substituting the RHS of Equations 5.34 and 5.35 into Equation 5.33 provides: 

 

, ,       (5.36) 

 

A generalised stiffness term is thus: 

, ,             (5.37) 

 

The equation of motion to be solved numerically is then:  
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	 , 				      (5.38) 

 

Because kH,rivets is constant the equation is linear, and can be numerically solved through 

approximating the excitation function P(t) by a piecewise linear function, and then 

solving over each time interval exactly – or for consistency with the solution for the 

rotational phases, solved using the linear acceleration method (with slightly less 

accuracy). 

 

Note that phase Rtrans terminates when the clockwise pin comes into contact with its 

corresponding plate (i.e. the left pin of Figure 5.5(a) impacting the left shear plate), and 

Ltrans terminates when the anticlockwise pin contacts its shear plate (i.e. the right pin of 

Figure 5.5(b) impacting the right shear plate). Knowing the vertical positions zcwp and zacp 

(which are inherited from the preceding phase and remain constant during the translation 

phase), the maximum and minimum horizontal positions (on a global x-z coordinate 

system, where the origin is at the left base corner when the wall is in the neutral position) 

for the shear pins are: 

 

	 ø
 for phase Ltrans      (5.39) 

 

ø
  for phase Rtrans     (5.40) 

 

 

5.2.3 Phases CWpin and ACpin 

During these two rotational phases, the shear pin is forced against its corresponding shear 

plate and holds stationary (see Figure 5.7). The wall then rotates about the centre of the 

shear pin (this is a slight approximation, as rotation actually takes place about the contact 

point between the shear pin and shear plate, which adjusts position slightly during 

rotation – however any error will be small).  
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Figure 5.7. Phases ACpin and CWpin: Free-body diagram of wall during rotation about the (a) 

right (anti-clockwise) shear pin, and (b) left (clockwise) shear pin. During both phases the shear 
pins remain stationary. 

 

The equation of motion is: 

,       (5.41) 

 

with 
	
> 0 for phase CWpin, and 	< 0 for phase ACpin. 

 

The applied moments, Mo(t), are: 

 

             (5.42) 

 

where the addition sign refers to rocking about the clockwise pin (CWpin), and the 

subtraction sign is for rocking about the anti-clockwise pin (ACpin). 

 

The rotational moment of inertia is calculated about the location of the pin: 

 

, ,                      (5.43) 

 

where 

, 	

	

12 2 2
 

(5.44) 
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and, 

,

/

      (5.45) 

 

To find Msfc,pin refer to Figures 5.4(c) and (d). The yield moment is: 

 

, , 2                (5.46) 

 

Note that the slip-force of the two slip-friction connectors will be attained at rotational 

displacements that are not the same (see Figure 5.4(d)), therefore the value from Equation 

5.46 is an approximation.  

 

The rotational stiffness is related to the longitudinal stiffness of the slip-friction connector 

as follows: 

 

,            (5.47) 

 

Similar to the case for corner rotation, miscellaneous effects from slippage of the screws 

holding the timber panels together, elasticity inherent in the wall itself, and movement 

within the bolt hole tolerances are encapsulated in a single value, qpin,misc. The total spring 

stiffness for pin rotation is then: 

 

1/
, ,

	         (5.48) 

 

The moment-rotational displacement relationship is non-linear, the differential equation 

(see Equation 5.41) requires a numerical solution as follows: 

 

∆ ∆ , ∆ ∆ , 				        (5.49) 

 

where ∆ , ∆ , ∆ 	and	∆ ,  are given by Equations 5.10 to 5.13 respectively. This 

equation is solved in a manner analogous to the method for the corner rotational phases of 
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Section 5.2.1.  The last term on the LHS of Equation 5.49 is simply the change in resisting 

moment of the slip-friction connectors about the shear pin, over time step i: 

 

, ∆ ∆ , ,                  (5.50) 

 

Note the RHS of Equation 5.50 can be expressed in terms of the excitation function P(t) 

(refer Equation 5.42): 

 

∆ , ∆                (5.51) 

 

The incremental acceleration, velocity, and displacement terms on the LHS of Equation 

5.49 are now found. For the incremental change in rotation, Δθi, between time steps ti and 

ti+1: 

 

∆
∆ ,

,
             (5.52) 

 

where ∆ ,  is the ‘effective’ incremental applied moment,  

 

∆ , , 3 3 ∆
        (5.53)   

 

and ,  is the ‘effective’ spring constant, 

 

,            (5.54) 

 

where qpin,i is constant over the time step, and is given by Equation 5.48 for below yield 

(i.e. Msfc,pin,i <Msfc,pin,y), and is zero for  , , , , . Similarly viscous damping 

term at each time step, ci, (see Equations 5.49 and 5.53), is assumed constant over the 

time ti to ti+1: 

 

2	 , 	             (5.55) 

 

The incremental change in rotational velocity is now found (note that 	and	 	are known 
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from the calculation over the previous time step, ti-1 to ti): 

 

∆
∆
∆ 3 ∆

             (5.56) 

 

Knowing Δθi and ∆ ,	the displacement and velocity at ti+1 are respectively: 

 

∆              (5.57) 

 

∆              (5.58) 

  

The moment of the spring Msfc,pin,i+1 is found through incremental changes in spring force 

(and not as a function of θ) : 

 

, , , , , ∆            (5.59)	

 

The acceleration is obtained directly from substituting into Equation 5.41: 

 

, , 		         (5.60) 

 

Note that the maximum (or minimum) possible inclination θ for the two pin rotational 

phases, corresponds to the inclination at which the right corner (for phase CWpin), or the 

left corner (for phase ACpin) comes into contact with the foundation. For clockwise 

rotation (i.e. for phase CWpin), and given the elevation of the clockwise pin (see Figure 

5.7(b)) above ground level, zcwp: 

 

       (5.61) 

 

Likewise, for the anti-clockwise phase ACpin and anti-clockwise pin (see Figure 5.7(a)) 

elevation zacp: 

 

         (5.62) 
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If after contact with the foundation, rotation continues in the same sense, CWpin 

transitions to CWcnr, and ACpin to ACcnr. However, if a change in direction of angular 

velocity occurs before contact between the corner and the ground, CWpin is succeeded by 

Ltrans (when  < 0), and ACpin by Rtrans (when 	> 0).  

 

 

5.3 ALGORITHM FOR WALL RESPONSE 

The general procedure to solve for the time-history response of the wall is shown in 

Figure 5.8(a). The configuration and properties of the wall are input, as well as the 

desired loading schedule. At the start of each new phase of motion, initial values are set 

(based on the end circumstances of the preceding phase), and a numerical integration 

executed on a step-by-step basis.  

 

Subsequent to each step of the integration, the wall location coordinates are updated, and 

the conditions are checked to see if the next step will involve a change of phase. If there 

is no change of phase, the numerical integration procedure proceeds directly to the next 

numerical integration step. However, if there is a change of phase, initial values are first 

re-calculated for the new phase,  and then what is essentially a fresh numerical integration 

process commences.  

 

Figure 5.8(b) shows the conditions that give rise to changes of phase. Note that all time-

history responses will start with either ACcnr or CWcnr. This is because prior to 

excitation, the wall is in the neutral position with both shear pins in contact with their 

corresponding shear plates, and both base corners of the wall are in contact with the 

foundation – these are the boundary conditions for rotation about the corners.  

 

Changes in the direction of velocity (angular or translational) always give rise to a 

translational phase. A reversal in angular velocity for phases CWcnr or CWpin signals a 

transition to Ltrans (similarly for ACcnr or ACpin, the transition is to Rtrans). Under such 

circumstances, the initial translational displacement is calculated from the angular 

disposition of the wall of the preceding time step, the initial velocity is zero, and the force 

is calculated from Equation 5.32.  
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Figure 5.8. Flow chart to calculate wall response: (a) Procedure to solve for the time-history 
response of the rocking wall. (b) Phase sequence diagram, with an assumed initial phase of 

CWcnr (excitation originating from the left). 
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In the case of a translational phase terminating (through impact between shear pin and 

shear plate) and transitioning to a pin rotational (CWpin or ACpin), or corner rotational 

(CWcnr or ACcnr) phase, the initial angular displacement, θ, is carried over from the 

previous phase, while the moment in the rotational spring is set to zero. The initial 

angular velocity is found through the assumption of the conservation of kinetic energy 

(ignoring energy loss through impact of the shear pin against the shear plate). Thus for 

transition from phase Rtrans to CWpin or Ltrans to ACpin: 

 

, , ,       (5.63) 

 

where Ek,before is the kinetic energy at the end of the translational phase, Ek,after is the 

kinetic energy at the beginning of the rotational phase (in this case for pin rotation), 

, 	is the initial angular velocity, and vf the final horizontal velocity of the preceding 

phase. Thus: 

 

,            (5.64) 

 

Similarly for transition from Rtrans to CWcnr or Ltrans to ACcnr: 

 

,           (5.65) 

 

where , 	is the initial angular velocity for rotation about the left or right corner. For 

transition from CWpin to CWcnr or ACpin to ACcnr: 

 

, ,             (5.66) 

 

The algorithm can be programmed using standard software such as Matlab or Microsoft 

Excel VBA. It is convenient to adopt an object oriented approach, with separate classes for 

the loading schedule, the numerical integration technique, the properties of the wall, as 

well as a class to track phase changes.  
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As an example, the proposed method is used to find the response of a 2.44 × 2.44 m wall 

of self-weight 2.8 kN, and applied mass of 20000 kg at the top. The slip-connectors have 

slip-force of 18 kN, and total gravity is 3.3 kN (self-weight and applied 500 N load). 

Shear key details are: b = 1.88 m, h = 100 mm, ϕ = 12 degrees, and µsk = 0.8. The 

commonly adopted viscous damping ratio of 2% for timber structures is used for all 

phases of motion [16].    

 

A single 50 kN pulse of one second duration is applied to the model wall (see Figure 

5.9(a)), and this results in approximately 300 mm of sliding (or uplift) at the left 

connector (see Figure 5.9(b)). Once sliding stops, the wall transitions to a sequence of left 

and right translations (Ltrans and Rtrans respectively) in the gap opened up between the 

shear pin and their corresponding shear plates. This damped horizontal vibration is shown 

in Figure 5.9(c).  

 
Figure 5.9. Analytical response of numerical wall to dynamic loading: (a) one-second duration 50 

kN pulse with the resulting (b) vertical displacement response from sliding, and (c) damped 
vibration of the wall subsequent to sliding. (d) El Centro event, with (e) horizontal displacement 

time-history, (f) vertical displacement at left corner, and (g) at right corner. 
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The El-Centro event, scaled for Christchurch, New Zealand, deep soils, is then applied as 

a force, P, to the top of the wall, with  where  is the scaled ground 

acceleration. The force time-history is shown in Figure 5.9(d). Figure 5.9(e) shows the 

displacement time-history, while the vertical displacement at the left and right foundation 

corners are displayed in Figures 5.9(f) and (g), respectively.  

 

The excellent re-centring characteristics (with only a small amount of gravity loading) are 

apparent, with the wall returning to its original position after the excitation (note though, 

that applying ground acceleration as a force at the top of the wall is not entirely valid in 

terms of obtaining an exact response for a nonlinear case). 

 

5.4 CHARACTERISTICS OF MOTION 

A quasi-static displacement schedule (see Figure 5.10(a)) is input to the procedure of 

Section 5.3, and applied to a 2.44 × 2.44 m wall with slip-friction connectors and shear 

key distances set at b = 1.46 m and h = 0.05 m, respectively.  

 
Figure 5.10. Consequence of slip-friction connectors and shear keys for analytical rocking wall: 
(a) Load displacement schedule, (b) vertical displacement vs horizontal at base of free rocking 

wall, and vertical displacement time histories for (c) free rocking wall, (d) wall with slip-friction 
connectors. (e) vertical displacement vs horizontal at base of wall with slip-friction connectors, 

and (f) motion of top centre of free rocking wall compared with wall with slip-friction connectors.  
 

The resulting motion (see Figures 5.10(d) and (e)) is compared with that of an equivalent 

free rocking wall (Figures 5.10(c) and (b)).The vertical displacements of the free rocking 
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wall at both base corners are plotted against horizontal displacement (see Figure 5.10(b)). 

Clearly the vertical displacements are either zero or vary linearly (for small rotations) 

with horizontal displacement, with the left or right corner always in contact with the 

foundation (see Figures 5.10(b) and (c)). For the same wall with slip-friction connectors, 

the relationship between vertical and horizontal displacement at the base is complex and 

non-linear (see Figure 5.10(e) top), while from the vertical displacement time-history of 

Figure 5.10(d), it is clear that the wall is frequently not in contact with the foundation (for 

at least half the time of excitation).  

 

Figure 5.10(f) shows the motion of the point at the top centre of the wall. For the free 

rocking block, the motion is described by a parabola (dark dotted line), whereas for the 

wall with slip-friction connectors, the behaviour is again, more complex, with an almost 

linearly varying lower bound for vertical displacement represented by the phases ACcnr 

and CWcnr for negative and positive horizontal displacements, respectively. The small 

horizontal offsets from the lower bound envelope represent the translational phases, 

Ltrans and Rtrans, while the curves sweeping from down from left to right and vice versa 

correspond to phases ACpin and ACpin.  

 

The influence of b on the re-centring capability of the wall is now considered. From a 

simple consideration of geometry, a longer length for b means a smaller amount of 

rotation required to produce the same re-centring effect at the descending corner of the 

wall. If b is smaller than half the wall width, B/2, then re-centring is invariably difficult, 

and but for a rare sequence of excitations, the likelihood that both wall corners will return 

to ground post- excitation is unlikely.  

 

Figure 5.11 shows the effect of varying b for a 2.4 m wide wall, under the displacement 

schedule of Figure 5.10(a), which ends with a series of small displacements - as under a 

typical earthquake. For b = 1000 mm (Figure 5.11(a)), which is less than B/2, the wall 

corner rapidly ascends as a series of upwardly spiralling loops to a practically impossible 

level. Increasing b to 1200 mm (still below B/2) reduces the exaggerated effect of the 

previous case - however the upwards vertical drift successively increases with each loop 

and the wall is thus unlikely to restore to its original location. However, when b >B/2 (see 

Figures 5.11(c) and (d)) the base of the wall readily returns to ground.  
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Figure 5.11. Influence of the distance of the shear pin, b, from the pivot point for a 2.44 m wide 

wall. The left column shows vertical displacement time-history plots (note that because a constant 
rate is assumed for displacement, cumulative displacement is a proxy for time), and the right 
column shows the horizontal and vertical displacements of the base left corner of the wall. 

Analytical results for (a) b = 1.0 m, (b) b=1.2 m, (c) b =1.40 m, and (d) b =1.8 m. 
 

The pattern displayed is an interesting one, with the positive gradient line associated with 

the corner rotation phase (CWcnr) followed by a leftward horizontal shift (Ltrans). The 

shear pin then engages with the corresponding shear plate, which results in the wall 

corner moving along a circular trajectory, (b2+h2)1/2 = (x-xacp)
2+(z-zacp)

2 in a downwards 

motion towards the ground, where xacp and zacp are the coordinates of the anti-clockwise 

shear pin on the global coordinate system.  

 

Upon contacting the ground, the wall corner shifts to and fro during phase ACcnr, before 
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translating to the right during phase Rtrans. CWpin follows on from Rtrans and the 

curved lines have the relationship ((B-b)2+h2)1/2 = (x-xcwp)
2+(z-zcwp)

2, where xcwp and zcwp 

are the coordinates of the clockwise shear pin. 

  
The coordinate where these curves are truncated corresponds to a phase change to CWcnr. 

Note that this consistently occurs at a lower vertical displacement where b = 1.8 m than 

for where b =1.4 m, and this simply relates to the fact that the fulcrum for the former case 

is located nearer to the rising corner, but further from the opposite descending corner. 

While having a low value of b does decrease the frictional influence of the shear key on 

overall rocking behaviour [40], the obvious drawback of a permanent vertical offset after 

excitation is reason enough for adopting values of b that are larger than B/2.  

 

 

5.5 EXPERIMENTAL VERIFICATION 

This section explores the validity of the assumptions of the previous sections, through 

studying the results of additional quasi-static tests carried out on the same wall of Loo et 

al. [40], with variation of the location of the shear key (with b set to either  1.46 m or 1.88 

m, and h at 50 mm in all cases), and the addition of steel weights (3 kN) and concrete 

weights (5.5 kN) – note the wall self-weight is around 2.8 kN. Figure 5.12(a) shows the 

setup with attached weights.  

 

 
Figure 5.12. Experiment set up. (a) Wall with concrete and steel weights, (b) slip-friction 

connector strengthened with additional riveted plates and (c) state of shear pins, post testing. 
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Note the riveted connections to the wall were strengthened (see Figure 5.12(b)), and 

Figure 5.12(c) shows the worn state of the high grade (AISI 4140) 25 mm diameter shear 

pins (the observed worn state would not be expected to diminish the performance of their 

function in any way – but simply serve as a qualitative indicator of the amount of 

frictional work involved). A detailed description of the general experimental set-up can 

be found in [40].  

 

In the experimental wall, vertical displacement was measured near the ends using 

LVDTs, and horizontal displacement at the top corners. Assuming the motion of an 

essentially rigid body (justified from observations of the behaviour of the wall), this 

information was used to calculate the position of all other points of interest - such as the 

position of the shear pins, wall corners, and the assumed centre-of-rigidity of the rivet 

connections attaching the slip-friction connectors to the wall. While visible damage of the 

wall was not apparent during the experiments, there was minor elastic deformation, as 

well as a closing of gaps between the bolts anchoring the slip-friction connectors to the 

foundation, as well as elastically recoverable slip of the riveted connection between slip-

friction connectors and wall, and all of this combined with error in measuring the original 

positions of the points of interest, will inevitably lead to discrepancies between the 

observed and theoretical results.  

 

The movement of the wall at its top centre during the application of quasi-static cyclic 

displacement regimes is shown in Figures 5.13(a) and (d) (for b = 1.46 m and 1.9 m 

respectively). The motion resembles the theoretical result of Figure 5.10(f) with the lower 

bound lines representing the corner rotational phases when the wall is engaged with the 

shear key while pivoting about one of the base corners during uplift.  Figures 5.13(b) and 

(c) show the movement of the base left corner, and the results are comparable to those 

displayed in Figures 5.11(c) and (d). The near straight line of positive gradient represents 

the corner rotational phase CWcnr. The horizontal lines appear to confirm the assumption 

of phases of translation, while lines of negative gradient (arising from zero vertical 

displacement and truncated by the CWcnr line), corresponds to the pin rotational phase of 

CWpin. As with the case of Figures 5.11(c) and (d), it can be seen that walls with shear 

pin distances greater than B/2 (in this case B/2 = 1.22 m) readily re-centre.  Figures 

5.13(c) and (f) shows the motion at the two base corners of the wall. Visibly they bear 

close resemblance to the theoretical result of Figure 5.10(e).  
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Figure 5.13. Typical experimental responses of the wall with shear pin distances of b = 1.46 m 
and 1.9 m respectively: (a & d) movement of the top centre position, (b & e) movement of the 

base left corner, (c & f)  vertical displacement vs. racking displacement of the base. 
 

The corner rotational phases of CWcnr and ACcnr are clearly visible and provide the 

lower bound for vertical displacements. The near horizontal lines correspond to Rtrans 

and Ltrans, which transition to the pin rotational phases, CWpin and ACpin, which carry 

the wall corners down to the foundation level. The respective corners are then ‘dragged’ 

along in the direction towards the opposing corner during another translation phase, and 

then elevated by a phase of pin rotation (refer to the gently sloping lines that are sharply 

truncated by the lower bound line of CWcnr).  

 

Figures 5.14(a) and (b) provide observations on the motion of the shear pins and show the 

force and shear pin time histories. It is seen that the pin remains stationary for a period 

(observe the ‘platforms’ in the slip-time histories) during the phase of pin rotation. When 

the wall corner impacts the ground, the force jumps upwards, and at the same time the 

shear pins are forced into sliding up and along the shear plate.  
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Figure 5.14. Motion of the shear pins (in the global x-z coordinate system, with the origin 

corresponding to the location of the left base wall corner): Slip and force time histories from tests 
where b is (a) 1.46 m, and (b) b is 1.9 m. (c) Experimentally measured motion of clockwise and 

anticlockwise pins for b = 1.46 m, compared to the (d) theoretical result. (e) Experimentally 
measured motion of clockwise and anticlockwise pins for b = 1.9 m compared to the (f) 

theoretical result.  
 

The experimentally obtained motions of the clockwise and anti-clockwise shear pins for 

the case of b = 1.46 m are shown in Figure 5.14(c), and compared with the theoretical 
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results of Figure 5.14(d). For the case of b = 1.9 m, the experimental results of Figure 

5.14(e) are compared with the theoretical results of Figure 5.14(f). For both cases, the 

experimentally measured results compare favourably with the analytical. The horizontal 

lines confirm the translation phases, while the lines of the shear key plates are clearly 

seen (positive gradient for the clockwise shear pins, and negative for the anticlockwise).  

 

The hysteretic behaviour of four experiments are shown in Figure 5.15, and compared 

with the analytical.  

 
Figure 5.15. Hysteretic behaviour, experimental vs. theoretical for  wall with (a) shear pin 

distance, b = 1.88 m, gravity effects, W = 11.3 kN, and connector slip force, Fslip = 27.8 kN, (b) b 
= 1.88 m, W = 5.8 kN, Fslip = 5.8 kN, (c)  b = 1.46 m, W = 11.3 kN, Fslip = 32 kN, and (d) b = 1.88 

m, W = 5.8  kN, and Fslip = 21.7 kN. 
 

For the theoretical, an assumed coefficient of friction between the shear pin and shear 
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plate is µ=0.8 [40, 41] was adopted. Rotational stiffness of the rivet connections of the 

slip-friction connectors was set to 120 kNm/radians (this value rather arbitrarily arrived at 

as there is little in the literature on the rotational stiffness of rivet connections, however 

the implication that 2.1 kNm can produce 1 degree of rotation is not an unreasonable 

one). 

 

While the timber material of the wall itself provides for a highly stiff structure, the wall 

was assembled from two panels and screwed together, and it is reasonable to assume that 

there will be some elastic deformation at these screw connections. In addition to this there 

will be recoverable slip at the riveted connection between slip-friction devices and wall. 

