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ABSTRACT: This paper describes the effect of the bolt grip length on the hysteretic 

behaviour of Asymmetrical Friction Connections (AFC) assembled with M16 Grade 8.8 

bolts and Bisalloy 500 shims. Two AFCs were quasi-statically tested at each of the bolt 

grip lengths of 42mm, 60mm, 87mm, 102mm, 132mm, and 162mm. Results show that by 

increasing the bolt grip length the strength of the AFC and the stability of the hysteresis 

loop reduce. Results also show that effective friction coefficient reduces as the bolt grip 

length increases, and for significant bolt grip lengths bolts undergo plastic deformations 

when the bolts bend as a result of the sliding of the AFC components.  

1 INTRODUCTION 

1.1 Asymmetrical Friction Connections concept (AFC) 

AFC are a type of friction connection assembled with high strength bolts, two shims and three Grade 

300 Mild Steel plates termed fixed plate, slotted plate and cap plate (Figure 1a). Shims are placed at 

both sides of the slotted plate and by using shims of a high hardness material such as Bisalloy 500 a 

stable hysteretic behaviour can be achieved in AFC (Chanchi 2012) (Figure 1b).  

 

 

 

 

 

 

 

 

  

a. AFC components b. Hysteretic loop of AFCs with Bisalloy 500 shims 

 

 

 

 

 

 

 

 

 

 

c. AFC on moment resistant frames d. AFC on braced frames 

Figure 1 - AFC concept and applications 

F 

Fixed plate 

Cap plate 

High strength bolt Slotted plate 

Shim 

AFC 

Shim 

Column 

Slotted plate 

Beam 

Slotted gusset 

 
Shim 

 
Brace 

 

AFC 



2 

AFC can be used as energy dissipaters and energy is dissipated when the slotted plate is forced to slide 

across the shims overcoming the friction force at the interfaces between the slotted plate and the 

shims. Among the applications of AFC as energy dissipaters, moment resisting frames equipped with  

AFC in the joints (Figure 1c) where the slotted plate slide as the joint rotate (Clifton 2005), and braced 

frames with AFC within the braces (Figure 1d) where the slotted plate slide as the brace elongate 

(Chanchi et al. 2015-I) can be mentioned.  

 

1.2 Research background 

AFC were developed and experimentally validated by Clifton 2005 when testing AFC subassemblies 

with brass shims. Testing of AFC with Aluminium, Mild Steel, Bisalloy 80, Bisalloy 400 and Bisalloy 

500 shims were carried out by MacRae 2010, Khoo et al. 2011, and Chanchi et al. 2012. Results 

showed that by using shims with hardness either smaller or greater than the hardness of the slotted 

plate generate a stable and predictable hysteretic behaviour can be achieved in AFC. The hysteretic 

behaviour of AFC under fire, corrosive and velocity effects were reported by Chanchi et al. 2013-I, 

Chanchi et al. 2013-II, and Chanchi et al 2015-II.  Results showed that while the strength of AFC can 

be significantly influenced by fire and corrosive effects, the strength of AFC is almost independent to 

the velocity effects.  The effect of the bolt grip length on the behaviour of AFC were described by 

Clifton 2005, MacRae et al. 2010, and Khoo 2013 when testing AFC where