Thus, global elastic stiffness value of 6.1 kN/mm for the 2.44 m high wall was adopted to 

account for these effects (estimated from the results presented in [40]), and this figure 

was simply multiplied by the racking force at each step of the calculations and added to 

the displacement result obtained from rigid body motion.   

 

From Figure 5.15 it can be seen that the experimentally measured results align with the 

calculated, when it comes to peak sliding force, but there is discrepancy between the 

lower sliding force associated with the pin rotational phases (ACpin and CWpin). For the 

results of Figures 5.15(c) and (d) there is reasonable agreement, however for the results of  

Figures 5.15(a) and (b) the differences are not insignificant (22 kN compared with 40 kN, 

and 26 kN compared with 40 kN respectively). Clearly it appears that the theoretical 

result generally under-predicts the actual in terms of the strength of the wall during the 

rotational phases.  

 

While the ‘flagging’ effect in the hysteresis loops is clearly evident, the plateau strengths 

associated with pin rotation are somewhat higher for the experimental wall than the 

predicted. This is perhaps due to some non-zero horizontal resistance from twist in the 

slip-friction connectors during this phase - further results from ongoing research on 

timber rivet connections and analytical models is required in this regard. 

 

For corner rotation, strengths are generally lower for the experimental case than for the 

predicted (at least for the examples of Figure 5.15(b) and (c)). This could indicate the 

need for an improved method to predict the effects of friction between the pivot corner of 

the wall during rocking and the foundation, on the overall strength. If the friction acts 
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outwards away from the centre of the wall (as is assumed in the generic case), the wall 

will be stronger than that of the zero friction case. If the friction acts inwards the opposite 

would be the case, and lower wall strengths would result. The exact nature of the way 

friction influences the behaviour of the wall will be explored in forthcoming research.  

 

From observation of the theoretical results of Figure 5.15, considering the ‘twist’ effect 

between slip-friction connectors and wall, allows for a realistic transition from positive 

force to negative force and vice versa, and this aligns well with what is observed from the 

experimental results.  

 

5.6 CONCLUSIONS 

The motion of a shear wall with slip-friction connectors and a novel shear key 

configuration is investigated. The behaviour differs significantly from that of a free 

rocking structure, and possesses six distinct phases of movement. The required conditions 

for the initiation of motion within each phase, as well as conditions that would terminate 

any particular phase are analysed. The influence of in-plane rotation of the slip-friction 

connectors relative to the wall  is also considered –this is an important design 

consideration, as a connection with very high rotational stiffness could have an adverse 

effect on wall behaviour through the enablement of a ‘pinned portal effect’.   

 

The motion of the wall is discussed and equations of motion derived that are numerically 

solved. An algorithm is proposed that allows for the behaviour of the wall to be 

investigated in detail. It is confirmed that the placement of the shear pins in terms of their 

distance from the end of the wall strongly influences the re-centring potential of the 

structure.  From tests on an experimental wall, it is found that the actual motion is similar 

to that expected from analysis.  

 

Future research will involve finding an explanation for the difference in observed and 

expected racking forces, quantifying the rotational stiffness of rivet connections of 

various configurations, and how to  account for this in design, and the testing of the 

proposed wall under dynamic conditions.  
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Chapter Six 

 

 

CLT: A ‘DAMAGE FREE’ APPROACH? 

 

 

6.1 INTRODUCTION 

In terms of seismic performance, timber structures have been observed to perform well - 

in spite of timber being an inherently non-ductile material. This is due mainly to the 

ductility of the steel-to-timber connections, and the way in which they interact with the 

timber material. If these connections are detailed to deform plastically, while keeping the 

timber members elastic, the overall structure achieves ductility. For sheathed light timber 

frame walls, and floor diaphragms, the New Zealand structural timber code, 

NZS3603:1993 [62] allows values of ductility of up to 4 to be adopted. The problem with 

such an approach is that in a design level earthquake, the deformations required to 

achieve ductility often renders the structure irreparable, or at least requiring expensive 

repairs. This was amply demonstrated in the aftermath of the 1987 earthquake in 

Edgecombe, New Zealand, which saw extensive damage to houses and other structures 

employing sheathed light timber frame walls as the main lateral force resisting system 

[53]. 

 

Recent developments in engineered lumber products have seen the availability of mass 

timber panels of tremendous strength and stiffness. These include CLT (cross laminated 

timber) and LVL (laminated veneer lumber) panels. In particular there is a high level of 

interest in the design and construction of multi-storey buildings in CLT, and while Europe 

has led the way in the use of this material, there is now also increasing interest in North 

America and Australasia - the interested reader is referred to the literature for the 

historical and technical detail [63]. Because of the very high strength and stiffness of 

CLT, the panels themselves would be expected to survive most earthquakes, and that is 

their advantage over more traditional forms of timber construction. In 2007, a seven 

storey CLT structure was subjected to severe earthquake shocks on the world’s largest 
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shake-table at Miki near Kobe in Japan [21, 25]. Little damage was observed to the 

overall structure, and the building re-centred. There was failure of some of the hold-down 

connections and brackets that secure the walls to the foundation, as well as to the levels 

below - however this was considered minor in the context of the building retaining its 

overall structural integrity.  

 

It is not difficult to imagine that with sufficiently strong connections, CLT buildings 

could be designed to respond to most design level earthquakes in an almost entirely 

elastic manner.  However the drawback of this approach would be the very high base 

shears and response accelerations that would be expected. While the Kobe shake-table 

test saw the building survive mainly intact, response accelerations averaged over 0.1 s 

were as high as 1.7 g in the upper stories [25]. Clearly this would be to the detriment of 

the occupants of the structure. 

 

Thus seismic resistant CLT structures are required to be ductile. This is achieved mainly 

through the deformation and yielding of the steel hold-down connections and shear 

connectors [64]. Under cyclic loading, the resulting pinched hysteretic loops [22, 63] bear 

some resemblance to those of sheathed timber frame walls, although qualitatively, they 

appear to be even more tightly pinched than those of the latter. Although the seismic 

performance of such walls is adequate, damage is still a consequence after an earthquake, 

with nails and screws being pulled out and twisted, and the steel brackets deformed. 

Another problem is the likelihood of the panels becoming horizontally offset through 

sliding [65], which would mean the required repair would go beyond simply 

reinstatement of the connections.  

 

Furthermore, there is still considerable uncertainty and inconsistency from place to place, 

when it comes to capacity design and force reduction parameters, and currently there is 

no established design method for CLT in general.  

 

Thus the reliance on connection failure to provide ductility and as a source of energy 

dissipation has prospect for improvement, particularly given that major repairs are 

currently necessary in order for a structure to resist aftershocks.  
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The solution lies perhaps with the rocking shear wall of the previous chapters. In this 

chapter:  

a. Current assumptions concerning the design of CLT walls are briefly covered. 

b. CLT walls, with steel brackets are numerically modelled, and placed under cyclic 

loading. 

c. Slip-friction connectors are implemented in the wall above. 

d. The behaviour of walls (c) and (d) are compared and contrasted. 

 

 

6.2 KINEMATIC MODEL FOR CLT WALL PANELS 

The kinematic model of CLT panels under lateral forces, recommended by the CLT 

Handbook [63], recommends an approach in which the following assumptions apply: (a) 

the panels act as rigid bodies, (b) they rotate, under lateral loading about a bottom corner, 

(c) gravity effects are through the centre of the wall, (d) there is no translational effect i.e. 

no slip between the wall and the floor below, and (e) panel connections such as hold-

downs and brackets will deform in proportion to their length away from the corner 

serving as the pivot point during rocking.  

 

The validity of these assumptions depend on rotations that are small enough that small 

angle approximations are valid, and the aspect ratio of the walls i.e. the height to length 

ratios are large enough for rocking to readily take place. ‘Squat’ walls are less likely to 

rock. Gavric et al. [66] has found that long wall panels had combined sliding and rocking 

behaviour, while walls with 1:1 aspect ratios with only steel angle brackets at the ends, 

and not hold-downs were dominated by rocking.   

 

Also, it is noted that recently, Gavric and Popovski [65] reported that when walls 

perpendicular to the line of force are taken into account (obviously a realistic situation), 

then sliding frequently becomes the dominant mode of movement. 

 

This, however, is addressed in a later chapter, and for the purposes of this chapter it is 

sufficient to adopt the approach of the CLT Handbook [63] and that of other researchers 

[67], and assume only rocking and no sliding. All CLT connections will be assumed to be 

of steel brackets, with no hold-downs at the ends. 
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The CLT Handbook  equation for lateral resistance of a wall, F, with n brackets, at lateral 

displacement D is as follows:   

 

∑        (6.1) 

 

where L is the length of the wall, H the height, D the racking displacement at the top of 

the wall, G is gravity, and li is the distance of the ith connector to the corner about which 

the wall pivots during rocking, while fi(di) is its force-displacement relationship in the 

uplift direction, and will be a non-linear function. 

 

A more useful expression is to modify Equation 6.1 so that moment resistance, Mr is 

provided and not just racking strength. In this way moment actions at the top of the wall 

can be given quick consideration during the design process. 

 

∑         (6.2) 

 

where fi is now a function of (li D/ H). Note that, in Equation 6.2, the gravity term is not 

included, as the preferred approach of the author is to consider gravity as an action and 

subtract it from the overturning moments, rather than add to the resisting. The free body 

diagram of the CLT Handbook is modified to include the moment action at the top of the 

wall (Figure 6.1). 

 

Figure 6.1 Free body diagram of shear wall panel, modified from the CLT Handbook [63]. 
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In order to resist a design level overturning action (and assuming an over-strength ratio of 

2.5 [63] for the ultimate moment resistance, Mr, divided by the ‘yield’ moment resistance 

My, i.e. Mult / My) then the brackets are designed and distributed along the base of the wall 

so that: 

 

/2.5	 	        (6.3) 

 

where V is the racking force and M the design moment (see Figure 6.1). 

 

 

6.3 SIMULATION OF CLT WALL BEHAVIOUR 

The uplift force-displacement behaviour of the steel brackets that secure the walls to the 

floor below, and their modelling is discussed, and then their implementation in model 

CLT walls. 

 

6.3.1  Modelling of the Type A bracket 

The bracket adopted for modelling is described by Shen et al. [68]. Averaged hysteretic 

parameters from cylic tests on a SIMPSON strong tie steel 90×48×3×116 mm bracket 

with eighteen 3.8 × 89 mm spiral nails (conveniently called bracket Type A) are provided 

by Shen et al., and these are shown in the last column of Table 6.1 (along with useful data 

for nails and rivets that will be referred to later on in this Chapter). 

 

Adopting these parameters, the method of Loo et al. [69] was used to model the force-

displacement behaviour of Type A brackets. This method is largely based on the well-

known Foschi relationship for steel connections in timber structures, where connection 

force, F, is a function of displacement, δ: 

 

1 / ,
,					

      (6.4) 

 

The parameters of Equation 6.4 are listed in Table 6.1, and the reader is referred to [69] 

for detailed descriptions of their meaning. 
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Table 6.1. Averaged Foschi parameters for single rivet, nail, and bracket Type A 

Foschi parameter

1Rivet 
(40 mm 

long) 

2Nail 
(3 mm 

dia) 

3Bracket Type A 
(18 spiral nails) 

Ultimate strength, Fult (kN) 3.2 1.37 49.1 

Displacement at ultimate strength, δult (mm) 3.3 9 20 

Strength at failure (80% of Fult), Ffail (kN) 2.6 1.1 39.2 

Displacement at failure, δfail (mm) 7.7 14.9 29.4 

Initial stiffness, K0 (kN/mm) 3.8 1.2 11.93 

Tangent stiffness at peak load, K1 (kN/mm) 0.41 0.05 0.012 

Post peak strength envelope gradient, K2 (kN/mm) -0.15 -0.042 -1.05 

Unloading stiffness, K3 (kN/mm) 3.6 1.1 11.3 

Pinching strength, F1 (kN) 0.27 0.19 4 

Y-intercept strength, F0 (kN/mm) 1.9 0.92 49.27 
1adopted (or estimated by authors) from Popovski and Karacabeyli [70] 
2 adopted (or estimated by authors) from Dolan and Madsen [71] 
3 adopted (or estimated by authors) from Shen et al. [68] 

 

Using the envelope curve from Equation 6.4 and the values in Table 6.1 for Type A 

brackets, the hysteretic behaviour is numerically modelled  with a multi-linear plastic link 

in SAP2000 [72]. The relationship of Figure 6.2 aligns closely with the results of Shen et 

al. [68], particularly in regard to the peak force and displacement. 

 

 
Figure 6.2 Numerically modelled force-displacement relationship for Type A bracket for 

displacement in the vertical direction (assumed also to be the parallel-to-grain direction). The 
peak force is 47 kN at a displacement of 24 mm. 

 

6.3.2  Obtaining the moment resistance relationship for walls 

To simplify the modelling of the walls, only Type A brackets were used. In order to obtain 

the required wall strength (according to Equation 6.2), the brackets were simply 

distributed at various distances from the wall ends, and either in pairs (one on both sides 

of the wall), or as singles. This process is an iterative one, however it is rapidly achieved 

using Matlab or taking a programmed spreadsheet approach with VBA. The example in 
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Figure 6.3 shows the moment resistance (Mr) vs. horizontal displacement curve for a 2.44 

× 2.44 m wall with single brackets distributed as indicated.  

 

 
Figure 6.3. Moment resistance curve for a 2.44 × 2.44 m wall with three evenly distributed single 

Type A brackets evenly distributed (li = 0 m, 1.22 m, and 2.44 m). 
 

6.3.3  Numerical model and simulation 

A two storey wall was modelled using the software package SAP2000 [72]. Each storey 

wall was 2.44 × 2.44 m. Both walls are of 140 mm thick CLT panels for both stories, and 

were modelled using a thick shell element. The shell elements are assigned an elastic 

modulus, E, of 10200 MPa, and shear modulus, G, of 525 MPa. In terms of gravity only 

self-weight is considered and considering a density of 450 kg/m3, the weight of each 

storey panel is thus 3.68 kN. The layout of the Type A brackets is as shown in Figure 6.4. 

The second storey has single brackets at the ends of the wall, while the first storey has 

doubled brackets at the wall ends. 

 

The ultimate moment resistance of the second storey wall (found from the relationship 

generated by Equation 6.2) is Mult= 112.5 kNm , while the yield moment My = 45 kNm 

(40% of Mult [63]). This moment would be induced by a racking force at the top of the 

wall, P = 20.6 kN  (from P = (My+GB/2)/H). 

 

If the first storey is designed to yield under the same conditions that will yield the second 

storey, the required moment resistance of the brackets at ground floor is then My = PH-

GB/2= (20.6 kN × 2.4 m × 2 – 3.68 kN × 2 × 2.4/2)/2 = 90 kNm. This is provided by the 

doubled Type A brackets at the ground level (Mult =225 kNm, My =90 kNm). The 
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intention is if the first (or ground) floor brackets yield at the same force as the second 

floor brackets, and thus should provide protection to the 2nd floor brackets. 

 

It should be noted that the figures selected have no particular significance, aside from 

conveniently corresponding to a symmetrical arrangement of the brackets, and this is all 

that is required for the current exercise. The numerical model is displayed in Figure 6.4. 

Note also the shear keys (with zero uplift resistance, and the gap elements used to create a 

contact surface between the two walls and the 1st floor wall and the foundation.  

 

 

Figure 6.4. Model CLT wall showing layout of brackets, shear key, and gap elements. 

 

A quasi-static displacement schedule (Figure 6.5) is applied to the top of the wall, with a 

maximum displacement of 200 mm (corresponding to 4.2% drift).  

 

Figure 6.5. Displacement schedule. 
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This is so as to simply achieve a more or less SDOF displacement profile, as assumed in 

most current seismic design practice. Later chapters will consider the walls under 

dynamic simulations.  

 

The force-displacement results for one of the ground brackets, and one of the brackets 

between the first and second floors are shown in Figure 6.6(a) and (b) respectively, while 

the overall hysteretic response is shown in Figure 6.6 (c). 

 

 
Figure 6.6. Hysteretic response (numerical) of Type A brackets for (a) bracket at 2nd floor, (b) 

bracket at ground (foundation) floor, and (c) overall wall structure. 
 

As would be expected at such high levels of drift, the bracket at ground level have 

completely failed while the bracket between the 1st and 2nd stories, has just gone well 

beyond the elastic limit of 19.6 kN (40% of peak force 47 kN – see Figure 6.2), and is in 

fact almost at the ultimate strength for Type A connectors. While the brackets in the 

ground floor are intended to resist the same action as the 2nd floor brackets, the innate 
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over-strength of these types of brackets in timber means that even after the ground 

brackets have yielded, they continue to increase in strength up to the ultimate, and this 

means the 2nd floor brackets, while certainly not losing strength, become plasticised and 

are rendered irreparable.  

 

While the ductility in the brackets at ground level does have a shielding effect and avoids 

failure of the connector in the upper level, the upper level brackets incur significant 

inelastic damage. More importantly, the wall as a whole completely fails (see Figure 

6.6(c)). The next section explores the possibility of achieving a similar shielding effect - 

but with zero or insignificant damage at all levels. 

 

6.4  SLIP-FRICTION CONNECTORS – SHIELDING EFFECT 

In order to quickly see the benefits of slip-friction connectors, the Type A brackets of the 

wall of the previous section (see Figure 6.4) are simply removed and replaced with slip-

friction connectors at both ends of the wall. In this example the influence of the rivets 

connecting the slip-friction connectors to the wall are not considered, and so the rivet 

group is simply assumed to be many times stronger than the slip-force of the slip-friction 

connectors.  

 

Assuming the connectors are at the wall corners, in order to resist the 90 kNm overturning 

moment, see previous section, the slip-force is 90 kNm / 2.4 m = 37.5 kN. It is intended 

that slip in the connectors will occur just while the 2nd storey brackets approach their 

yield strength (Fult/2.5 =47 kN/2.5 = 18.8 kN).  

 

Slip-friction connectors are modelled with a multi-linear plastic link, a gap element, and a 

hook element (where the slot length is finite), using the method of Loo et al. [20]. In this 

case the hook is set to an arbitrarily large value in order to allow uplift without impacting 

the slot ends. After implementation, the displacement schedule of Figure 6.5 is again 

applied to the wall and the response of the 2nd floor brackets are shown in Figure 6.7(a). 

The maximum force is 18.3 kN ≈ 18.8 kN (yield). Compare 6.7(a) to Figure 6.6(a). 

Because the slip-friction connectors at foundation level have little over-strength, the 2nd 

storey brackets do not exceed the yield strength.  
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The slip-force is reduced again, this time to 28 kN. The effect on the 2nd storey bracket is 

clearly seen in Figure 6.7 (b), with the maximum force now at 13.8 kN, which is well 

below the defined yield strength.  

 
Figure 6.7. Numerical force-displacement response of Type A brackets for slip-friction connector 

strength, Fslip set to (a) 37.5 kN, and (b) 28 kN. 
 

As for the slip-friction connectors themselves, because they behave elastoplastically, with 

little over-strength there is no damage to them (see Figure 6.8).   

 
Figure 6.8. Numerical hysteretic response of slip-friction connector. 

 

From just this one example, the major benefit of implementing slip-friction connectors in 

CLT walls is clear – while remaining damage free themselves (except during an 

unexpectedly severe event when slot-ends are impacted), they can also ‘shield’ the inter-

storey steel brackets from damage. In fact for this example, the wall structure itself has 

remained essentially elastic, with the only points of non-linearity being at the slip-friction 

connectors. 

 

As for the response of the wall system itself (Figure 6.9), it reflects the elastoplastic 

characteristics of the slip-friction connectors, with some flagging caused by gravity 

(recall that in Chapter 4, that the feasibility of such a structure has been demonstrated).  
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Figure 6.9. Numerical hysteretic response of the entire wall. 

 

Comparing this response with the response of the wall with brackets at both first and 

second levels (see Figure 6.6(c)), the advantage of implementing slip-friction connectors 

is clear.  

 

6.5  CONCLUSIONS 

A method of modelling the behaviour of CLT walls is introduced, with the assumption 

that the force-displacement behaviour is governed by the interstorey bracket connections, 

and that the main component of lateral displacement derives from rotation of the wall 

about the corners.  

 

Type A brackets are adopted in the design of a two storey wall, and this wall and the 

brackets are numerically modelled. The modelling technique assumes a Foschi force-

displacement relationship for the brackets, and through distribution of the brackets 

(singles or doubled) along the base of the wall at each respective level, the overturning 

actions are resisted. Through the application of a simulated quasi-static displacement 

schedule at the roof level, it is demonstrated that when the wall is pushed to a level that is 

well beyond its overall failure displacement, the brackets between the first and second 

storeys nevertheless maintain their strength (if not stiffness), but incur significant inelastic 

damage. 

 

An additional simulation was carried out on the same wall, but with the wall to 

foundation brackets replaced with slip-friction connectors. The slip-friction connectors, as 

expected, cap base shears to what would have been the yield strength of the wall of the 

first simulation. Because the slip-friction connectors possess zero (or very low) over-
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strength beyond the yield point, the brackets between the first and second storeys are 

shielded from damage, and remain elastic for any range of displacement permitted by the 

slip-friction connectors.  

 

The next chapter is concerned with achieving a desired sequence of plasticisation (or non-

linearisation) in the three ductile elements of the proposed structure – the steel brackets, 

the slip-friction connectors, and the timber rivets that attach the slip-friction connectors to 

the wall.  
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Chapter Seven 

 

 

AN ELASTOPLASTIC SOLUTION FOR EARTHQUAKE 
RESISTANT RIGID TIMBER SHEAR WALLS 

 

Based on an article published in the proceedings of INTER-International Network on 
Timber Engineering Research, September 2014, Bath, UK 

 

 

7.1 INTRODUCTION 

(Significant parts of this section overlap with material presented in previous chapters) 

In terms of seismic performance, timber structures have been observed to perform well, in 

spite of timber being an inherently brittle material. This is due mainly to the ductility of 

the steel-to-timber connections, and the way in which they interact with the timber 

material. If these connections are detailed to deform plastically, while keeping the timber 

members elastic, the overall structure achieves ductility. For sheathed timber frame walls, 

and floor diaphragms, the New Zealand structural timber code, NZS3603:1993 [62] 

allows ductility values of up to four to be adopted.  

 

The issue with such an approach is that in a design level earthquake, the deformations 

required to achieve ductility often renders the structure irreparable, or at least requiring 

expensive repairs. Recent developments in engineered lumber products have seen the 

availability of mass timber panels of tremendous strength and stiffness. These include 

CLT (cross laminated timber) and LVL (laminated veneer lumber) panels.  

 

Under typical loading conditions these panels are essentially rigid, and the experiments of 

Popovski and Karacabeyli [22] demonstrate that the hysteretic behaviour is largely 

governed by the plastic deformations in the steel bracket connections attaching the walls 

to the floor. The hysteretic loops bear some resemblance to those of sheathed timber 

frame walls, the main difference being they are more tightly pinched. The seismic 
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performance of such walls is adequate, however, damage is still a consequence after an 

earthquake.  

 

The authors propose implementing energy dissipating slip-friction device as hold-down 

connectors in shear walls (see Figure 7.1(a)). By adjusting the slip-force of the 

connectors, the strength of the wall can be tuned to a desired strength, and overturning 

moment (and hence activated base shear) capped below a certain threshold.  Because the 

force-displacement behaviour of the connectors is highly elastoplastic (see Figure 7.1(b)), 

it is expected that this characteristic would be reflected in the hysteretic behaviour of the 

walls in which they serve as hold-downs. Numerical modeling has demonstrated the 

promise of such a concept [20]. 

 

This chapter introduces experiments carried out on a 2.4 m × 2.4 m LVL wall with slip-

friction connectors. To facilitate controlled rocking, a novel shear key is adopted, that 

contributes to the damping of the system. The respective contributions to wall strength of 

the shear key and the slip-friction device can be quantified by a simple analytical 

relationship, and the predicted results align closely with the experimental results.    

 

Figure 7.1. (a) General concept (frictional effects from shear key not shown), (b) experimental 
hysteretic behaviour of slip-friction connector from component test, (c) forces on connector, and 

(d) connector specimen. 
 

Implications to the way in which such a system could be designed, and considerations 

unique to them are discussed. The modelling of the wall and connectors is covered, and 

earthquake simulations are used to investigate the seismic performance of the wall. The 

results are presented and discussed. 
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7.2 SLIP-FRICTION CONNECTORS 

(Significant parts of this section overlap with material presented in previous chapters) 

The type of slip-friction connector (see Figure 7.1(d)) adopted as wall hold-downs has a 

symmetric sliding mechanism, in which the two outside plates resist in equal proportion 

the external load applied to the centre-plate (see Figure 7.1(c)). Other researchers have 

used slip-friction connectors in steel frames [4] - however those typically have an 

asymmetric mechanism, in which external load is only applied to the centre plate, and one 

of the outside plates. 

 

Butterworth [2] provides a detailed discussion of the sliding mechanism of both 

symmetric and asymmetric connectors. Symmetric connectors were explored in great 

detail by Popov and Grigorian [29], and to date, these have typically required the use of 

brass shims between mild steel surfaces in order to facilitate sliding. Without brass shims, 

it has been shown that sliding is extremely erratic. However, in the connector design for 

the shear wall, the authors decided to forgo the use of shims altogether, and instead 

simply use a centre-plate of abrasion resistant steel (typically Bisalloy 400), in direct 

sliding against external mild steel plates.  

 

All steel surfaces were prepared to the clean mill scale finish prior to use, and extensive 

tests carried out by Loo et al. [8] show that with some minor preconditioning of the 

surfaces, while keeping the connectors clamped together, excellent elastoplastic 

behaviour can be  achieved (see Figure 7.1(b)). 

 

7.3 EXPERIMENTAL WALL WITH SLIP-FRICTION CONNECTORS 

(Significant parts of this section overlap with material presented in previous chapters) 

A 2.44 m × 2.44 m wall was assembled from two separate 1.22 m × 2.44 m LVL panels 

of 45 mm in thickness (see Figure 7.2(a)). Loo et al. [40] describes the set-up of the 

experimental wall; the panels were fabricated through the use of screws connecting the 

panels through end studs, and top and bottom plates. These plates were fabricated from 

the same material as the main wall. In the design, a maximum racking force of 

approximately 120 kN was considered (the actual maximum tested force was between 65 

and 70 kN). 
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A slip-friction connector riveted to an end chord is shown in Figure 7.2(c), and the shear 

key of two vertical steel plates and solid steel rod inserts is shown in Figure 7.2(d). 

Because the wall in itself is almost rigid and the actual material yield strength would be 

well beyond the range of the test values, its strength is controlled by the slip-friction 

connectors. Belleville washers were again employed to provide the desired preload.  

 
Figure 7.2 (a) General setup, (b) actuator controller and data acquisition system, (c) slip-friction 
connector shown extended, (d) shear key, (e) plates to transfer racking force, and (f) use of depth 
micrometre to measure deflection of Belleville washer stack. (g) Forces on wall about to uplift, 

with racking force P applied at the top corner. (h) Measured strength vs. predicted strength. 
 

This preload in the bolts is a function of the way the Belleville washers are stacked in 

parallel and series, and the deflection applied to the stack. Loo et al. [40] derived 

expressions to find the Belleville stack height for a desired slip-force. A depth micrometre 

was used to gauge the deflection of the Belleville washers (see Figure 7.2(f)). When the 

slip-force of the connector is achieved, the wall will uplift and rock. In order for rocking 

to occur in a relatively unimpeded manner, a shear key is proposed in which solid steel 

rods passing through the timber panel are made to bear on mild steel shear plates on both 

sides of the wall.  
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These plates are rigidly fixed to the foundation, and the bearing surface is set at a slight 

angle from the vertical. The free body diagram of the wall just about to uplift is shown in 

Figure 7.2(g), and the expression for racking force is: 

 

∑
       (7.1) 

 

where Kmrp encapsulates the effect and contribution of the shear key: 

 

/ ∅ 	 ∅ ∅  (7.2) 

 

Loo et al. [40] describes 25 tests carried out on the wall, with the experimentally 

measured strengths corresponding well with the values from Equation 7.1 (see Figure 

7.2(h)). No damage to the wall was observed. The connectors each underwent at least 14 

m of cumulative sliding travel, with little evidence of deterioration in strength or stiffness. 

Figure 7.3(a) shows a typical hysteretic result, and Figure 7.3(b) shows the uplift 

displacement time history at the slip-friction connector locations.  

 

 
Figure 7.3 (a) Force-displacement behaviour for experimental wall of approximate 45 kN 

strength. (b) Vertical displacement time history at slip-friction connector locations. 
 

One end of the wall readily descends, while the other end uplifts. This capability to re-

centre under only self-weight (approximately 2.8 kN), demonstrates the accuracy 

obtained in setting the connector force (the difference in the slip-force between 

connectors is required to be less than the combined gravity effects  for re-centring to take 

place), and this capability is naturally an important prerequisite for minimising residual 
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drifts following an earthquake. The reader is referred to Loo et al. [40] for a detailed 

presentation and analysis of the experimental results.  

 

7.4 GENERAL DESIGN IMPERATIVES 

7.4.1 Ductility 

Slip-friction connectors applied to rigid walls can readily enable elastoplastic behaviour. 

The amount of ductility is limited only by the length of travel allowed by the slot within 

the centre-plate of the connector. Such a slot should provide enough sliding distance to 

correspond to little or no damage during a design level earthquake, and even perhaps a 

maximum credible earthquake. In extreme circumstances, this drift could be exceeded, 

and the priority under such a circumstance is to shift the ductility demand to the other 

steel connections within the structure, ensuring the structure maintains strength and 

avoids brittle damage.  

 

For timber structures, definitions of yield strength and ductility have varied [73]. Yield 

strength can be somewhat difficult to define, because in reality the load-slip relationship 

of timber connections is not strictly linear at any portion of the load-slip envelope. 

Nevertheless, 50% of ultimate strength has been commonly used in the past for sheathed 

light timber frame walls. For CLT walls, strengths are currently defined as 40% that of 

the ultimate strength [63]. The overall ductility µ is found by dividing the failure 

displacement, Δmax, (typically the displacement at which the strength falls to 80% of the 

peak load) by the yield displacement Δy.  

 

These definitions are illustrated in Figure 7.4(a). For walls with slip-friction connectors, 

the same approach can be adopted to define overall ductility, µ. Figure 7.4(b) shows that 

within the overall ductility, such walls enjoy a damage free phase, as well as a quite 

distinct region involving inelastic damage. The damage free zone is associated with the 

slip-friction connectors undergoing sliding, and thereby capping forces at or below the 

yield strength of the wall (i.e 50% of ultimate load for sheathed timber frame walls, and 

40% of ultimate load for CLT walls). The measure of slip-friction enabled ductility is µsf 

= Δsf /Δy. It is intended that during earthquakes the structures remains in the damage free 

zone with a high level of probability. 
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Figure 7.4 (a) Definitions of wall strength and maximum displacement. (b) Total and slip-friction 

enabled ductility for wall with slip-friction connectors, and (c) a possible progression of 
nonlinearity for CLT wall structure. 

 

The designer would decide on an appropriate value for Δsf, corresponding to relevant 

code recommendations of drift for a ULS or MCE event. It is emphasised that the 

continued ductile behaviour of the wall beyond Δsf (second phase ductility), depends on 

sufficient over-strength being provided when designing the other connections of the 

structure. For sheathed timber frame walls, this second phase ductility would be supplied 

by the deformation of the nail connections, while for CLT walls, it would arise from the 

ductile plasticization of the steel bracket connections.  

 

Within the structure, sources of ductility are the slip-friction connector, and the steel 

brackets at each storey connecting the wall to the floor below. The rivets connecting the 

slip-friction connector to the wall should be designed for a ductile failure mode. A 

possible order of ‘non-linearization’ is illustrated in Figure 7.4(c). 

 

Naturally the first stage involves sliding of the slip-friction connectors and uplift and 

rocking of the wall. It is intended that for almost all design level events, and for most 
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maximum credible events, the non-linear behaviour of the wall structure will remain in 

this range. However an extreme event could cause the wall to attempt to uplift past the 

range permitted by the connector slot-lengths. A second phase of nonlinear behaviour is 

then initiated (the post-plateau part of Figure 7.4(b)). During this phase, ductility is 

achieved through the plasticization of the steel brackets, and some rocking of the non-

ground floor wall panels – in fact this is the mechanism currently depended upon to 

provide adequate seismic performance [22]. But whereupon in current practice, the 

ductile behaviour of the steel brackets constitutes the first stage of ductility, in the 

proposed concept it will serve as reserve ductility only.  

 

If for some reason ductility in the inter-storey steel bracket connections is not manifested 

in the manner desired, or the event is so extreme as to cause extremely large 

displacements, the third stage of non-linearity is provided by the riveted connection 

between the slip-friction connector and the timber wall (note that the assumption is that it 

is preferable to have damage first occur in the steel bracket connectors, rather than risk 

the rupturing away of the slip-friction connector from the wall). The slip-friction 

connector should be designed for a ductile mode of failure, and this is readily achieved 

through reference to the work of Zarnani and Quenneville [74, 75]. Upon the complete 

loss of strength in the riveted connection, the wall will freely rock.  

 

It should be emphasised that the final stage may superficially appear to mean collapse, 

but this is not necessarily the case. In fact something akin to free rocking is already 

assumed as providing adequate behaviour in current design practice of CLT walls [63]. 

Regardless of the intensity of an earthquake event, brittle failure of the timber members 

should be avoided. Thus it is also necessary to check that the actions associated with the 

over-strength levels of all the connectors, will not cause any of the timber members to 

exceed their respective yield strengths.  

 

7.4.2 Rocking and shear amplification 

The structure proposed by the authors is a rocking structure restrained by Coulomb 

frictions. For freely rocking rigid blocks, there has already been significant research - 

among the earliest by Housner [11] who showed that structures that appear to be 

somewhat unstable can in fact be quite stable. Housner’s research was motivated by 

reconnaissance observations from the 1960 Chilean earthquake. With free rocking, the 
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characteristics of the impacting surfaces are a major influencer of behaviour [76], and 

thus the rocking characteristics can be quite chaotic.  

 

This is not surprising, as impact is the only mechanism for energy dissipation in such 

structures, and the amount is difficult to quantify. However, it should be mentioned that 

the previous New Zealand loadings code, NZS4203:1992 [77] did imply that rocking 

could be considered, without special study, for structures of low ductility less than 2 

(however the current code NZS1170.5:2004 [78] does require a special study for any case 

where energy dissipation is achieved through rocking).  

 

New Zealand has been a fertile ground for research on rocking structures with research on 

supplemental damping , and there are several buildings in New Zealand that have adopted 

the concept, the most noteworthy being the Nelson Arts Building in the South Island of 

New Zealand [19]. This building relies mainly on post-tensioned cables to resist 

overturning and provide re-centring action.  

 

In the case of the authors’ proposed wall with slip-friction connectors, the overwhelming 

contributor to energy dissipation is through Coulomb friction damping. This damping can 

be easily quantified by summing the area of the hysteretic loops, and Loo et al. [20] 

demonstrates the greatly enhanced energy dissipation potential of walls with these loops. 

Thus one element of uncertainty in predicting the behaviour of rocking structures is 

removed.  

 

In the case of MDOF rocking structures, numerical studies have shown that higher mode 

effects can play a part in increasing the shear action above those predicted by the 

equivalent static method (which is based on the fundamental mode of vibration). These 

higher mode effects are particularly taken into account for structures that rely on plastic 

hinging to limit activated forces on the structure [79]. However Kelly [80] has found that 

factors currently used are inadequate when it comes to rocking structures. Kelly carried 

out a series of numerical analyses, and from this proposes the following dynamic 

amplification factor, ωv, to be used to increase the shear actions. 

 

1 			 	 1       (7.3) 
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where DF is the ductility and avn is a shear amplification factor with values of 0, 0.1, 0.15, 

0.40, 0.60, and 0.90 for 1, 2, 3, 4, 5, and 6 story buildings, respectively. A detailed 

discussion of this factor and its development is provided by Kelly [80]. The authors’ 

Coulomb damped rocking wall is unlike the free rocking blocks of Kelly. However, in the 

absence of current alternatives, and pending further detailed studies, the authors will 

adopt Equation 7.3 in their own discussion of earthquake simulation results on a 

numerical wall (see Section 7.6).  

 

7.5 NUMERICAL MODEL 

7.5.1 Multi-storey wall 

In order to demonstrate the benefits of slip-friction connectors, a five storey shear wall is 

designed, modelled, and placed under earthquake simulations. The software package 

SAP2000 [72] was used. The model wall is considered to be one of the perimeter walls of 

a 6 m × 6 m box structure. It is assumed that only the perimeter walls resist earthquake 

forces. Storey heights are 2.6 m, and the concentrated seismic mass at all levels is 15 

tonnes. Walls are of 140 mm thick CLT panels at every storey, and are modelled by a 

thick shell element. The shell elements have an elastic modulus of 10200 MPa, and shear 

modulus of 525 MPa. In terms of gravity, only self-weight is considered. The wall was 

designed for the seismically active area of Napier, New Zealand, and intermediate soil 

type conditions. The design ductility is 4, and the fundamental period found to be 

approximately 0.7 s. Based on the spectral acceleration and procedure of NZS 

1170.5:2004 [78], the lateral forces Fi at each level are calculated. These are presented in 

Table 7.1, together with the shear and bending actions. 

 
Table 7.1. Distributed forces and actions on shear wall 

Floor h (m) m (kg) mi hi mihi /sum(mihi) Fi (kN) V (kN) 
M 
(kNm) 

5 13 15000 195000 0.33 27.0 27.0 0.0 
4 10.4 15000 156000 0.27 17.1 44.2 70.3 
3 7.8 15000 117000 0.20 12.9 57.0 185.1 
2 5.2 15000 78000 0.13 8.6 65.6 333.4 
1 2.6 15000 39000 0.07 4.3 69.9 504.0 

0 0   585000     69.9 685.7 
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7.5.2 CONNECTIONS 

7.5.2.1  Steel Brackets 

Steel bracket connections were adopted in connecting the walls to the floor panels below. 

For simplicity of modelling, the same bracket type was used, with the required 

overturning resistance obtained by varying the distribution of the brackets. The assumed 

mechanism of the rocking wall with plasticizing bracket connections is shown in Figure 

7.5(a).  

 

 
Figure 7.5(a) Free body diagram of shear wall panel, modified from [63] (b) Numerical hysteretic 
behaviour of Type A bracket. (c) Resistance to overturning as a function of displacement, D, for a 
2.6 m high by 6 m wide wall with doubled Type A brackets at the ends and singles at li = 2 m and 

4 m. (d) Distribution of brackets in model wall. 
 

If the wall had n brackets, the overturning resistance Mr is  

 

	 ∑        (7.4) 

 

Note that fi is a function of (li D / h). To resist a design level overturning action (peak 

value divided by 2.5), brackets must be designed and laid out in such a way so that  

 

	          (7.5)  

 

The bracket adopted for modelling is reported on by Shen et al. [68]. Averaged hysteretic 

parameters from cylic tests on a SIMPSON strong tie steel 90×48×3×116 mm bracket 

with eighteen 3.8 × 89 mm spiral nails (conveniently called bracket Type A) are provided 
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by Shen et al., and these are reproduced in Table 7.2. Adopting these parameters and 

using a multilinear plastic link, the method of Loo et al. [69] was used to model the force-

displacement behaviour of Type A brackets. This method is largely based on the 

behaviour on the well known Foschi load-slip curve for steel connections in timber 

structures. 

 

A result from a numerical test on a single Type A bracket is shown in Figure 7.5(b). 

Figure 7.5(c) shows the moment-resistance to racking-displacement relationship (from 

Equation 7.4) for a 6 m wide by 2.6 m high wall, with single connectors at li = 2 m and 4 

m, and doubled connectors at the ends. For the model wall, the connection arrangements 

for each wall panel are shown in Figure 7.5(d) (note that the distributions do not 

necessarily reflect a practical implementation, but serve to investigate the adopted design 

principles and how they perform under simulation). 

 

7.5.2.2  Slip-friction connector 

The slip-friction connector is modelled using a gap, hook, and multilinear plastic element. 

The gap element prevents the downward displacement of the wall at its corner, the hook 

element defines the slot-length available for sliding (i.e. uplift), and the multilinear plastic 

link with kinematic hysteris behaviour provides the elastoplastic characteristics of the 

connector. Loo et al. [20] describes in detail the modelling of slip-friction connectors. In 

the research of this chapter, the slip-friction connector is placed in series with the element 

representing the rivet connection to the wall (see Figure 7.6(a)). 

 

The sliding strength, Fslip, of the slip-friction connector is set as: 

 

         (7.6) 

 

where Mo is the overturning moment on the wall, and G the total gravity effects including 

self-weight. Mo for the model wall is 686 kNm (see Table 7.1) and G (assuming self-

weight only, and 450 kg/m3 for CLT) is 48.2 kN. Thus, Fslip is set to 90 kN. The slot 

length was set for a maximum allowable uplift of 150 mm, i.e corresponding to 2.5% 

drift. 
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7.5.2.3  Rivet connections 

Timber rivets provide an excellent solution in timber structures, where both a stiff 

connection and high force to transfer area ratio, is required. This suits the requirements of 

the connection between the slip-friction connector and shear wall (see Figure 7.2(c)). In 

general, riveted connections should be designed for a ductile failure mode, and brittle 

failure modes such as block pull-out and splitting should be avoided. Zarnani and 

Quenneville [74, 75] investigated rivets in timber and provide design equations enabling 

their ductile design.  

 

Popovski and Karacabeyli [70] tested rivets on braced frames and obtained averaged 

force-displacement properties for various timber types such as glulam, parallel strand 

lumber, and laminated veneer lumber (LVL). Zarnani and Quenneville have investigated 

CLT - however these are yet to be published. Thus the values for laminated veneer 

lumber are adopted for modelling purposes, and presented in Table 7.2. For comparison, 

results for a nail connection are also shown. 

 

Table 7.2 Averaged Foschi parameters for single rivet, nail, and bracket Type A 

Foschi parameter 
1Rivet (40 
mm long) 

2Nail (3 
mm dia) 

3Bracket 
Type A (18 
spiral nails) 

Ultimate strength, Fult (kN) 3.2 1.37 49.1 

Displacement at ultimate strength, Δult (mm) 3.3 9 20 

Strength at failure (80% of Fult), Ffail (kN) 2.6 1.1 39.2 

Displacement at failure, Δfail (mm) 7.7 14.9 29.4 

Initial stiffness, K0 (kN/mm) 3.8 1.2 11.93 

Tangent stiffness at peak load, K1 (kN/mm) 0.41 0.05 0.012 

Post peak strength envelope gradient, K2 (kN/mm) -0.15 -0.042 -1.05 

Unloading stiffness, K3 (kN/mm) 3.6 1.1 11.3 

Pinching strength, F1 (kN) 0.27 0.19 4 

Y-intercept strength, F0 (kN/mm) 1.9 0.92 49.27 
1adopted (or estimated by authors) from Popovski and Karacabeyli [70] 
2 adopted (or estimated by authors) from Dolan and Madsen [71] 
3 adopted (or estimated by authors) from Shen et al. [68] 

 

 



148 
 

 
Figure 7.6. (a) Riveted connection combined with slip-friction elements. (b) Foschi load-slip 

curves for a timber rivet, compared with a 3 mm diameter nail. 
 

The Foschi envelope curve for the rivet is compared to that of the 3 mm diameter nail in 

Figure 7.6(b), and the differences in strength and stiffness are apparent. While rivets do 

exhibit high levels of ductility (around 15 for LVL), only a very small displacement post-

peak load will cause failure, and this is an important consideration when it comes to 

providing post-sliding ductility to the structure (see Figure 7.4(c)).  

 

Rivet connections are modelled using a multilinear plastic element of a pivot hysteresis 

type. Note that a connection with n rivets has n times the strength and stiffness values of 

Table 7.2 (the assumption being that significant displacements remain the same [69]). 

Figure 7.6(a) shows the element representing the rivet as part of the overall slip-friction 

connector.  

 

 

7.6 EARTHQUAKE SIMULATIONS – RESULTS AND DISCUSSION 

The wall was subjected to five earthquake simulations. The acceleration records and their 

respective scale factors are shown in Table 7.3 
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Table 7.3 Earthquake acceleration recordsa 

Event Station Bearing
PGA 
(g) 

Scale 
Factor, k1

b 
Scaled 
PGA (g) 

El Centro, Imperial 
Valley, 1940 

117  El Centro Array #9 180° 0.313 0.9 0.282 

 
Loma Prieta 1989 

 
47125 Capitola 

 
0° 

 
0.529 

 
0.6 

 
0.317 

 
Northridge 1994 

 
24303 LA –Hollywood 
Stor 

 
90° 

 
0.231 

 
1.5 

 
0.347 

 
Kobe 1995 

 
0 JMA 

 
0° 

 
0.821 

 
0.3 

 
0.246 

 
Chihuahua 1979 

 
6621 Chihuahua 

 
282° 

 
0.254 

 
0.9 

 
0.229 

aFrom PEER [81] 
bScaled for building period of 0.7 s. Location Napier, NZ, 500 yr return period, Site C soils. 

 

From Figure 7.7(a) it can be seen that the maximum roof displacements are generally 

below a 1% drift limit, while drifts for two of the MCE event are slightly above 1.5%. 

From a performance based approach this is promising, as the NZS1170.5 [78] limit for 

the ULS state allows 2.5%. It should be noted that residual drifts are not shown. This is 

because in all cases, both the ULS and MCE residual drifts were close to, if not zero, and 

all well below the 0.2% limit for realistic self-centring structures [82].  

 
Figure 7.7. (a) Maximum displacements at roof level, and (b) maximum base shears, for 

numerical wall. 
 

Base shears are shown in Figure 7.7(b). It is seen that the equivalent static predicted value 

of 70 kN is significantly exceeded in both the ULS and MCE events. This is due to higher 

mode effects on the structure that amplifying the base shears initiating uplift. From 

Equation 7.3, the dynamic amplification factor is ωv = 3.4 for a 5 storey structure, and this 

gives a value of 238 kN. Figure 7.7(b) shows this value as conservative for the ULS case, 

but appropriate to the MCE case.  
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In the modelling of the wall, the brackets, slip-friction connectors, and the rivets 

connecting the slip-friction connector to the wall were designed for the same level of 

actions, with no over-strength between them. However, in Figure 7.4(c), a possible 

progression of nonlinearity was presented. In order to explore the impact of a ‘weak’ rivet 

connection and a ‘strong’ bracket connection, the model is adjusted, and the slot length 

reduced to 50 mm (from the original 150 mm), in order to allow the second phase of 

ductile behaviour shown in Figure 7.4(b) to develop.  

 

The El Centro MCE simulation was applied, and the hysteretic result from one of the rivet 

connections is shown in Figure 7.8(a). Clearly the rivet connection (attaching the slip-

friction connector to the wall) is more or less behaving elastically, and has undergone 

little damage, in spite of the reduction in slot length. 

 

With the same slot length of 50 mm retained –the strength and stiffness of the Type A 

brackets within the wall were then increased by 1.5.  

 
Figure 7.8. Numerically obtained hysteresis behaviour of rivets when (a) wall is not over-
strengthened, and (b) when wall is over-strengthened. Note the difference in scale of the 

horizontal axis. 
 

The impact on the same rivet connection is startling, and Figure 7.8(b) shows evidence of 

significant non-linear damage. With further excitations, failure of this connection is 

highly likely. Clearly, careful consideration should be given, when over-strengthening the 

nonlinearly responding parts of the structure relative to one another. 
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7.7 CONCLUSIONS 

Experimental work on a rocking wall with slip-friction connectors demonstrate the 

feasibility of the concept, and the wall manifests excellent elastoplastic behaviour and 

readily rocks back into place as long as the connector strengths are within a range no 

larger than the gravity loads on the wall. That this occurs under just self-weight indicates 

that the method of directly measuring Belleville washer displacement in order to 

modulate the slip-force in the connectors can be achieved with reasonable precision. 

 

Slip-friction connectors allow available ductility to be directly determined through the 

provision of slot lengths corresponding to particular target rotational drift levels. Two 

measures of ductility can thus be defined. Slip-friction enabled ductility represents a 

damage free zone of ductile behaviour, while total ductility (failure displacement divided 

by yield displacement) includes both this damage free range and also a zone where 

plasticization of the brackets connecting the walls to the floor below occurs.  

 

Slip-friction connectors thus have the potential to enhance the already adequate seismic 

performance of CLT walls, by allowing the wall to avoid damage for a large range of 

drift, but with a backup reservoir of ductility provided through the ductile bracket 

connections connecting each wall panel to the storey directly below it, as is currently the 

case. However care must be taken to avoid premature failure of the very stiff rivet 

connection. This can be done by ensuring the riveted connection is designed for actions 

that are the same, or preferably higher than those of the brackets.  

 

Numerical parametric studies are currently being conducted to determine the ranges of 

uplift that correspond to design level and maximum credible earthquakes within and their 

probabilities of non-exceedance. 
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Chapter Eight 

 
 

A ROCKING TIMBER STRUCTURE WITH SLIP-FRICTION 
CONNECTORS CONCEPTUALISED AS A PLASTICALLY 

DEFORMABLE HINGE WITHIN A MULTI-STOREY SHEAR 
WALL 

 
Based on an article published in the Journal of Structural Engineering, 

DOI:10.1061/(ASCE)ST.1943-541X.0001387, August 2015 
 

Recent experiments on a 2.44 m × 2.44 m rigid timber wall panel with slip-friction 

connectors have demonstrated the feasibility of enabling elastoplastic behaviour in 

structures that would otherwise be essentially rigid. The slip-friction connectors are 

adopted as the hold-downs that anchor the ends of the wall to the foundation. These 

replace the traditionally used steel bracket hold-downs, that relied on inelastic damage to 

the screw or nail connections for energy dissipation. Overturning resistance of the wall 

directly relates to the slip-force in the slip-friction connectors. On the slip-force being 

reached, the intention is that the wall rocks in a controlled manner. A numerical study 

demonstrates the energy dissipation advantages of this approach. A direct-displacement-

based design procedure is proposed for a multi-storey wall with slip-friction connectors. 

The wall is numerically modelled, and its response to earthquake time-history loadings 

compared with that of an idealised structure with a single plastic deformable hinge at the 

base. Results show that when gravity is not considered, the wall structure with slip-

friction connectors behaves almost identically to that of its idealised equivalent. Taking 

into consideration higher mode effects of Multi-Degree-of-Freedom (MDOF) rocking 

structures, base shears, and response accelerations are capped to the level expected - but 

residual displacements are significant. However, with self-weight considered, residual 

displacements of the wall are trivially small, and maximum displacements are also, in 

general, reduced. For the wall configurations investigated, the results suggest that a 

rocking timber wall unit at the base of a multi-storey shear wall, will not only provide the 

load limiting benefits of a plastically deformable hinge, but also minimise maximum 

drifts, and allow for the structure to restore to its original position.  
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8.1 INTRODUCTION 

(Significant parts of this section overlap with material presented in previous chapter) 

Recent years have seen a high level of interest in the design and construction of multi-

storey buildings in engineered timber - primarily in cross laminated timber (CLT), and to 

a lesser extent, laminated veneer lumber (LVL). While these materials are of tremendous 

strength and stiffness, they possess little, if any, ductility in and of themselves. Non-

ductile, stiff and high frequency structures will experience response accelerations that are 

high - relative to comparable structures that are of lower stiffness. Shake-table tests on a 

six-storey CLT structure in Japan have shown that response accelerations in the upper 

levels can be as high as 4 g, which is clearly at a level that could be injurious or even life-

threatening to the occupants[83].  

 

Whatever ductility does exist in current CLT structures is achieved through the 

deformation and yielding of the steel bracket hold-down connections and shear 

connectors [64]. The resulting hysteretic loops are of a highly ‘pinched’ nature [22], 

somewhat resemble the behaviour of sheathed light timber frame walls. Damage is 

permanent, with nails and screws being pulled out and twisted, and the steel brackets 

deformed. This manner of energy dissipation has considerable prospect for improvement, 

particularly given that major repairs are necessary for a structure to resist aftershocks.  

 

One way to improve the performance of structures that are elastically stiff, and of a 

fundamental mode of high frequency vibration, is to design them with the assumption that 

partial uplift and rocking will occur during an earthquake. This provides some degree of 

ductility and energy dissipation, and base shears can be capped below the levels that 

would be induced in an entirely elastically responding structure.  

 

This chapter addresses rocking timber shear walls with slip-friction devices implemented 

as hold-down connectors. Unlike the case of free rocking (where overturning is resisted 

only by gravity), rocking occurs only when a pre-set force threshold in the slip-friction 

connectors is attained. As well as resisting overturning, the connectors enable excellent 

energy dissipation characteristics with the hysteretic loops highly elastoplastic. Figure 

8.1(a) illustrates the general concept.  
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Figure 8.1. (a) Forces on wall under static loading, (b) slip-friction connector attached to timber 

wall corner, and (c) possible conceptualisation of a rocking wall unit as the plastically deformable 
hinge of a ductile MDOF structure. 

 

Figure 8.1(b) shows a slip-friction connector attached to an experimental timber shear 

wall, while Figure 8.1(c) shows the possible conceptualisation of the wall unit (shaded) as 

a plastically deformable hinge. 

 

In the following sections, an overview of rocking as a damage avoidance mechanism is 

provided. Experiments on a rocking timber wall with slip-friction connectors are briefly 

discussed and some results presented. The energy dissipation advantage of timber walls 

with slip-friction connectors (over walls where ductility is achieved through plastic 

deformation of steel brackets) is demonstrated through a numerical study.  

 

A displacement-based design procedure, modified for use with rocking timber walls, is 

then proposed. Using this procedure a multi-storey wall is designed, numerically 

modelled, and the wall response under a series of earthquakes is simulated. The behaviour 

of the wall is compared with that of an idealised equivalent structure with a plastically 

deformable hinge at the base (see Figure 8.1(c)). The results are analysed and discussed. 

 

8.2 BACKGROUND 

8.2.1 Previous research 

(Significant parts of this section overlap with material presented in previous chapter) 

Allowing structures to uplift and rock in order to limit the activated forces during an 

earthquake, has come under research for quite some time now. In the Chilean earthquake 

of 1960 structures of apparent relative instability survived, while more stable appearing 

structures did not. This in part, motivated Housner [11] to investigate and describe the 
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behaviour of a rigid rocking block on a rigid foundation.  

 

Priestley et al. [12] proposed a simple design method using the equivalent elastic 

characteristics of a rocking shear wall, but subsequent research has questioned the 

validity of such an approach [84].  ElGawady et al. [76] and Ma [13] have shown the 

influence of interface material on the way rocking structures are damped, while Qin et al. 

[85] and a small number of researchers have included the effects of elastic and plastic soil 

deformation and how this interacts with the uplifting flexible structure. Acikgoz and 

DeJong [14] investigated the behaviour of flexible (as opposed to rigid) structures that are 

allowed to rock and demonstrate that the behaviour of such structures is a complex 

interplay between elastic vibration and non-linear uplift. 

 

In the aforementioned research, the only resistance provided to overturning moment is 

through gravity – i.e. the structure relies on self-weight and additionally imposed gravity 

loads for stability and self-centring action.  Energy dissipation is provided purely through 

radiation damping from the base of the structure impacting on the foundation soil. In spite 

of this, the free rocking approach can, on a practical basis, still be beneficial – particularly 

where alternative solutions could require significant foundation work and tension piles 

[80]. In such scenarios the economic savings could be considerable.   

 

Indeed, the former New Zealand loadings code, NZS4203 [77], implicitly allowed 

rocking as a consideration in design without special study, provided the threshold lateral 

load to induce rocking was greater than 50% of what a structure designed to be fully 

elastic would experience. However the current code, NZS1170.5 [78], takes a more 

conservative approach, deeming all rocking structures to be non-conventional and 

requiring special study. Nevertheless, Kelly [80] has introduced a design office procedure 

to estimate maximum seismic displacements and empirical equations to use for the design 

of such freely rocking blocks on elastic foundations.  

 

Palermo et al. [15] describes experiments on rocking systems of post-tensioned LVL 

frames and shear walls. The hybrid systems of Palermo et al. combine self-centring action 

from vertical post-tensioned steel cables, with various means of supplementary energy 

dissipation. In order to supplement damping on a rocking timber wall structure, Iqbal et 

al. [17] have investigated the use of U shaped deformable steel hoops placed between 
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adjacent rocking walls of LVL. This concept of post-tensioned rocking timber walls with 

supplementary damping, has seen implementation in an actual building - the NMIT Arts 

and Media Building in Nelson, New Zealand [19]. 

 

The concept of a rocking wall with post-tensioned steel tendons providing the restoring 

action has also been tested using precast concrete panels [86], and  Aaleti and Sritharan 

[87] have proposed an analysis and design methodology for such walls. Research by 

Twigden et al. [51] applies the rocking concept to post-tensioned precast concrete walls 

under high-frequency cyclic loadings up to 20 Hz.  

 

Experiments have also been carried out on concentrically-braced rocking steel frames by 

Sause et al. [88], and separately by Eatherton et al. [89]. In both cases the frame systems 

are allowed to rock in order to cap seismic actions and restoring force is provided by 

vertically aligned post-tensioned steel cables. In the experiments of Sause et al. [88] , 

friction bearing dampers are situated at certain node locations in the frame, while 

Eatherton et al. adopted replaceable fuse elements between adjacent frames in order to 

dissipate energy. 

 

Loo et al. [20] has proposed the use of a simple symmetric slip-friction device in rocking 

shear walls. The idea was first proposed and tested by Bora et al. [30], but with precast 

walls with asymmetric connectors (refer to [20] for a description of symmetric vs. 

asymmetric connectors). The slip-friction connector would have a dual role of directly 

supplying resistance to overturning, while also providing efficient dissipation of energy 

through its characteristic elastoplastic behaviour. While, under an earthquake, this 

damping effect would only be actualised in the non-linear range, damping can 

nevertheless offer significant design benefits and performance advantages when a direct-

displacement-based design philosophy is adopted.  

 

The slip-friction connectors resist overturning by providing a rigid connection up to a pre-

defined slip load, Fslip. Upon Fslip being achieved, sliding occurs and the base shear on a 

wall, Vbase, is capped in accordance with the principle of moment equilibrium. The 

connectors themselves are simple, and consist of three steel plates, with the centre-plate 

of abrasion resistant steel (typically Bisalloy 400) sliding against outer plates of mild 

steel. Sliding surfaces are typically provided in the clean mill scale condition. For a 
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detailed discussion of symmetric slip-friction connectors, the reader is referred to the 

original work of Popov et al. [29]. In terms of implementation, Rojas et al. [90] has tested 

a type of symmetric connector at the beam-column joints of steel frames, while Clifton et 

al. [3] and Khoo et al. [4] have preferred the use of asymmetric connectors. Christopoulos 

et al. [91] has included a steel friction dissipation mechanism to act as a load limiting fuse 

within steel bracing. For a detailed discussion of the type of symmetric connector 

proposed by the authors for adoption in timber shear walls, refer to the component 

experiments of Loo et al. [8] 

 

8.2.2 Experiments on a rocking timber wall with slip-friction connectors 

(Significant parts of this section overlap with material presented in previous chapter) 

Loo et al. [40] fabricated a 2.44 × 2.44 m rigid timber wall of LVL panels. Slip-friction 

connectors of similar design to those described by Loo et al. [8] were implemented. Loo 

et al. introduced a new method to control the normal force across the plates of the 

connector (and hence Fslip). A stack of Belleville washers was placed under the nut of the 

bolts, and the nut tightened until the height of the Belleville stack was reduced to a level 

corresponding to a target slip-force. Steel rivets were used to provide a rigid connection 

between the shear wall panel, and designed in accordance with a procedure developed by 

Zarnani and Quenneville [75].  

 

From a series of quasi-static tests, it was demonstrated that the elastoplastic 

characteristics of the slip-friction connectors governed the overall behaviour of the wall. 

The benefits of high strength and stiffness engineered timber panels can thus be enjoyed, 

even while the global behaviour of the wall system is elastoplastic. For shear resistance, 

the wall implemented a new type of shear key. High strength 25 mm diameter steel rods 

were inserted through the wall near the base and made to bear against upright steel plates 

set at a slight angle, ϕ, from the vertical. Figure 8.2(a) shows the forces on the wall, with 

base shear resistance being provided by the right shear pin and plate pair (for racking 

force towards the left), and Figure 8.2(b) shows the shear key implemented at the base of 

the timber wall of Loo et al.   

 

Loo et al. [40] derived expressions to predict the resistance to overturning of the wall, Mr, 

considering not only the effect of slip-friction connector strength, Fslip, and gravity (Wself 

and any number of imposed loads, Wi), but also the influence of friction within the shear 
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key (because of the relative unpredictability and lack of control over friction in the shear 

key, it is preferred that its effects are minimised). 

 
Figure 8.2. (a) Forces on wall at initiation of rocking, (b) shear key.  
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It is apparent from Equation 8.1 that KmrpP is that part of the moment resistance 

contributed to by the shear key, where Kmrp encapsulates the influence of the shear key:
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where µsk is the coefficient of friction in the shear key (between shear pin and shear 

plate), while b, h, H, and B are shown in Figure 8.2(a). Equation 8.1 is rearranged to find 

the wall strength, P: 
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The wall panel of Loo et al. [40] performed as expected, with the slip-friction connectors 

imparting ductile and elastoplastic characteristics to the wall. The observed racking 

strengths corresponded closely with predictions obtained using Equation 8.3. The wall 

was tested at various strengths, ranging from approximately 15 kN to over 70 kN. No 

damage to the wall was observed, and self-centring potential was found to be excellent, 

even under minimal gravity loading, with one end of the wall readily descending while 

the opposite end underwent uplift (it should be noted that Equations 8.1 to 8.3 assume a 

small nominal friction contribution between the base of the wall and the foundation). The 

reader is referred to the article by Loo et al. [40] for a comprehensive description of the 

tests and a detailed discussion of the results.  

 

8.2.3 Hysteretic behaviour of a timber wall with slip-friction connectors 

The authors carried out additional experiments on the rocking wall of [40], the main 

purpose of which was to observe the effects of imposing additional gravity loading (the 

original tests of Loo et al. were carried out under self-weight only). While not the focus of 

this chapter, two results are nevertheless presented in order to demonstrate the 

performance of the concept. Figure 8.3(a) shows the timber wall with steel and concrete 

weights imposing a total load of 8.5 kN in addition to the self-weight of 2.9 kN.  

 
Figure 8.3. (a) Rocking timber wall with imposed loads (see Figure 8.1(b) for view of slip-friction 

connector on opposite side of wall). (b) Experimentally obtained hysteretic behaviour for wall 
with self-weight only, and (c) with additional imposed load. 
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The shear connectors at the base of the wall are clearly seen, while the slip-friction 

connectors are attached to the ends of the wall on the opposite side (see Figure 8.1(b) for 

a view of slip-friction connectors on the wall). For a detailed discussion of the general 

experimental set-up, the reader is referred to [40]. 
 

 

The wall was subjected to quasi-static cyclic displacements and two hysteretic results are 

shown (see Figures 8.3(b) and (c)). The application of imposed load causes the clear 

‘flagging’ effect of the wall in Figure 8.3(c), which is advantageous for self-centring. 

From observation of the hysteretic loops it is clear that due to their obvious elastoplastic 

nature, the energy dissipation potential of the proposed system is promising.  
 

 

8.2.4 Energy dissipation of cross-laminated timber walls 

This section describes the modelling of cross-laminated timber walls using the software 

package SAP2000 [72], in order to compare the energy dissipation performance of walls 

connected to the foundation using steel brackets, with walls with slip-friction connectors. 

Cross-laminated timber (CLT) is an engineered wood-based product seeing increasing use 

in mid- and high-rise buildings. Because CLT panels are relatively stiff, ductility and 

energy dissipation of CLT fabricated structures arises mainly from the behaviour of the 

steel bracket connections.  

 

These ‘L’ shaped brackets are either nailed, or screwed into the wall, and during a design 

level earthquake ductile behaviour is expected through inelastic damage of these 

connections. In this way the hysteretic behaviour resembles that of sheathed timber frame 

walls, but with a typically higher degree of pinching. Because the steel brackets restrain 

against both uplift and shear, ductile design will permit the walls to uplift at the corners 

and thus some rocking can occur during a design level earthquake. Popovski and 

Karacabeyli [22] describe a suite of experiments on the seismic behaviour of CLT wall 

panels, and  show that adequate performance can be achieved, particularly when nails (or 

slender screws) are used with the steel bracket hold-downs.  

 

Shen et al. [68] discusses in detail the hysteretic behaviour of bracket connections, and 

presents the results of cyclic tests on 2.3 m × 2.3 m, 93 mm thick CLT wall panels, 

originally carried out by Schneider [92]. The experimental walls were secured at the base 

with four SIMPSON 90×48×3×16 StrongTie brackets by (by Simpson Strong-Tie, 
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Pleasonton, California). The brackets are of three types, conveniently labelled A, B, and 

C. Type A is attached to the wall with 18 spiral nails (3.8×89 mm), Type B with 18 

screws (4×70 mm), and Type C with 10 screws (5×90). The author’s used SAP2000 [72] 

to numerically model the component level behaviour of bracket Types A, B, and C, 

adopting the cyclic hysteretic parameters arrived at by Shen et al. [68]. Using the method 

described in Loo et al. [69], a multi-linear plastic link element was used to capture the 

force-displacement behaviour of each bracket, and this was defined for both parallel and 

perpendicular to the grain (it is assumed the main grain direction runs vertically).  

 
Figure 8.4. Bracket component test (a) numerical full response for bracket A, perpendicular to 
grain, and (b) parallel to grain – positive vertical displacement only. (c) Model wall with four 

brackets along the base line. 
 

Figure 8.4(a) shows the horizontal force-displacement behaviour of a connector, and 

Figure 8.4(b) shows the same for the vertical (notice there is only upwards displacement, 

reflecting the case in a wall where downward displacement is prevented by the 

foundation).The brackets were implemented in the model walls (see Figure 8.4(c)). Gap 

elements were also placed at each of the four bracket locations in order to prevent 

downward displacement.  

 

A gravity load of 46 kN was imposed on the structure to match the experimental 

conditions [68]. Simulations of cyclic displacement controlled tests based on the ASTM-

CUREE protocol [39] were carried out with one simulation on each of Walls A, B, and C, 

with Types A, B, and C brackets respectively. Figures 8.5(a) to (d) compare the 
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experimental and numerical results for peak force, displacement at peak force, ultimate 

displacement (i.e. the displacement at 80% of the peak force), and energy dissipation 

respectively.    

 

 
Figure 8.5. Numerical results of wall response, compared with experimental (from Shen et al., 

2013) for (a) peak force, (b) displacement at peak force, (c) displacement  at 80% of peak force, 
and (d) energy dissipation. (e) Shows the numerically obtained hysteretic response of wall C, and 
(f) shows the response of wall C with slip-friction connectors. (g) Compares energy dissipation 

and demonstrates the benefits of slip-friction connectors. 
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The peak force, peak displacement, and ultimate displacements show very good 

alignment with the experimental and thus there is confidence in the model adopted by the 

authors - in spite of it lacking some of the complexity of the Saws and Pinching4 model 

used by Shen et al. The energy dissipation correlated extremely well for Wall A, and 

reasonably well for Walls B and C.  Figure 8.5(e) shows the hysteretic response of Wall C 

(behaviour similar to walls A and B), and which, qualitatively speaking, bears good 

resemblance to the hysteretic response of the result presented in Shen et al. (2013). Figure 

8.5(f) shows a wall with slip-friction connectors with the same yield strength as Wall C (it 

is assumed the yield strength of Wall C is around half the peak force).  

 

It is clear that the wall with slip-friction connectors is capable of performing to whatever 

level of ductility is determined to be appropriate by the designer (compared with CLT 

walls where ductility is the displacement at 80% of the peak force divided by the yield 

displacement). The energy dissipation advantages of using slip-friction connectors is 

demonstrated in Figure 8.5(g) – with slip-forces adjusted so that the wall yield strength is 

half the peak force of the equivalent wall with brackets.  

 

Slip-friction connectors improve energy dissipation potential about 2.5 to 3 times over 

their counterparts using normal steel brackets (note that the comparison, while 

illustrative, is not entirely appropriate, because the wall with brackets commonly resides 

at forces higher than yield, and this naturally gives rise to energy dissipation - even 

though these forces exceeding the yield force will result in damage). Moreover, this 

improved damping performance is expected to be achieved without significant damage. 

 

 

8.3 DESIGN METHOD FOR CLT WALLS WITH SLIP-FRICTION 
CONNECTORS 

8.3.1 General concept 

Conventional seismic design has historically taken a force-based equivalent static 

approach. A preliminary design is used to estimate the fundamental period, T, after which 

response accelerations are found, and equivalent static forces are determined. The 

structural members are re-checked and if necessary re-designed to resist these forces, 

whereupon the fundamental period could change, necessitating another design cycle. This 
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iterative process continues until the assumed period converges with the final design 

period. Displacements are checked only at the end of this process.  

 

Priestley et al. [93] highlights the drawbacks of the force-based approach. Among these 

concerns, the determination of the required strength is based on estimates made of the 

stiffness of the building members, but these in turn also depend on the allocated strength 

(the reader is referred to that publication for the detailed discussion within). Priestley et 

al. argues cogently for a displacement-focussed approach in seismic design. It is intuitive 

that a structure responding to an earthquake without exceeding appropriately defined 

displacement criteria, will avoid collapse and major structural damage.  

 

If the displacement limit is sufficiently low, even relatively minor architectural damage 

can be avoided. The level of damage naturally corresponds to the level of deformation, 

and if the deformation occurs within tolerable limits, safety to life and limb can be 

achieved. Thus, it would seem that starting the design process with target displacement 

limits as the primary goal is logically more satisfying than the force-based approach.  

 

This does not mean that displacement design necessarily equates to damage avoidance, as 

the method is used to design ductile structures, regardless of the manner in which the 

ductile or non-linear response is achieved. However, in the following tentative procedure 

for walls with slip-friction connectors (from [93-96]) the intent is to provide a design that 

(a) limits maximum displacements to within acceptable limits, (b) self-centers after an 

earthquake, (c) avoids damage to the structure through capping activated base shears 

below design levels, and (d) suppresses response accelerations to within tolerable limits. 

 

In the previous section it can be seen that a wall with slip-friction connectors behaves in a 

highly elastoplastic manner, and it is proposed that if used as the first storey wall at the 

base of a multi-storey shear wall, it would behave in the manner of a plastically 

deformable hinge (see Figure 8.1(c)). In the proposed procedure an acceptable level of 

displacement at the ultimate limit state is first decided upon, and this displacement is 

expected to be provided mainly by the rotation of the bottom wall panel (i.e. the wall with 

capability to behave like a plastic hinge) with a relatively small amount coming from the 

elastic deflection of the walls above this ‘plastic hinge’ storey.  
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The resistance to overturning, Mr, has contributions from the slip-friction connectors and 

gravity, and is provided by Equation 8.1 for a single-storey wall. For multi-storey walls 

with n floors above ground level, Equation 8.1 is modified to produce the following 

expression:  
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where Wself,i, and Fi, are the self-weight and lateral force associated with each level i 

respectively . Plastic rotation at the base will thus occur when: 

 

r

n

i ii MhF  1          
(8.5) 

 

where hi is the height of the ith wall. Because of the isolating effect of the bottom storey 

wall that is anticipated to simulate a plastic hinge, the activated base shear on the 

structure is capped, and all walls from the second storey on and upwards could be 

realistically designed as elastically responding.  With such an approach, the displacement, 

Δi at floor level, hi, would then be the sum of the elastic deflections, Δel,i, and that due to 

the rocking rotation, Δrot,i: 

 

ieliroti ,,           (8.6) 

 

where Δrot,i is obtained from the rotation of the rocking wall, θrot: 

rotiirot h  ,           (8.7)
 

 

The elastic deflection Δel,i is found from moment area theory. Consider the foundation 

level as h0, with successive floor levels designated h1 to hn, with hn corresponding to the 

roof elevation. The stiffness properties of any wall panel EjIj correspond to those of the 

panel between elevations hj and hj-1. It can be readily shown from moment area theory that 

the elastic deflection at floor level hi is: 
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The foremost aim of the design procedure is to keep displacements as defined by  

Equation 8.6 within acceptable limits, when rotation of the rocking wall is initiated due to 

the condition of  Equation 8.5 being satisfied. 

 

8.3.2 Step-by-step design procedure 

Step 1- Target drift limit  

Decide on a target acceptable drift level, θmax. The drift level will be appropriate to the 

local structural design and loading codes. For the ultimate limit state (for typical multi-

storey buildings this corresponds to design for a 500 year return period earthquake), 

NZS1170.5 allows 2.5% drift. Previous designs of rocking structures have adopted 1.5% 

[19], and 2% [87, 97]. 

 

Step 2- Displacement/drift profile 

Make an estimate of the respective contributions of the overall yield drift, θel,y (this is the 

elastic bending deflection at the onset of rocking) and the maximum rotation, θrot,max: 

 

 yelrot ,max,max            (8.9) 

  

Note that for simplicity a linear distribution of displacement up the height of the structure 

can be assumed. The displacement is then calculated for each storey level. 

 yelrotii h ,max,            (8.10) 

 

Step 3 - Substitute Single-Degree-of-Freedom (SDOF) structure   

The centrepiece concept of the direct displacement-based design process is to characterise 

the MDOF structure as an equivalent SDOF substitute structure. The design 

displacement, Δd, of the substitute structure is: 
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The effective mass, me, is: 
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and the effective height, He:  
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Step 4 – Viscous damping   

The viscous damping ratio ξeq considers both the inherent damping within the elastic 

range of vibration, ξel, and the viscous equivalent of the hysteretic damping ξhyst: 

 

hysteleq             (8.14) 

 

For an elastoplastic system ξhyst can be calculated as follows [94].
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             (8.15) 

 

where A1 is the hysteretic energy (shaded in Figure 8.6), and is found by 2 × P × (1 + β) 

× (Δd – ΔHe,y). A2 is the area bounded by the dotted line and is thus 4 × P × Δd. 

 

 
Figure 8.6. Calculation of equivalent viscous damping for hysteretic energy dissipation.  
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Note that P’= β × P is the reduced strength that characterises the system as it returns to 

the equilibrium position (P’ is given by Equation 8.18). This reduced strength is due to 

gravity and the change in phase of motion (refer Chapter 5). The hysteretic relationship 

thus takes on a ‘flag’ shape (β is given by Equation 8.19).  

 

From Figure 8.6 it is seen that the ratio of A1 to A2 is: 
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The ductility, µ, is given by the design displacement Δd divided by the yield displacement 

of the actual structure, at He, the height of the substitute structure:  

 

yHed ,/            (8.17) 

 

where ΔHe,y is obtained from multiplying He by θel,y. The ratio β = P’ / P, where P is 

obtained from  Equation 8.3), and P’ is calculated by assuming pure rotation about the 

shear pin (see Figure 8.2(a) for location of the shear pin), and considering moment 

equilibrium: 

 

  )/()2/(' hHBbWBFP eselfslip         (8.18) 

 

where, as shown in Figure 8.2(a), b is the horizontal distance of the shear pin to the 

opposing corner, and h the height of the shear pin location. Note that P and P’ are applied 

at the effective height, He. The ratio β is thus: 
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Because β is a function of Fslip, and Fslip is calculated in Step 8, of this procedure, Fslip is 

first estimated and then solved iteratively, with Steps 4 to Step 8 being repeated until 

convergence of Fslip is achieved.  
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Step 5 –Construct displacement spectrum 

With reference to the local loading standard, construct the response acceleration 

spectrum, (typically for 5% viscous damping), SA, modifying for seismic zone, Z, return 

period, R (typically 500 years for the ultimate limit state), and near fault factor N. In this 

chapter, the spectrum defined in NZS 1170.5 [78] is adopted: 

 

NRZTCTS HA )(%)5,(         (8.20) 

 

where Ch is the spectral shape factor. The displacement spectrum, SD for the actual 

viscous damping, ξeq is then plotted from SA: 
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where Req is the modification factor adjusting the 5% spectrum to a level that is 

appropriate to the calculated level of damping,   
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Step 6 – Effective period and stiffness 

From the displacement spectrum, the period of the substitute structure, Te, corresponding 

to the design displacement, Δd, is found. The stiffness of the effective structure, Ke, is then 

calculated: 
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Step 7 – Base shear and distribution of forces
 

The base shear is:  

 

deb KV             (8.24)  
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The distribution of forces Fi along the height of the structure is in accordance with the 

procedure for the equivalent static method, but unlike the case with force-based 

equivalent static design, forces are proportioned taking into account the estimated 

displacement profile and not the storey heights. So for a structure of n stories:  
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For the roof level (level n): 
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Note that 8 % of the base shear, 0.08Vb, is automatically assigned to the top level to take 

into account higher mode effects, with the remaining 0.92Vb distributed in proportion to 

the product of weight and deflection at each storey level. These two figures are adopted 

from NZS 1170.5 [78] (note the formulas in NZS 1170.5 distribute 0.92Vb in proportion 

to the product of seismic mass and height of each storey level, nevertheless pending 

further studies it is sufficent and conservative to adopt the same figures in this study). 

 

Step 8 – Determine slip-friction connector strength
 

The slip-connector strength is determined through moment equilibrium. Combining and 

re-arranging Equations 8.4 and 8.5: 
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Compare Fslip calculated in this step with the value of Step 4. If the values are not close to 

each other in value, Steps 4 to 8 are repeated (using the most recently calculated value of 

Fslip) until convergence is achieved. 

 

Step 9 – Check elastic deflections
 

Based on the distributed forces Fi, re-calculate the actual elastic displacements using  
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Equation 8.8. If there is significant difference from what was assumed in Step 2, return to 

Step 2, resize the wall members, and iterate through the procedure, until the displacement 

profiles converge to within a desired level of tolerance. 

 

Step 10 – Determine and apply a dynamic amplification factor to the shear actions
 

Because the proposed structure relies on an overturning moment to be achieved before 

ductile behaviour is mobilised, variation in the vertical distribution of lateral forces (from 

Equations 8.25 and 8.26) will affect the magnitude of these forces and in turn the level of 

base shear, at which rocking will occur. If the centroid of the forces is lowered due to 

higher mode effects, the lever arm to initiate rocking is reduced, and thus rocking will 

only occur under lateral forces and base shear higher than those determined from 

Equations 8.25 and 8.26. 

 

These increased shear actions are accounted for through the application of a dynamic 

amplification factor, ωv. Kelly [80] has investigated this problem, particularly as it 

pertains to freely rocking structures, and has found that values of ωv for rocking structures 

are significantly higher than those that apply to ductile walls. Kelly proposes: 

 

15.01  NforNDFaVNv        
(8.28)

 

 

where DF is the ductility factor, aVN is the shear amplification factor, and has values of 0, 

0.10, 0.15, 0.40, 0.60, and 0.90, for walls of N = 1 to 6 stories, respectively. These figures 

are based on a probabilistic study on a numerical model developed by Kelly. While Kelly 

developed these figures for free rocking structures, it is reasonable to assume that they are 

applicable for walls with slip-friction connectors.  

 

This is because they provide an estimate of the base shear at which rocking is triggered – 

not the difference in behaviour caused by the slip-friction connectors during rocking. 

Nevertheless it will be a useful future exercise to produce figures specifically for the type 

of walls considered in this study, and also for a higher number of stories. The wall shear 

strengths should then be checked for adequacy against the actions arising from the lateral 

forces of Equations 8.25 and 8.26, multiplied by ωv. 
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Example 

A five storey CLT wall, 16 m high by 6 m wide, is designed for New Zealand Soil type D 

(deep soil) conditions, with a zone factor of 0.28 (for Nelson, New Zealand), and a 500 

year return period. These factors are from the New Zealand loadings code, NZS1170.5 

[78]. It is assumed that solid engineered timber panels are used (such as CLT). 

Thicknesses used for floors 1 to 5 are 142 mm, 142 mm, 125 mm, 125 mm, and 85 mm, 

respectively. Density is 450 kg/m3, and an averaged elastic modulus of 10200 MPa is 

adopted.  

 

A target drift limit of θ = 1.5% is selected, with 1.25% for wall rotation, θrot, and 0.25% 

for elastic bending deflection, θel. Values calculated for Step 3 of the design process are 

given in Table 8.1.  

 

Table 8.1. Calculation of substitute structure characteristics 

Storey 
Height, 

Hi 
Seismic mass, 

mi (kg) 
Δi 

(m) mi Δi mi Δi
2 mi Δi Hi 

5 16 7645 0.240 1.83 0.440 29.36 
4 12.8 15290 0.192 2.94 0.564 37.58 
3 9.6 15290 0.144 2.20 0.317 21.14 
2 6.4 15290 0.096 1.47 0.141 9.39 
1 3.2 15290 0.048 0.73 0.035 2.35 

Total 9.17 1.50 8.82 
 

From Equations 8.11 to 8.13, and substituting the totals of Table 8.1, the substitute 

structure has a design displacement of Δd = 0.163 m, an effective mass me = 56 tonnes, 

and height He = 10.9 m. Moving on to step 4, the elastic portion of the displacement in the 

actual structure at height He is calculated to be 0.027 m, and from Equation 8.17, the 

ductility, µ = 6. The equivalent damping from hysteresis according to Equation 8.15 is 

43.8%, and adopting 2% for viscous damping in the elastic range, according to Equation 

8.14 the total damping ratio is 45.8%.  

 

In Step 5, the acceleration response spectrum for 5% damping and its corresponding 

displacement spectrum is found. This displacement spectrum is then multiplied by a 

reduction factor, Req of 0.38 (Equation 8.22), and the resulting modified displacement 

spectrum for ξeq = 45.8% is shown in Figure 8.7. 
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Figure 8.7. Displacement spectrum (Christchurch, soil type D and return period 500 years), for ξeq 

= 45.8%, used to find Te = 2.9 s, corresponding to a design displacement, Δd = 0.163 m. 
 

The effective period, Te, of the substitute structure is found to be 2.9 s (note that in those 

cases where the design displacement corresponding to the corner period is exceeded, a 

linear projection of the displacement profile can be assumed [98]). It is emphasised that in 

displacement-based design, Te will be significantly larger than the fundamental period of 

the actual building represented. This is because Te is not associated with the initial elastic 

stiffness of the structure, but is instead associated with the secant stiffness of the line 

connecting the origin of the force-displacement relationship to the target displacement Δd 

[93]. This secant stiffness is found to be Ke = 270 kN/m (from  Equation 8.23). 

 

From step 7, the base shear Vb = 43 kN is found from  Equation 8.24, and using Equations 

8.25 and 8.26, the forces are distributed as listed in Table 8.2. 

 

Table 8.2. Actions on wall 

Storey 
Height 

Hi 
Fi (N) 

Shear 
(N) 

Bending 
moment 

(Nm) 

Cumulative 
self weight, 

Wself (N) 
5 16 11890 11890 38047 3602 
4 12.8 12229 24119 115228 14197 
3 9.6 9172 33291 221759 24792 
2 6.4 6115 39406 347857 36828 

1 3.2 3057 42463 483739 48864 

 

From Table 8.2, the overturning moment is 484 kNm, and the total gravity load is 48.9 

kN. The required resisting moment, Mr, is thus 484 kNm – 48.9 kN × 6 m wall width / 2 = 

337 kNm. 
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For a shear key configuration of b = 3 m, h = 0.1 m, ϕ =15 degrees, and μsk = 0.35 (see 

Figure 8.2(a) for definitions), Step 8 arrives at a slip-friction connector strength of Fslip = 

53.5 kN. In Step 9 the elastic deflections are re-calculated and compared to the original. It 

is found that the match is acceptable.  

 

In Step 10, a dynamic amplification factor is calculated as ωv=4.6 for N=5 and a ductility 

factor of 6. This amplification factor is applied to the base shear, Vbase = 4.6 × 42.5 kN = 

196 kN, and should also be taken into account when checking the walls for shear. 

 

8.4 NUMERICAL MODELLING AND SIMULATION 

The wall was modelled in SAP2000 [72] as five 3.2 m high by 6 m wide elastic shell 

elements, one on top of the other. The slip-friction connectors were modelled using a 

multi-linear plastic link with elastoplastic behaviour and a gap element representing the 

foundation level below which the wall cannot descend. Loo et al. [20] provides a detailed 

discussion of the modelling of the slip-friction connector.  

 

Note that in order to simplify the model, the moment resistance (calculated in the 

previous section as 337 kNm, and which is contributed to in an actual wall by both slip-

friction connectors and shear key) are encapsulated in the slip-friction connectors of the 

model wall so that Fslip = 337 kNm / 6 m = 56.2 kN. 

 

In order to test the assumption that a rocking wall with slip-friction connectors could 

approximate the behaviour of a plastic hinge, an idealised analogy of the wall structure 

was also modelled (see Figure 8.1(c) and Figure 8.8(d)), using a 0.35 m square steel 

column with E of 200 GPa and a density of 7800 kg/m3, and the same horizontal mass 

distribution. A plastically deformable hinge was placed at the base of the column. The 

hinge has elastoplastic characteristics, with its strength equated to the required moment 

resistance of the wall, Mhinge = 484 kNm (see Table 8.2). Table 8.3 lists the modification 

factors applied to the idealised structure in order to ensure its dynamic equivalency with 

the model wall.  
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Table 8.3. Modification factors applied to idealised structure 

Wall 
EI modification 

factor 
Mass modification 

factor 

5 62.4 0.24 
4 91.8 0.35 
3 91.8 0.35 
2 104.2 0.40 
1 104.2 0.40 

 
A modal analysis was carried out and the fundamental period of the wall and idealised 

structure was 0.401 s and 0.395 s, respectively, with the corresponding period of the 

second mode 0.064 s and 0.061 s. Eight earthquake records for simulations were 

considered (Table 8.4), and scaled for the deep soil design spectrum. 

 

Table 8.4. Earthquakes considered 
Event Actual PGA 

(g)
Scale factor ULS Scale factor 

MCE 
El Centro 1940 0.31 1.3 2.3 
Loma Prieta 1989 0.53 0.6 1.1 
Northridge 1994 0.23 1.8 3.2 
Kobe 1995 0.82 0.5 0.9 
Landers 1992 0.28 1.7 3 
Chihuahua 1979 0.25 1.8 3.2 
San Fernando 1971 0.21 1.8 3.3 
Christchurch (Cathedral college) 2011 0.48 1.1 1.9 

 
 

Earthquake simulations corresponding to the ULS (Ultimate Limit State) and MCE 

(Maximum Credible Earthquake) were carried out for the wall as fully elastic – WEL 

(Figure 8.8(a)), the wall with slip-friction connectors and self-weight considered - WsfG 

(Figure 8.8(b) ), the wall with slip-friction connectors but without self-weight - Wsf 

(Figure 8.8(c)) (in which case the connector force, Fslip was increased to 80.6 kN, 

compared to 56.2 kN for the wall with self-weight effects, thereby ensuring the same 

overturning resistance), and for the idealised structure  - IDL (Figure 8.8(d)).  
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Figure 8.8. Numerical structures with assigned masses shown: (a) Fully elastic wall rigidly 

connected at base - WEL, (b) wall with slip-friction and self-weight - WsfG, (c) wall with slip-
friction and zero self-weight - Wsf, and (d) idealised equivalent - IDL.

  

The Fast Nonlinear Analysis (FNA) method in SAP2000 was used, with a chosen time 

step of 0.01 s. The equivalent viscous damping was set to 2% for all considered modes of 

vibration.  

 

8.5 RESULTS AND DISCUSSION 

8.5.1 Maximum and residual Displacements 

The maximum horizontal displacements at roof level are shown in Figure 8.9 for both the 

ULS and MCE cases. 

 
Figure 8.9. Maximum displacements (at roof level). Numerical results for ULS (left) and MCE 

(right) cases.
  

Figure 8.9 shows clearly that, as expected, the wall as fully elastic, WEL, responded by 

exhibiting the smallest peak displacement. The peak displacements of structure IDL align 

closely with the results for the wall model with zero gravity i.e. Wsf. For the wall with 
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self-weight enabled, WsfG, there is a noticeable suppression of maximum drifts, 

compared with those of the idealised structure and the weightless wall, Wsf. For the 

structures IDL and Wsf, three of the ULS simulations resulted in drifts higher than the 

1.5% design level, while only one of the simulations for the wall with gravity effects, 

WsfG, did (Landers ULS), and in that case the 1.5% drift was only slightly exceeded. The 

averaged displacements were 80 mm (0.5% drift), 227 mm (1.4%), 227 mm (1.4%), and 

176 mm (1.1%) for structures WEL, IDL, Wsf, and WsfG, respectively.  

 

Thus, on average, the results for structures IDL and Wsf correspond closely to the design 

displacement of 240 mm (1.5%), in spite of some scatter, while the average displacement 

for the wall with gravity, WsfG, is significantly under this limit. Displacements for MCE 

loading are on average significantly higher than those under ULS load, nevertheless the 

same relative pattern of displacements is similar for both cases. It should be pointed out 

that the sample set is limited (in terms of the number of simulations), therefore the quoted 

averages should be treated with caution at this stage – nevertheless they do seem to point 

in the expected direction.  

 

Figure 8.10 shows residual displacements. Clearly structures IDL and Wsf, with residual 

displacements as high as 290 mm (1.8% drift) for the ULS case, and 420 mm (2.6% drift) 

for the MCE case, are not inclined to self-center.  

 
Figure 8.10. Numerically obtained residual displacements (at roof level). ULS (left) and MCE 

(right) cases.
  

However, with only self-weight considered, the wall WsfG self-centers in every case (so 

much so that in most of the cases the residual displacement column for the wall with 

gravity is barely visible) and all residual displacements are under 5 mm (0.03% drift), and 
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thus well below the 0.2% residual drift threshold [82] considered to be acceptable for 

self-centring structures.  Analogous to the case for maximum displacements, the results 

for the wall without gravity effects, Wsf, and the idealised structure with the plastic hinge, 

IDL, correspond closely with each other. 

 

The promising self-centring results for an MDOF multi-storey structure with self-weight 

included compares favourably with previous research on SDOF single storey walls [20], 

in which residual drifts were as high as 2%, for walls with connectors of unlimited slot 

lengths, and  0.7% for  walls with  23 mm slots.  The low residual drifts of MDOF walls 

with slip-friction connectors (in comparison with SDOF walls) has also been suggested 

by  numerical studies carried out by  Loo et al. [99]. 

 

8.5.2 Rotation of rocking wall 

Figure 8.11 shows the maximum drifts solely from rotation, θrot,max, of the wall (i.e. not 

including elastic drift deflections). The result for the idealised structure, IDL, and the wall 

with zero-gravity effects, Wsf, again closely align with each other – further evidence that 

the bottom wall unit with slip-friction connectors behaves in a manner resembling a 

plastic hinge. Rotational drifts from the wall with self-weight considered, WsfG, are on 

average significantly less than the zero-gravity case. 

 

 
Figure 8.11. Peak drift from rotation, numerical: ULS (left) and MCE (right) cases. Dashed line 

shows targeted limit of 1.25%.
  

For structures IDL, Wsf, WsfG, the averaged drifts from rotation are 1.4%, 1.4%, and 

0.9% respectively (compared with the target 1.25% drift from rotation). For the MCE 

case averaged drifts for the idealised structure, IDL, and wall with zero gravity are high, 
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Wsf, averaging 2.7% and 2.8% respectively, while the wall with gravity, WsfG, showed 

superior performance with an average rotational drift of 2.0%. These results are 

promising in that even under extreme conditions the highest recorded drifts for structure 

WsfG were 3.2% (Chr Cath MCE) and 3.25% (Landers MCE) – which are acceptable in 

terms of collapse-prevention performance.    

 

8.5.3 Base shear 

Figures 8.12(a) and (b) shows the maximum base shears encountered. The actual values 

are on the left vertical axes, and normalized values (with respect to the effective mass of 

56 tonnes – see example calculations of Section 8.3) on the right vertical axes. As 

anticipated, the elastic case is associated with extremely high base shears (with the 

maximum almost reaching 1600 kN). However with the adoption of a ductile approach, 

the idealised structures and ductile wall specimens successfully cap base shear levels to 

well below those of the elastic case. The base shears, are also, in general, capped below 

the amplified value of 196 kN (that includes for higher mode effects, and calculated in 

accordance with Kelly [80]).  

 
Figure 8.12. Numerically obtained peak base shears, actual and normalized (with respect to an 
effective mass, me = 56.2 t), for the: (a) ULS, and (b) MCE cases. (c) RMS and 1.5 SD values 

(wall with both slip-friction and gravity effects) for the ULS, and (d) the MCE cases. 
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Nevertheless for all earthquake events, the peak base shears for the ductile structures 

significantly exceeded the 43 kN design base shear level that would be expected without 

higher mode effects (see Figures 8.12(a) and (b)). However, if the Root Mean Square 

(RMS) values are considered, base shears were generally below (for the ULS cases), or 

closely approximated by (for the MCE cases) this 43 kN design level. Figures 8.12(c) and 

(d), shows the results for structure WsfG.  

 

Note that the RMS and 1.5 standard deviation values were calculated for bracketed 

durations corresponding to strong ground motions of the respective earthquakes, the 

threshold acceleration adopted being ±0.05 g [100]. The averaged values for ULS RMS 

and 1.5 SD are 36.7 kN and 55 kN respectively, while for MCE the RMS and 1.5SD 

values are 46.5 kN and 69.7 kN respectively. These results indicate that for the most part, 

the slip-friction connectors capped base shears to a level corresponding to what which 

would be expected from the equivalent static design.    

 

8.5.4 Response acceleration 

Figure 8.13 shows the maximum response accelerations calculated at the roof. It is 

demonstrated that the ductile structures (whether of the idealised structure or the walls 

with slip-friction connectors) greatly reduce these accelerations (mostly between 0.4 g to 

0.75 g for ULS and MCE) compared with that of the elastic case  - which are as high as 

between 3 g and 4 g for the MCE case - levels similar to those observed from shake-table 

tests on a multi-storey CLT building in Japan [83]. 

 

 
Figure 8.13. Peak response accelerations, numerical, at roof level, ULS (left) and MCE (right) 

cases.
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It should be pointed out that these accelerations and base shears could be reduced even 

further by adopting a larger target displacement in the design process. A design drift of 

2.5% is acceptable for the ultimate limit state [78], but the design of the wall adopted only 

1.5% as the target (while in fact the wall with gravity effects only had an average drift of 

1.1%). Clearly there is still room to allow for greater ductility to suppress response 

accelerations (and base shears) to an even greater extent, while still keeping drift to 

within acceptable limits. 

 

8.6 CONCLUSIONS 

Recent research on the concept of combining rocking with passive energy dissipating 

slip-friction connectors is summarised. Experimental work confirms the feasibility of 

using slip-friction connectors to impart elastoplastic behaviour to very stiff walls. 

Numerical analyses on a CLT wall were carried out, and the benefits in terms of energy 

dissipation and ductility demonstrated. A displacement-based design method was then 

proposed. A multi-storey wall was designed, modelled, and placed under numerical 

earthquake simulations. Its behaviour was compared with that of an idealised structure 

with a plastically deformable hinge at the base. 

The results reveal:
 

 The wall unit with slip-friction connectors is analogous to a plastic deformable 

hinge, particularly when gravity effects are ignored.  

 With gravity effects included, performance is improved, with maximum drifts 

reduced, and residual drifts rendered negligible. Gravity thus provides for an 

‘improved’ plastic hinge (typically a plastic hinge itself has no self-centring 

mechanism). 

 The displacement-based design procedure appears to yield satisfactory results, 

with averaged ULS displacements at or near the targeted limit. 

 The use of a dynamic amplification factor, specifically intended for rocking 

structures, in order to account for higher mode effects provides a valid envelope 

for maximum base shear. The results are conservative for the ULS case, and 

accurate for the MCE case. 

 Maximum response accelerations are readily suppressed through the use of slip-

friction connectors. 
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It is emphasised that the results are for simulations on one model shear wall only, with a 

small sample set of earthquakes used. Nevertheless, the conceptualisation of a rocking 

shear wall with slip-friction connectors as an ‘improved’ plastic hinge holds promise, and 

further numerical and experimental work is necessary to substantiate the concept.  
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Chapter Nine 

 
 
 

DESIGN EXAMPLE 
 

A tentative design procedure informed by the models of previous chapters, and also 

Appendices A, B, and C (in which friction at the base and its possible implications are 

discussed) is presented. In particular it is advised that some familiarity is first gained with 

the content of Appendix B, which is concerned with the possibility of ‘static’ rocking.  

The wall with slip-friction connectors of Figure 9.1 is designed.   

 
Figure 9.1. CLT wall and seismic design scenario. 

 

The flow chart of the design process is presented in Figure 9.2. The elements of the flow 

chart are numbered with a prefix ‘P’ for process boxes, and ‘D’ for decision boxes for 

convenience of reference. Note for staged ductility (refer Chapter 7), the brackets 

between the walls are designed for 1.5 times the overturning actions associated with the 

connector strength, while the rivets are designed for 2.5 times the overturning actions 

used to design the brackets (over-strength for CLT walls beyond yield is 2.5 [63]). 
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Figure 9.2. Tentative design procedure: flowchart. 
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Process Boxes P1 and P2 (refer Figure 9.2 flowchart process boxes): 

Wall width B= 3.2m,  

Density ρwood = 450 kg/m3,  

Young’s Modulus, E = 8000 MPa  

Shear pin distance, b = 2.5 m,  

Shear pin elevation, h = 0.1 m,  

Shear plate angle, ϕ = 12 degrees, 

Shear key COF, µsk = 0.35 

Target drift, θtarget = 2% 

Foundation to wall COF, µf = 0.3 

 

Decision Box D1: 

A check is made that the pivot corner shifts outwards (refer Appendix A, Section A.2). 

 

Equation A12 from Appendix A is used to check for the drift (or rotation of the wall away 

from the horizontal), that would correspond to the wall corner changing from sliding 

outwards, to inwards: 

 

,
1

2 1
 

 

Substituting for ϕ, h, and b, the drift at which the wall corner direction would change 

from outward to inward sliding is 17.1% (corresponds to 9.7 degrees). This drift is far 

greater than θtarget = 2% × 1.5 = 3%.  

 

 

Process Boxes P3 and P4 

Table 9.1 shows the seismic masses and gravity effects. Note that gravity is assumed to 

come from self-weight only.  
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Table 9.1. Wall: masses at each level, and gravity 

Floor 
i 

Elevation, 
hi (m) 

Wall 
thick. 
(mm) 

Applied 
seismic 
mass at 
floor i 
(kg) 

Wall 
mass 

for wall 
i (kg) 

Wall 
weight 

for wall i 
(kN) 

Gravity 
effects for 

Wall i (kN) 
[Weight of 

Wall i + 
imposed load 
at floor i+1] 

Total seismic 
mass, mi (kg)  
(from mass at 

Floor i, and half 
walls i & i+1 
respectively) 

3 9.6 105 9200 483.8 4.75 4.75 9442 
2 6.4 105 18500 483.8 4.75 4.75 18984 
1 3.2 105 18500 483.8 4.75 4.75 18984 

W (kN) 14.24 47410 
 

 

The contribution of elastic drift (assumed at yield of the wall, just prior to rocking) is 

estimated: θel,est = 0.4 % and thus the rocking portion is θrot,max = 1.6 % (i.e. θtarget - θel,est = 

2% - 0.4%). 

 

Process Boxes P5 and P6 

Displacements Δi,rot (rotation), Δi,el (elastic deflection), and Δi (total displacement)  are 

displayed in Table 9.2. A linear distribution is assumed.  

 

Table 9.2. Wall: masses at each level, and gravity 

Level, i mi (kg) Δi,rot (m) Δi,el (m) Δi (m) mi Δi mi Δi
2 mi Δi hi 

3 9242 0.154 0.038 0.192 1812.9 348.1 17034.7 

2 18484 0.102 0.026 0.128 2429.9 311.0 15142.0 

1 18484 0.051 0.013 0.064 1215.0 77.8 3785.5 
 Total 0.38 5457.8 736.9 36842.8 

 

 

Substitute structure characteristics (for displacement-based design) as follows: 

 

The design displacement, 

 

∆
∑ ∆
∑ ∆

0.135	  
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The effective mass, 

∑ ∆
∆

5323
0.135

40424	  

 

The effective height, 

∑ ∆
∑ ∆

35962
5323

6.75	  

 

 

Process Boxes P7 and P10, and Decision box D2 

Iteration is required to solve for the connector strength. An estimate is first made for the 

connector strength Fslip,est (Box P7) and then the damping characteristics are calculated 

(Box P8). The displacement spectrum (Box P9) is derived from the 5% damped spectrum 

adjusted for the calculated damping. From this the effective period, Te, and effective 

stiffness, Ke, is then found. Base shear is calculated (Box P10) and distributed to the 

floors and roof. Overturning moment is found and from this the connector strength Fslip is 

calculated. The iterations continue until Fslip is close to the estimated, Fslip,est, within a 

particular convergence tolerance (Box D2).  

 

The reader is referred to Chapter 8, Section 8.3.2, steps 4 to 8 for the details on the 

calculations. Table 9.3 shows the results of the four iterations to achieve convergence: 

 

Table 9.3. Determination of connector strength Fslip 

Trial Fslip 
(estimate), 

(kN) 

P(Fslip), 
kN 

P'(Fslip), 
kN 

ξhyst 

(%) 
ξel 

(%)
ξeq = ξest + 

ξel (%) 
Te (s) Ke 

(kN/m) 
Vb 

(kN) 
Mo 

(kNm)
Fslip, 
(kN)

1 20.0 13.73 7.70 39.7 2.0 41.7 2.27 310.7 41.9 292.7 78.7 
2 78.7 43.46 35.94 46.5 2.0 48.5 2.44 268.9 36.3 253.4 67.2 
3 67.2 37.62 30.39 46.0 2.0 48.0 2.42 271.5 36.7 255.8 67.9 
4 67.9 38.0 30.74 46.1 2.0 48.1 2.43 271.4 36.6 255.7 67.8 

 

Fslip is thus set to 68 kN. 

 

The final actions on the wall as follows: 
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Table 9.4. Actions on wall considered for determining Fslip 

Level i 
Shear force, V* on 

wall i (kN) 

Cumulative, W*, 
at base of wall i 

(kN) 

Bending moment, 
M*, at top of wall i 

(kNm) 

3 14.13 0.00 0.00 
2 29.13 4.75 45.21 
1 36.64 9.49 138.43 
0 36.64 14.24 255.67 

 

 

Process Box P11 

The brackets between storeys are calculated. In this case bracket connectors are designed 

for between Walls 1 and 2, and Walls 2 and 3. The procedure is detailed in Chapters 6, 

and the Type A bracket with 18 spiral nails is adopted from [68]. The properties of the 

Type A bracket are displayed in Table 7.2 of Chapter 7.  

 

Note that the design actions associated with the design of the connector strength, Fslip, are 

multiplied by 1.5. This is in order to prevent plasticisation of the brackets occurring prior 

to rocking of the wall (refer Chapter 7 for the concept of staged ductility). 1.5 is assumed 

to be sufficient over-strength for the elastoplastic wall with slip-friction connectors. 

 

Because the assumption is rocking of the CLT panels before sliding (i.e. the governing 

criteria for strength of the wall is rocking), the brackets are spaced in order to resist the 

overturning actions of Table 9.4 multiplied by 1.5. The procedure on how this is achieved 

is presented in Chapter 6.  

 

The required layout of brackets between walls 1 and 2 is, 0.2 m, 1.0 m, 2.2 m, and 3.0 m 

measured out from one end. All the brackets are doubled. This arrangement provides a 

resistance to overturning of 216 kNm, which is more than sufficient to resist the 

overturning moment of 208 kNm (1.5 × 138.4 kNm – refer Table 9.4). Note that gravity 

effects are conservatively ignored. 

 

Between walls 2 and 3, the bracket layout is 0.2 m, 1.6 m, and 3.2 m, measured out from 

one end of the wall. The type A brackets are in singles. This arrangement provides an 
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overturning resistance of 85.3 kNm, greater than the overturning moment of 68 kNm (1.5 

× 45.2 kNm). 

 

 

Process Box P12 

The elastic drifts are now calculated for the actions of Table 9.4. The moment resistance 

provided to displacement relationships are plotted in Figure 9.3 

 

Applying the moments of Table 9.4, there will also be a very small amount of horizontal 

displacement due to rocking of the wall panels. For the wall panel 3 the displacement is 

calculated to be 2 mm, and for wall panel 2 the rocking associated displacement is 2.7 

mm. 

 
Figure 9.3. Overturning resistance – displacement relationships for (a) Wall panel 3, and (b) Wall 

panel 2.  
 

The total due to rocking displacement is thus 7.4 mm (2 mm + 2 × 2.7 mm), and from 

applying Equation 8.8 the elastic displacement of the walls themselves, is found to be 3.0 

mm at roof level.   
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The total elastic displacement at the top of the wall is thus 7.4 mm + 3 mm = 10.4 mm, 

corresponding to a drift of 0.11%.  

 

Decision Boxes D3 to D5 

The result from decision box D3 is clearly ‘no’ (the actual drift of 0.11% is lower than the 

estimated of 0.4% and not within tolerance). For Decision box D4, the result is ‘yes’ as 

the calculated is much lower than the originally estimated drift. Assuming a conservative 

design is decided in Decision box D5, the next step is to apply a dynamic modification 

factor. 

 

Process Box P13 and Decision box D6 

The dynamic modification factor [80], is used to increase the design shears. Chapters 7 

and 8 describe this factor. In this case the original assumed ductility factor, DF, is 5 

(target displacement divided by the initially assumed elastic displacement), and for a 

three storey structure the shear amplification factor is aVN = 0.15 (for three storeys) (see 

Chapter 8, Section 8.3.2, Step 10). From Equation 8.28, the shear amplification factor is 

calculated as ωv = 1.75. However, because elastic displacements are very small, the actual 

ductility factor is likely to be very large, and so the maximum allowable value for ωv (3.5) 

is conservatively adopted. 

 

Applying ωv = 3.5 to the base shear of Table 9.4, 3.5 × 36.6 kN =128.1 kN, which would 

produce a maximum shear stress in the CLT panel of 1.5 × 128100 N / (3200 mm × 105 

mm) = 0.57 MPa, which will be readily handled by the panel (shear strengths for timber 

are typically over 2 MPa). Thus the result from box D6 is yes.  

 

Process Boxes P14 and P15 

 

The connector slot is set for a rotation of θrot,max = 1.6 %. The slot length is therefore 

0.016 × 3200 mm ≈ 50 mm. 

 

The rivets connecting the slip-friction connectors to the wall are designed for 2.5 times 

the actions used for designing the brackets (in order to allow the brackets to fully 

plasticise [63]) , or 2.5 × 1.5 = 3.75 times the actions used to determine the connector 

strength. Thus a rivet connection strength of 3.75 × 68 kN (Fslip) = 255 kN is required. 
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Based on the method recently developed by Zarnani and Quenneville [74] for timber rivet 

design, and using a design spreadsheet courtesy of Zarnani, 6 rows × 18 columns of 90 

mm rivets (row spacing of 25 mm and column spacing of 15 mm) with 12 mm steel 

plates, has a connection load carrying capacity of 244 kN, which is sufficient. 

 

Process Box P16 and Decision Box D7 

For the full contribution of the shear key to overturning moment to be realised, static 

rocking should be avoided. Appendix B describes static rocking and provides rules to 

determine its likelihood of occurring. From Appendix B, Section B.2, charts can be 

developed for multi-storey walls. For a wall of width B = 3.2 m, storey heights of 3.2 m, n 

= 3 storeys, and gravity, W = 14.24 kN, the following relationships are derived: 

 

 

Figure 9.4. Friction, Fr, to total racking force P vs. force in slip-friction connection, (3 storey wall, 
with B = 3.2 m, storey height =3.2 m, W = 14.2 kN, with the roof level having assigned seismic 

mass approximately 0.5 × that of the masses assigned to the floors). 
 

From Figure 9.4 it is clear that for wood on un-rusted steel (the assumed foundation 

surface) with a recommended COF of µf = 0.3 [101], Fr is smaller than P (i.e. Fr / P < 1) 

for connector forces more than around Fsfc = 10 kN << Fslip = 68 kN. Thus static rocking 

is unlikely to occur ( it should be noted from Figure 9.4 that should the COF increase to 

just over 0.40, then static rocking is a distinct possibility).  

 

The procedure outlined by the flowchart thus ends.  
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Chapter Ten 
 

 
 

CONCLUSIONS AND FUTURE RESEARCH 
 

 

A new type of slip-friction connector has been developed that is both economical and 

easy to fabricate. Symmetric connectors previously relied on brass shims in order to 

achieve elastoplastic behaviour. By replacing the centre plate with abrasion resistant steel 

and placing it in direct sliding against mild steel, excellent elastoplastic behaviour was 

obtained. The need for metal shims of any kind is thus obviated, and the number of 

surfaces which would allow for the ingress of corrosive constituents is halved (i.e. two, 

instead of four faying surfaces). It is important, however, that the sliding surfaces are left 

in the clean mill scale condition. When the sliding surfaces were polished to a bright steel 

condition, load spikes commonly occurred, and in one instance the plates of a connector 

friction-welded together.   

 

Slip-friction connectors were implemented in a 2.44 × 2.44 m LVL wall. With the use of 

a depth micrometre, the deflection of a stack of Belleville washers was easily measured. 

The Belleville washers are stacked and deflected in a way that will achieve and maintain 

a targeted preload in the bolts of the slip-friction connectors. The strengths of the 

connectors, Fslip, are thus readily adjustable, and therefore, so is the strength of the wall in 

which they are implemented.  

 

The experimental wall incurred no damage after extensive testing, and it readily re-

centred under quasi-static cyclic loading. Its force-displacement behaviour reflected the 

elastoplastic characteristics of the slip-friction connectors. The shear key (consisting of 

steel rods bearing against steel plates) assists in re-centring – provided the relevant shear 

pin/shear plate pair  are situated at a distance of greater than half the width of the wall 

away from the pivot corner.  
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The interaction of slip-friction connectors and shear key produce a rocking motion that is 

distinct from that of a free rocking block, and possessing its own unique characteristics. 

An analytical procedure has been developed to describe this motion, and is used to 

demonstrate the re-centring capability of the wall and how this is influenced by the shear 

key placement. Results from the analytical procedure are compared with those obtained 

from the experimental wall and align well.  

 

Because of the low over-strength inherent in walls with slip-friction connectors, there 

could be benefit in including them at the lowermost storey of multi-storey walls, where 

they would shield the upper stories from damage during a design level earthquake. In 

such a wall, a staging of ductility is suggested in which, (1) rocking controlled by sliding 

of the slip-friction connectors, followed by (2) plasticisation of the bracket connections 

between the walls of each level, and then (3) failure of the rivets connecting the slip-

friction connectors to the wall.  

 

A tentative displacement-based design procedure is proposed that considers the flag 

shaped hysteretic behaviour of the wall. In fact the wall unit may be conceptualised as a 

plastically deformable hinge, and numerical studies demonstrate that such an analogy is 

likely to be justified. For multi-storey walls with slip friction connectors, it appears that 

drifts are generally within code limits, residual displacements are small (when gravity 

effects are considered), and base shear and response accelerations suppressed - compared 

with the fully elastically responding case. The concept has the potential to be adopted for 

use as a base isolating mechanism for tall structures. 

 

Suggestions for future research: 

 The interaction between the wall and floor diaphragm was not considered in this 

thesis. The floor diaphragm will need to be able to transfer shear to the wall, yet 

allow rocking to take place in a relatively unimpeded manner.  

 Confirm the applicability, or otherwise, of Kelly’s [80] solution for higher mode 

effects in rocking structures, in the analysis of  walls with slip-friction connectors. 

 Gavric and Popovski [65] have shown that perpendicular walls can have a 

significant influence on design resistance. Sliding, and not rocking, often becomes 



197 
 

the governing design condition when perpendicular walls are taken into account. 

How will the concept of this research deal with this? 

 Sensitivity studies on the influence of friction coefficient between wall and 

foundation, within the shear key, and within the slip-friction connector. What are 

the probabilities of achieving the intended strengths, given the variation of the 

factors that contribute to the wall strength? 

 Detailed and comprehensive probabilistic studies on drift and re-centring 

behaviour of the wall should be carried out - for both SDOF and MDOF walls. 

 Develop an improved understanding of the way in which force is distributed under 

the pivot corner, and how this affects friction between the foundation and the wall,  

and how this in turn affects overall wall behaviour – Appendices A, B, and C 

provides some initial thoughts on friction between the wall and foundation.  
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Appendix A 
 

 

FRICTION BETWEEN THE WALL AND FOUNDATION 
 

 

 

A1 INTRODUCTION 

The influence of friction between the foundation and the corner about which the wall 

pivots during uplift and rocking has so far not been explicitly considered. The formulas 

used to describe wall behaviour in previous chapters have, in the absence of a directly 

measurable coefficient of friction (COF), simply assumed a nominal friction force. 

 

Corner to foundation friction (hereafter simply referred to as foundation friction) can 

influence the characteristics and behaviour of the wall (during phases CWcnr and ACcnr 

– refer Chapter 5) as follows: 

 

 The strength of the wall may depend to a significant extent on foundation friction. 

 

 During uplift, excessive foundation friction forces can prevent the pivot corner 

sliding relative to the foundation (see Figure A1(a)), causing the shear-pin to not 

engage with the shear-plate. The result is the intended wall strength is not 

achieved, because moment resistance from frictional forces on the shear-pin 

cannot manifest as intended.  

 

 During rocking the wall seizes up, as the pivot is prevented by high foundation 

friction forces from moving inwards (see Figure A2(b)), and the shear-pin is 

jammed hard against the shear-plate. The result is forces on the wall are not able 

to be capped as intended, and there is thus the possibility of the building up of 

high stresses within the wall. 
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Figure A1. (a) Wall rotates about corner that is prevented from moving outwards, preventing the 
shear-pin from engaging with the shear-plate. (b) Corner prevented from sliding inwards – the 
wall is prevented from further uplift, as it is locked between the left shear-pin and the corner.  

 

This appendix covers the following: 

 The movement of the pivot corner during uplift. This directly relates to the 

direction of friction on the wall from the foundation.   

 Equations that quantify the influence foundation friction on the wall. 

 

Note: in this appendix, the base right corner is assumed as the pivot, with uplift occurring 

at the LHS of the wall. Thus describing the RHS wall corner as moving ‘outwards’, is the 

same as saying it moves towards the right, while ‘inwards’ is movement towards the left.  

 

A2 MOVEMENT OF THE WALL CORNER 

During uplift at the LHS of the wall, the RHS base corner will slide along the foundation. 

The direction of this translational movement is required, in order that the direction of 

friction (typically opposite to the translation direction) is known.  

 

It is assumed that the shear-pin engages its corresponding shear plate, and moves along 

the path shown in Figure A2(a). Depending on the configuration of the wall, the corner 

either moves towards the right (Figure A2(b)), the left (Figure A2(c)), or towards the right 

and then the left (Figure A2(d)).  

 

Figure A2(a) also shows the dimensions relevant to this discussion and the global x-z 

coordinates system, with its origin at the left corner when the wall is in the neutral 
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position.  

 

 

Figure A2. (a) Relevant dimensions,  and slip of the shear-pin along the shear-plate causing 
movement towards (b) the right, or (c) to the left, or (d) to the right and then the left. (Note also 

the global x-z coordinate system) 
 

   
The movement of the pivot corner is explored in relation to the sliding of the shear-pin. 

The x-z coordinates of the shear-pin and pivot are labelled as shown in Figure A2(a) 

 

The line of motion of the shear-pin along the shear plate is: 

 

tan       (A1) 

 

Re-arranging: 

 

	
        (A2) 

 

The horizontal location of the pivot in relation to the coordinates of the shear-pin is: 

 

/
       (A3) 
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and substituting for xclp: 

 

	

/
     (A4) 

 

To find the elevation of the shear-pin that corresponds to a change in direction of the 

horizontal movement of the wall corner (or the maximum possible value of xpiv), the 

location of this maxima is found through differentiating xpiv with respect to zclp: 

 

	 / 0      (A5) 

 

and re-arranging, the maxima for xpiv occurs at: 

 

, .

/

       (A6) 

 

Substituting for yclp in Equation A4, the maximum possible value of xpiv: 

 

, 	

/
    (A7) 

 

When the pin slides up the shear-plate, if zclp < zclp,piv,max the pivot corner shifts outwards, 

i.e. towards the right. If the pin slides and zclp > zclp,piv,max, the pivot corner shifts inwards 

along the foundation (i.e. towards the left). 

 

From this, it follows that if , , , (where h is the initial height of the pin)) then 

zclp will always be greater than zclp,piv,max, and the pivot corner will always and only move 

towards the left (or inwards) as the pin slides up the shear plate.  

 

On the other hand, if h < zclp,piv,max, then the pivot will move outwards (towards the right) 

as the shear-pin ascends from zclp = h to zclp = zclp,piv,max. As already discussed, if at this 

point, zclp continues to increase, then the horizontal motion of the pivot corner changes 

direction and moves inwards towards the centre of the wall (towards the left). 
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In order to express the movement of the pin in terms of its slip-distance, Scwpin, instead of 

its elevation zclp:   

 

 	 /         (A8) 

 

The slip corresponding to the maximum horizontal location of the pivot xpiv: 

 

, , 	 /       (A9) 

 

Equation A4 is re-expressed in terms of the slip-distance: 

 

, 	

2 /
  (A10) 

 

The displacement of the wall corner from the original position, Δpiv,H  is thus: 

 

, , 	

/
	  (A11) 

 

In Figure A3, Equation A11 is used to plot the horizontal displacement of the pivot 

against the slip of the pin for walls of two different configurations. Figure A3(a) shows 

the case in which the corner moves outwards, until the maxima at a shear-pin slip of 324 

mm is attained. This corresponds to a 30.3 mm horizontal displacement of the wall corner.  

 

With increasing slip, the pivot corner moves inwards towards the centre of the wall.   

 
Figure A3. Displacement of pivot corner, Δpiv,H, vs. slip of the shear-pin, Scwpin, for walls of 

configurations  (a) B=2.44 m, b= 1.8 m, h = 0.05 m, and ϕ = 12 degrees, and (b) B=6 m, b= 4.5 
m, h = 0.5 m, and ϕ = 6 degrees. 
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For the case of Figure A3(b), the pivot can only move inwards with increasing shear-pin 

slip. This is because the hypothetical maxima is at a pin elevation of zclp,xc,max = 473 mm, 

but the minimum height of the pin above the foundation is h = 500 mm. As already 

discussed, if 	 , ,  then the only possible direction of movement of the corner 

is inwards (of to the left).  

 

Note that the while the case of Figure A3(a) shows a bi-directional possibility, this is 

actually unlikely to occur. This is because a shear-pin slip of Scwpin,xc,max = 324 mm 

(required for the direction of motion to reverse) would correspond to an unrealistic wall 

drift of around 18.4%. Whereas actual maximum drifts would be around 3 to 4%. 

Therefore under typical rocking conditions the movement of the corner would be 

outwards towards the right only.  

 

Note the equation for drift that corresponds to the change in direction of the wall corner 

xpiv,max: 

 

,       (A12) 

 

A designer would compare a realistic level of drift θdesign, with θpiv,max from the above 

equation.  If θdesign < θpiv,max, the wall corner is only ever likely to move outwards, away 

from the centre of the wall. 

 

A3 INFLUENCE OF FOUNDATION FRICTION - EQUATIONS 

Equations are derived that describe the effect of friction between the wall and foundation. 

The free-body diagram of the wall, that includes frictional force, Fr, is illustrated in 

Figure A4, together with relevant dimensions.  

 

Note that forces on the shear-pin from the shear-plate are resolved along and 

perpendicular to the shear plate, with µsk being the coefficient of friction in the shear-key 

between pin and plate. 
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Figure A4. Free body diagram showing forces for wall with slip-friction connectors and shear-

key, for rocking about the right corner (the anti-clockwise shear-pin/shear-plate not shown). 
 

Four friction cases are considered: 

 Case Fr0: zero friction, Fr = 0, between the wall corner and foundation. 

 Case FrIn: non-zero friction force, in which the corner slides outwards away from 

the centre of the wall. Thus the friction, Fr, acts inwards. 

 Case FrOut: non-zero friction force, in which the corner slides inwards towards 

the centre of the wall. Thus the friction, Fr, acts outwards.  

 Case FrNom: a nominal friction force, Fr, acting outwards is assumed. 

 

 

A3.1 Case Fr0: Zero friction between wall and foundation 

Zero friction between the wall corner and the foundation, i.e. Fr = 0, will occur if the slip-

friction connectors most or all the vertical reaction at the pivot corner.  

 

Figure A5 shows the force vector diagram for the wall. 
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 Figure A5. Zero friction between wall and foundation – force vector diagram. 
 

In Figure A5, P and gravity, W, are assumed known, where: 

 

∑           (A13)  

 

and 

 

∑           (A14)  

 

where n is the number of floors. In order to find Fslip, both the moment equilibrium about 

the right base corner of Figure A4, the equilibrium of vertical and horizontal forces are 

considered. 

 

Firstly, the lever arm distances for the reaction at the pin, x’ and y’ (see Figure A4) are: 

 

′ / cos /       (A15) 

 

and, 

 

′ / sin /       (A16) 

 

The following constants are defined to simplify the subsequent derivations: 
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          (A17) 

 
μ          (A18) 

 
μ         (A19) 

 
μ         (A20) 

 

          (A21) 

 

The reaction at the corner is: 

 

         (A22) 
 
 
Note that r is the ‘excess’ reaction that balances the vertical component of the reaction on 

the shear-pin from the shear-plate. From the vector diagram, r is: 

 

μ 	         (A23) 

 

	           (A24) 

 

The overturning moment about the corner, from the racking forces is: 

 

∑          (A25) 

 

At the onset of uplift, Mo is balanced by the resisting moment Mr, with Mr contributed to 

by the effects of the slip-friction connector, gravity, and friction between the shear-pin 

and plate: 

 

	 μ      (A26) 

 

	        (A27) 

 

The total racking force P can be expressed in terms of N, the normal force from the shear-

plate to the shear-pin, and the friction between pin and plate: 
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	 μ        (A28) 

 

          (A29) 

 

Substituting for N into Equation A15: 

 

          (A30)  

 

and then substituting for r into Equation A14, the total reaction at the corner is: 

 

         (A31)  

 

	        (A32)  

 

, and therefore: 

 

        (A33)  

 

In the case where Fslip is known and P is required to be found, then for a single storey 

wall, then it can be shown that: 

 

	         (A34)  

 

The equation above applies for a single storey wall. For a multi-storey wall, there can be 

variety of solutions for Equation A33 that depend on how P is distributed along the height 

of the wall.     

 

A3.2 Case FrIn: Friction acts inwards 

In this case the movement of the wall corner is outwards, and the frictional force between 

the corner of the wall and foundation thus act inwards. Considering the right corner as the 
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pivot, this means the corner moves towards the right and the friction acts towards the left. 

The force vector diagram is shown in Figure A6.  

 

Figure A6. Friction between wall and foundation acting inwards – force vector diagram. Note that 
P is larger in magnitude than the resultant force on the pin. 

 

Note the frictional force, Fr = µf R i.e. where µf is the coefficient of friction between the 

corner and foundation, and R, as before, is the vertical reaction at the corner. 

As with the case in the previous section, P and W are known.   

 

The vertical forces are balanced: 
 

         (A35)  
 

	           (A36)  
 
Thus 
 

	         (A37)  
 
 
The horizontal forces are balanced: 
 

∑           (A38)  
 

μ μ        (A39)  
 

	 μ          (A40)  
 
 
The moments are now balanced, with Mr = Mo: 
 

∑          (A41)  
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	 μ      (A42)  

 
        (A43)  

 

To find Fslip and N, Equation A40 is re-expressed by substituting for R: 

 
	 μ μ μ 	       (A44) 

 

Then, 

 

         (A45) 

 

Substituting for Fslip in Equation A44: 

 

	 μ μ μ 	      (A46) 

and, 

 

	 	

	
        (A47)  

 

In the case where Fslip is known and P is required to be found, then for a single storey 

wall, it can be shown that: 

 

	 	

	

	

       (A48)  

 

The above equation applies for a single storey wall. For a multi-storey wall P must have a 

magnitude and be so distributed up the wall so that Equation A45 is true. 

 

A3.3 Case FrOut: Friction acts outwards from the wall 

In this case the movement of the wall corner is inwards, and the frictional force between 

the corner of the wall and foundation acting outwards. Considering the right corner as the 
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pivot, this means the corner moves towards the left and the friction acts towards the right. 

The force vector diagram is shown in Figure A7.  

 

Figure A7. Friction between wall and foundation acting outwards – force vector diagram. Note 
that P is smaller in magnitude than the resultant force on the pin. 

 

Note the frictional force, Fr = µf R i.e. where µf is the coefficient of friction between the 

corner and foundation, and R, as before, is the vertical reaction at the corner. In Figure 

A7, P and W are the racking and gravity forces, respectively. Assuming these are known, 

Fslip is found. 

 

The vertical forces are balanced: 
 

         (A49) 
 

	           (A50) 
 
Thus, 
 

	         (A51) 
 
 
The horizontal forces are balanced: 
 

∑           (A52) 
 

μ μ        (A53) 
 

	 μ          (A54) 
 
The moments are now balanced, with Mr = Mo: 
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∑          (A55) 
 

	 μ      (A56) 

 
        (A57) 

 
 

From the above, 

 
	 μ μ μ 	       (A58) 

 

Substituting for Fslip, 

 

	 μ μ μ 	      (A59) 

 

And the perpendicular reaction on the pin is: 

 

	

	
        (A60) 

 

The required slip threshold is found: 

 

         (A61) 

 

In the case where Fslip is known and P is required to be found, for a single storey wall, 

	 	  , and thus, 

 

        (A62) 

 

	 	

	
      (A63) 
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        (A64) 

 

Equation A64 applies for a single storey wall. For a multi-storey wall P is distributed so 

that Mo has a value so that Equation A61 is true. 

 

A3.4 Case FrNom: Nominal friction between wall and foundation 

In this case, the coefficient of friction between the wall and the ground is unknown. This 

will often be the case. Therefore the analysis makes the assumption that the racking force, 

P, is entirely resisted by the reaction on the shear-pin, from the shear-plate, with ‘excess’ 

vertical and horizontal forces from this reaction are distributed to the wall corner. These 

are shown as r and and as a nominal frictional force Fr,nom, respectively in Figure A8.  

 

Figure A8. Friction between wall and foundation acting outwards – force vector diagram. Note 
that P is equal in magnitude to the resultant on the pin. 

 
The movement of the wall corner is assumed inwards, with a nominal frictional force 

between the corner of the wall and foundation acting outwards. Considering the right 

corner as the pivot, this means the corner moves towards the left and the friction acts 

towards the right.  

 

P and W are the total racking and gravity forces respectively, and are known. Referring to 

both the force vector diagram of Figure A8 and the moment equilibrium of the structure 

of Figure A4, expressions are derived to find all the unknown forces. 
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The vertical forces are balanced: 
 

         (A65) 
 

	           (A66) 
 
Thus: 
 

	         (A67) 
 
 
The horizontal forces are balanced: 
 

∑           (A68) 
 

μ ,        (A69) 
 
,        (A70) 

 
	         (A71) 

 
The moments are now balanced, with Mr = Mo: 
 

∑          (A72) 
 

	 μ      (A73) 

 
        (A74) 

 
 

N and Fslip are now found. For N, simply rearrange Equation A71, 

 

	         (A75) 

Then for Fslip: 

 

         (A76) 

 

Nominal coefficient of friction, µf, if R completely goes to the foundation: 
 
 

,
,         (A77) 
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Nominal coefficient of friction, µf, if R – Fslip goes to the foundation: 
 

 

,
,         (A78) 

 

In the case where Fslip is known and P is required to be found, then for a single storey 

wall, substitute  	 	 	 	  into Equation A74 (for mobilisation of friction by the full 

reaction R), and then by re-arranging: 

 

       (A79) 

 

          (A80) 

 

A4 EXAMPLES 

The influence of friction on the pivot corner of the wall explored for: 

 Single storey wall, pivot corner moves outwards 

 Single storey wall, pivot corner moves inwards 

 Multi storey wall, pivot corner moves outwards 

 Multi storey wall, pivot corner moves inwards 

 

A4.1 Single storey wall, pivot corner moves outwards 

For a single storey wall of 2.44 m × 2.44 m, with b = 1.8 m, h = 0.5 m, and ϕ = 12 

degrees, it can be shown (refer to previous sections), that the pivot corner of the wall will 

move outwards while the shear-pin moves up along the shear plate (for drifts up to 

around 19%). Friction on the corner will thus act inwards, and the case described here is 

thus FrIn.  

 

For Fslip = 30 kN, W = 3 kN, and esfc = 0.15 m, wall strengths are plotted against COF in 

the shear-key, μsk. This is done for each of values of wall to foundation COF, μf  = 0 to 

1.05 (Figure A9). 
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Figure A9. Strength, P, of a single-storey wall for FrIn, and the influence of foundation friction, 

μf, and shear-key friction, μsk (pivot corner moves outwards, friction acts inwards). 
 

It can be seen that with increasing μf, wall strength decreases. For values of μf greater than 

around 0.90, P decreases with increasing μsk. The nominal friction case, FrNom, is also 

included, and for μsk of around 0.8 (the value adopted by Loo et al. [40]), P is approximately 5 to 

10% higher than it is for Fr0 (μf = 0). For a recommended COF of μf = 0.3 for un-rusted steel 

against softwood [101] (which was the case for the wall of Loo et al. [40] in which the wall was 

placed on top of steel plates), the wall strength is around 40 kN, compared to around 50 to 55 kN 

for the Fr0 and FrNom cases.   

 

To get an idea of the sensitivity to assume that μf = 0.30 ± 0.15, and μsk = 0.80 ± 0.10. For 

these tolerances, the possible values for P are bounded by the bolded lines in Figure A10. 

 

 
Figure A10. Case FrIn: Possible strengths for single storey wall for 0.15 < µf < 0.45 and 0.70 < 

µsk < 0.90. 
 

For μf = 0.30 and μf = 0.80, P = 40 kN. However for the tolerances indicated P could 

range from around 35 kN to 47 kN. 
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A4.2 Single storey wall, pivot corner moves inwards 

For a five storey wall of 2.44 m × 2.44 m, with b = 1.4 m, h = 0.1 m, and ϕ = 4 degrees, 

the pivot corner of the wall will move inwards while the shear-pin moves up along the 

shear plate (for drifts up to around 19%). Friction on the corner will thus act outwards, 

and the case described here is thus FrOut. 

 

For Fslip = 30 kN, W = 3 kN, and esfc = 0.15 m, wall strengths are plotted against COF in 

the shear-key, μsk. This is done for each of values of wall to foundation COF, μf  = 0 to 

0.40 (Figure A11). 

 
Figure A11. Strength, P, of a single-storey wall for FrOut, and the influence of foundation 
friction, μf, and shear-key friction, μsk (pivot corner moves inwards, friction acts outwards). 

 

It can be seen that with increasing μf, wall strength increases. The nominal friction case, 

FrNom, is also included, and for μsk of around 0.8 (the value adopted by Loo et al. [40]), 

P is close to the value for Fr0 (μf = 0) of 53 kN. For a recommended COF of μf = 0.3 for 

un-rusted steel against softwood, the wall strength increases to around 80 kN (a 50% 

increase over the zero friction case). If μf increases to 0.4 (also for μsk = 0.8), P jumps to 

over 120 kN. 

 

Clearly the wall strength is extremely sensitive to changes in the COF between the wall 

and the foundation. Walls should thus be configured to avoid the pivot corner sliding 

inwards.  
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A4.3 Multi-storey wall, pivot corner moves outwards 

For a five storey wall of 6 m wide × 2.8 m high with b = 4 m, h = 0.2 m, and ϕ = 12 

degrees, and esfc = 0.15 m, the pivot corner of the wall will move outwards while the 

shear-pin moves up along the shear plate (for drifts up to around 19%). Friction on the 

corner will thus act inwards, and the case described here is thus FrIn.  

 

Because of a non-unique solution for total force P, instead begin with P and calculate the 

required slip-threshold, Fslip, from P. The actions on the wall are provided in Table A1. 

 

Table A1. Multi-storey wall - actions 
Floor Racking force (kN) Height (m) M (kNm) Gravity (kN) 

L5 11 14 154.0 6.3 
L4 16 11.2 179.2 6.3 
L3 12 8.4 100.8 6.3 
L2 8 5.6 44.8 6.3 
L1 4 2.8 11.2 6.3 

P = 51 kN Mo = 490 kNm W = 31.5 kN 
 

The required connector strengths Fslip, are plotted against COF in the shear-key, μsk. This 

is done for each of values of wall to foundation COF, μf  = 0 to 1.2 (Figure A12). 

 
Figure A12. Case FrIn: Strength, P, of a multi-storey wall and the influence of foundation 
friction, μf, and shear-key friction, μsk (pivot corner moves outwards, friction acts inwards). 

 

It can be seen that with increasing μf, the required connector force increases (conversely it 

could be stated that the strength provided by any particular connector force decreases as 

increasing μf increases – and this would be consistent with the case for the single storey 

wall of the previous section).  
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To obtain a concept of the sensitivity of Fslip with respect to typical tolerances, consider μf 

= 0.30 ± 0.15, and μsk = 0.80 ± 0.10. For these tolerances, the possible values for P are 

bounded by the bolded lines of Figure A13. 

 
Figure A13. Case FrIn: Possible connector strengths, Fslip, for single storey wall for 0.15 < µf < 

0.45 and 0.70 < µsk < 0.90. 
 

For μf = 0.30 and μf = 0.80, Fslip = 60 kN. However for the tolerances indicated Fslip could 

range from around 53 kN to 66 kN. 

 

A4.4 Multi-storey wall, pivot corner moves inwards 

For a five storey wall of 6 m wide × 2.8 m high with b = 4 m, h = 0.3 m, and ϕ = 4 

degrees, and esfc = 0.15 m, the pivot corner of the wall will move inwards while the 

shear-pin moves up along the shear plate (for drifts up to around 19%). Friction on the 

corner will thus act outwards, and the case described here is thus FrOut.  

 

Figure A14. Case FrOut: Possible strengths for multi-storey wall for 0.15 < µf < 0.45 and 0.70 < 
µsk < 0.90. 
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Because of a non-unique solution for the total force P, start from P and calculate the 

required slip-threshold, Fslip, instead, and the same forces and actions as those provided in 

Table A1 are considered. From Figure A14, it can be seen that with friction acting 

outwards, the connector strength Fslip, is extremely sensitive to variation both in µsk and 

µf, and the wall should be configured to avoid the case FrO (this also applied for the 

single storey wall example). 

 
 

A5 CONCLUSIONS 

The effects of friction on the pivot corner of the wall during uplift at the opposite end are 

quantified. The direction of movement is first found. With the direction of movement 

known, four friction cases then arise. These are zero friction assumed, Fr0, (obviously not 

dependent on the movement of the wall corner), the friction force acting inwards towards 

the centre of the wall, FrIn (while the wall corner moves outwards), the friction force 

acting outwards, FrOut (while the wall corner shifts inwards), and a nominal case, that 

typically falls in between cases FrIn and cases FrOut and provides a reasonable estimate 

of P, when the friction coefficient is unknown. It is also conceptually simple in that it is 

assumed that P is equal to the reaction on the shear-pin.  

 

The sensitivity of the wall strength to variations in ground friction is pronounced for the 

case FrOut (i.e. the wall corner moving inwards), and significantly less so for the case 

FrIn (i.e. the wall corner moving outwards). Therefore, both single-storey and multi-

storey walls should be configured to avoid inwards sliding of the pivot corner during 

uplift (it is emphasised again that the assumption of this chapter is that uplift that is 

governed by the sliding of the pin along the shear plate while the corner about which 

rocking occurs is in contact with the ground).  
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Appendix B 

 

 

STATIC ROCKING THROUGH EXCESSIVE WALL-TO -
FOUNDATION FRICTION 

 

 

B1 INTRODUCTION 

Equations have already been derived for the calculation of the expected wall strengths 

and associated slip-friction forces of the shear wall. These equations are based on the 

assumption that increasing racking force will inevitably result in a state of uplift, in which 

the shear pin slides upwards along the shear plate while the wall rotates about a corner 

that is allowed to slide along the foundation. The strength of the wall during this phase is 

the yield strength of the wall.  

 

However, this situation will not occur if the slip-force in the slip-friction connectors is 

low, relative to the coefficient of friction between the wall corner and the foundation, µf. 

During uplift, the pivot corner would then be prevented from sliding, with the 

consequence that the engagement of shear-pin with shear-plate is prevented (Figure B1). 

This condition will henceforward be referred to as static rocking. 

 

 
Figure B1. Static rocking: the pivot is prevented from sliding outwards. 
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The main consequence of static rocking is the actual strength of the wall will differ 

significantly from the intended design strength. In this discussion, the following is 

assumed: 

 
 For drift limits up to around 4% or 5%, the pivot wall corner will move outwards 

during the sliding of the shear pin up the shear plate.  

 Friction at the corner/foundation interface is non-zero. 

 The wall is configured so that the pivot wall corner will be inclined to move 

outwards.  

 A small gap exists between the shear pin and shear plate when the wall is in the 

neutral position (this will naturally be the case given normal construction 

tolerances). This means that the wall must be able to slide slightly in order for the 

shear-pin to engage with the shear-plate.  

 

B2 CONDITION FOR STATIC ROCKING 

If a racking force is applied to a wall with a shear key, and increased, it will eventually 

reach the point where uplift occurs. This will happen in one of two ways, (1) the shear pin 

slides up along the shear plate, while the pivot corner moves along the foundation, or (2) 

the wall simply rotates about a stationary pivot corner – i.e. static rocking.  

 

For case (1) to occur, the corner/foundation friction must be small enough to allow 

sliding. Otherwise case (2) will occur.  

 

For a wall of n-storeys (Figure B2), the total force P, total gravity, W, and total 

overturning moment, Mo, are respectively:  

 

∑           (B1) 

 

∑           (B2) 

 

∑          (B3) 

 

where Hi is the elevation of the ith level. 

 



223 
 

 
Figure B2. Wall with slip-friction connectors and shear-key (shear-key does not engage unless the 
total applied horizontal force P, exceeds Fr).  Note that Fsfc is not necessarily Fslip (Fslip is simply 

the maximum possible value for Fsfc). 
 

Overturning moment, Mr, is resisted by tension in the slip-friction connector, Fsfc, and 

gravity, W as follows: 

 

	         (B4) 

  

where esfc is the distance of the LHS connector from the wall edge (note for this analysis 

the shear-key is disengaged, with zero contribution to moment resistance).  

 

Mo is equated with Mr: 

 

       (B5)  

 

The vertical reaction at the RHS is: 

 

          (B6)	

 

And the available, if not necessarily mobilised, frictional reaction Fr is: 
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	 	 	         (B7) 

 

For the situation where P > Fr, the wall corner will slide: 

 

	         (B8) 

 

If the above expression is not true then, the wall will uplift about a stationary pivot point, 

and the shear pin will not engage with the shear plate.  

 

For an SDOF single-storey wall, there is a unique value for P (with Mo = PH) for any 

given force in the slip-friction connector, Fsfc  

 

       (B9) 

 

/
         (B10) 

 

It is thus convenient to compare P and Fr, both as functions of Fsfc. The plot of Figure B3, 

is for a 2.44 × 2.44 m wall of W = 20 kN, and µf = 0.35.  

 

 
Figure B3. P compared with Fr for single-storey wall, with P exceeding available frictional 

resistance at Fsfc > 43.3 kN. 
 

The cross over point is at Fsfc =43.3 kN.  For values of Fsfc up to 43.3 kN, Fr exceeds P, 

and thus friction would prevent the wall corner from moving. Static rocking would then 
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ensue. Beyond this, P exceeds Fr, and sliding would occur so that the shear key is 

engaged, and the full strength of the wall is thus mobilised. 

 

For the same wall, but with the width doubled to 4.88 m, sliding at the corner will occur 

for all values of Fsfc (Figure B4(a)). If however, the width remains at 2.44 m, but the 

height doubled to 4.88 m, static rocking will be the result for all values of Fsfc (Figure 

B4(b)). Thus walls with lower aspect ratios have a greater likelihood of manifesting the 

desired sliding behaviour. 

 

 
Figure B4. P compared with Fr for single-storey wall, with (a) P exceeding Fr for all values of 

Fsfc, and (b) Fr exceeding P for all values of Fsfc. 
 

 
The cross over point can be readily found by equating P with Fr: 

 

       (B11) 

 
The cross over point is: 
 
 

,          (B12) 

 
 
For MDOF walls there is no unique solution (unlike the case for an SDOF wall, in which 

there is a unique value for Mo for every value of P).    

 

However in order to facilitate the analysis of such walls, assume a generic multi-storey 

structure of n storeys, of equal heights, h, and equal seismic masses, m, at each floor 
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level, and a certain proportion, p, of m at the roof level, applying the NZS1170.5 [78] 

rules for the distribution of base shear, allows for a single multiplier to be found that will 

provide the overturning moment as follows: 

 

	           (B13) 

 

An expression for  is now found. Firstly, for each of levels i = 1 to n-1, the force Fi is: 
 

	0.92
∑

         (B14) 

 
 
where Vb is the base shear, mi the mass at each level, and Hi, the elevation.  
 
For level n: 
 

0.08 	0.92
∑

       (B15) 

 
 
The total overturning moment, Mo, is then: 
 
 

	 .

∑
∑ 0.08       (B16) 

 

Given that the storeys are all of height h, the seismic masses at all the floor levels is m, 

and the roof level mass is p × m, ∑  is re-expressed as follows: 

 

∑ ∑ 	     (B17) 

 
and,  
 

∑ ∑   (B18) 

 
 
Substituting into Equations B17 and B18 into Equation B16,  
 

	           (B19) 
 
where, 
 

 
. 0.08      (B20)  
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Thus for an MDOF structure: 

 

	         (B21) 

    

       (B22)  

 
 
In the situation where P > Fr, the wall corner will slide. Otherwise the corner will remain 

static. This condition for sliding is thus expressed: 

 

	       (B23) 

 
 
The ratios of friction to total racking force Fr / P, are plotted against Fsfc, for 3.2 m wide 

engineered lumber walls (assuming a density of 500 kg/m3 for calculation of self-weights) 

for aspect ratios of a = 1, 2, 3, and 6, in Figures B5(a), (b), (c), and (d), respectively.  

 
Figure B5. Fr to P ratio vs. Fsfc for engineered lumber walls of typical self-weight: 3.2 m wide 
wall with heights corresponding to aspect ratios of (a) 1, 3.2, (b) 2, 4.9, (c) 

3, 7, and (d) 1, 11.3. 
 

Naturally ratios of greater than one, indicate static rocking. Note that increasing aspect 

ratio is associated with a greater likelihood of static rocking. 
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B3 CONCLUSIONS 

For typical walls of equal storey heights, and equal seismic mass, m, at each level with a 

proportional mass p × m at the roof level, some rules for sliding or static rocking as 

follows: 

 

 ,   AND  	 , will result in sliding. 

 

 ,   AND  	 , will result in static rocking 

 

  AND   μ , means sliding for all values of Fsfc. 

 

  AND   μ , means static rocking for all values of Fsfc. 

 

 , 0  AND  		 , means sliding for all values of Fsfc. 

 

 , 0  AND 		 , means static rocking for all values of Fsfc. 

 
It is emphasised that sliding is the desirable outcome in order that the shear-key is 

engaged to provide the intended design strength of the wall. Therefore a check during the 

design process for static rocking is required, particularly for multi-storey walls which are 

susceptible to static rocking.   
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Appendix C 

 

 

ROUNDING OF THE PIVOT CORNER AND ITS INFLUENCE ON 
FRICTION 

 

 

C1 INTRODUCTION 

For the wall corner about which the rocking wall pivots, some form of rounding (or 

filleting) is prudent, in order to avoid the concentration of stresses and the possibility of 

cracks forming around the wall corners. This is particularly important for the rocking wall 

as it is not just rotation that occurs about the pivot corner during uplift, but typically 

sliding as well, in order to accommodate the geometry of the wall as the shear pin slides 

up the shear plate.  A rounded corner (Figure C1(b)) will mean that a proportion of this 

movement will consist of rolling and not just relative sliding, as would be the case for an 

unrounded corner (Figure C1(a)). Less relative sliding distance corresponds to less 

frictional resistance.    

 

 

Figure C1. Wall corner, (a) unrounded, (b) rounded. 
 

In the next section equations are derived to describe the movement of the corner. 

 

C2 ANALYSIS 

In this discussion consider the rotation of the wall, as the shear pin slides up the shear 

plate. Referring to Figure C2(a), P is the point which is in contact with the foundation 

prior to uplift. Q is some other point on the fillet. If the wall rotates, point Q will 
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eventually come in contact with the foundation, and the angle of rotation at which this 

occurs is called θ.  

 

The shear-pin slides up the shear-plate along an angle ϕ to the vertical. The shear pin is 

distance b from the right hand side of the wall with an elevation h. The fillet is of radius f, 

and intersects the side of the wall at distance iz, and the base line of the wall at distance ix. 

The centre of the arc is distance fx and fz, in from the right side, and up from the 

foundation respectively. 

 
Figure C2. Base of the wall, (a) in the neutral position, and (b) inclined at θ from the horizontal. 

Note the global coordinate system (bolded). 
 

As mentioned, if the wall inclines at an angle θ, the arc of the fillet will contact the 

foundation at point Q (Figure C2(b)). It is of interest to find the final horizontal position 

of this point, xQ,f, and compare it to the initial position of point P, xP,i.  

 

The equation of the arc of the fillet when the wall is in the neutral position is: 

 
	        (C1) 
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	 /        (C2) 
 

The distance between the pin and point Q is also required: 

 

, , ,

/
     (C3) 

 
where xQ,i and zQ,i are the initial coordinates of Q. Substituting for xQ,i with the RHS of 

Equation C2: 

 

, , ,

/
/

   (C4) 

 

Now consider the inclination, θ, associated with point Q is just touching the foundation. 

This can only occur when the line OQ is vertical. Thus θ is also the same as the original 

angle of the line OQ from the vertical:  

 

tan ,

,
         (C5)  

 

xQ,i is substituted for the RHS of Equation C2: 

 

tan
,

,
        (C6) 

 

	
,

,
        (C7) 

 

Now make zQ,i the subject and function of θ:   

 

,  for       (C8) 

  

Note that in the case of  the wall rotates about point P only, and zQ,i = 0 

Now the location of the shear-pin associated with rotation θ is found. When point Q just 

touches the ground the final angle from the horizontal for dpin,Q is: 
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	           (C9) 

 

where the initial angle of dpin,Q is: 

 

sin ,

,
         (C10) 

 

The elevation of the shear pin is: 

 

, sin 	         (C11) 

 

The equation of the line of sliding of the shear-pin is: 

 

tan        (C12) 

 

Substituting for zclp for z, and making x the subject: 

 

        (C13) 

 
The position of the shear pin is used to locate the final position of point Q: 

 

, , cos	         (C14) 

  

This result for xQ,f  will later be compared with the initial location of P, but before this, the 

angle subtended by the arc PQ, α, is required. Knowing fx, fz, and f, ix and iz (see Figure 

C2(a)) are found: 

 

/         (C15) 

 

/          (C16) 

 

and,  
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          (C17) 

 

where, 

 

tan tan ,

,
/ 								 	

tan ,

,
/ 								 	

    (C18) 

 

C3 RELATIVE DISPLACEMENT AND FRICTION 

The previous section was concerned with deriving expressions to find the location of the 

point on the wall fillet that just touches the foundation, after the wall has undergone 

rotation through angle θ, with the shear-pin travelling in a line defined by the shear plate.  

 

Figure C3. Wall corner (a) in the original position, and (b) with wall inclined at θ. 
  

Typically, there will be both sliding (or slipping) and rolling of the rounded corner along 

the foundation. Figure C3(a) shows the wall corner in the neutral position with xP,i 

indicated. It will rarely be the case where length PQ is the same as the distance between 

xP,i and xQ,f, and in Figure C3(b) PQ is less than , ,  , meaning that a proportion 

of the corner movement consists of sliding. It is the sliding/slipping component of 

movement in which frictional forces are manifested, while the resistance to rolling is 

typically much smaller, and for this discussion assumed to be near zero (for the assumed 

rigid, non-deformable bodies in contact) [41]. Note that sliding/slipping refers to the 

relative motion between the wall and foundation, whereas with pure rolling there is no 

relative motion between the two surfaces [102]. 

 

The length PQ can relate to xP,i and xQ,f  in the following ways: 
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A. , , 	 AND , ,  

B. , , 	 AND 0 , ,  

C. , , 	 AND 0  (the corner is sharp, unrounded, and moves outwards) 

 

D. , , 	 AND , ,  

E. , , 	 AND , ,  

F. , , 	 AND 0  (the corner is sharp, unrounded, and moves inwards) 

 

G. , , 	 AND 0     (refers to static rocking about one point) 

 

Note that Case G refers to rocking about a single static point, and this was discussed in 

Appendix 2. For a wall that inclines from horizontal with angle θ, the behaviour of the 

wall corner can be handily conceptualised by ‘straightening’ the arc distance, PQ, and 

examining the movement relative to the foundation surface. This is done for Cases A to F 

in Figure C4. 

 

 

Figure C4. Relative movement between the wall corner and foundation, cases A to F. The 
direction of relative movement indicated by the bolded arrows, with the direction of friction on 

the wall the same as that of the lower arrow. 
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For case A, the corner rolls with slipping. For case B, the corner rolls with sliding, while 

case C represents pure sliding. Note the terms slipping and sliding. Slipping occurs when 

the rolling distance is greater than the overall distance travelled (e.g. a wheel spinning in 

slippery mud), whereas with sliding the rolling distance is less than the overall distance 

(e.g. car tires skidding). Both slipping and sliding involve relative movement of the 

surfaces.  

 

In order to quantify the reduction in work done in causing the movement of the pivot 

corner, the relative work done by friction under various circumstances is compared.  

Consider the case of wall corner that is unrounded (i.e. f = 0, and point P is the same as 

point Q – see cases C and F where moving from P to Q is accomplished purely by 

sliding). In moving distance s, from point xP,i to xQ,f  the energy dissipated by friction, 

Ediss, under normal force, L, is simply: 

 

μ 	 μ 	 , ,        (C19) 

 

However with rolling combined with sliding/slipping, the frictional energy dissipated 

becomes: 

 

μ          (C20) 

 

where drel is the relative movement between the surfaces. For cases A and B,  

 

	 , ,         (C21) 

 

Whereas for cases D and E, 

 

	 , ,         (C22) 

 

If the energy dissipated is equated to the external work done, then ignoring the effects of 

rolling resistance,  
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	 μ 	 	       (C23) 

 

The work done can also be expressed in terms of an apparent frictional force, Fr’ acting 

over a distance of , ,  , and an apparent friction coefficient, μf’: 

 

μ ′	 μ ′ 	 	       (C24) 

 

and, 

 

μ ′ μ 		          (C25) 

 

Thus for cases A and B: 

 

μ ′ μ , ,

, ,
        (C26) 

 

For cases D and E: 

 

μ ′ μ , ,

, ,
        (C27) 

 

In most applications cases A and B (associated with outward movement of the wall 

corner) would be preferred (refer to Appendix 1), while cases D and E, which are 

associated with the wall corner moving inwards, should be avoided. The apparent 

coefficients of friction for cases A and B will typically be significantly smaller than the 

actual.  
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Example: 

Consider a 2.44 m wide wall (Figure C5), b = 1800 mm, h = 50 mm, ϕ = 12 degrees. The 

corner is slightly rounded with a radius of curvature f = 2000 mm, fx = 150 mm, and fz = 

2000 mm. 

 
Figure C5. Wall with rounded corner with 2000 mm radius of curvature. 

 

After a rotation of θ = 0.05 radians, the point on the arc that will contact the foundation, 

Q, has an original elevation of zQ,i = 0.90 mm (Equation C8). The line joining the pin and 

Q, dpin,Q = 1711 mm (Equation  C4). The shear pin coordinates after rotation is (xclp = 651 

mm, yclp =100 mm) (Equations C13 and C11).  

 

xP,i is 2290 mm, and xQ,f  is calculated to be 2359 mm (From Equation C14), and  

, , 	69	  

 

The arc length PQ is 60 mm (from Equations C18).   

 

Thus , , 	 AND 0 , ,   which corresponds to case B. 

 

From a recommended COF of μf = 0.3 for un-rusted steel against softwood [101] (which 

was the case for the wall of Loo et al. [40] in which the wall was placed on top of steel 

plates), an apparent COF, μf’ = 0.04 is found (Equation C26). Note that with increasing 
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radii of curvature the apparent COF diminishes eg. for a radius of curvature f = 5000 mm, 

μf’  reduces to 0.016. 

 

Practically speaking it would perhaps be difficult and/or uneconomic to achieve a corner 

of any great accuracy in terms of the radius of curvature. However, a high level of 

accuracy is in fact, not required, as any radius of curvature exceeding a minimum would 

reduce the frictional effect. Figure C6 shows a corner of the experimental wall with a very 

slight camber. As the wall uplifts, the pivot shifts farther and farther outwards. 

 

 

Figure C6. Experimental wall with natural camber: (a) the wall in the neutral position, resting on a 
point approximately 130 to 150 mm in from the edge of the wall. The wall begins to rock, and the 

contact point with the ground shifts outwards, (b) and (c). 
 

 

C4 CONCLUSIONS 

A method to quantify the change in frictional resistance due to rounding of the wall 

corner is proposed. However it is based on some rather broad or even speculative 

assumptions (dynamic and static frictional effects are ignored, and rolling resistance is 

assumed to be zero). Nevertheless it does provide a preliminary way of accounting for 

what is intuitively understood to be the benefits of rolling motion, over relative sliding 

movement.  
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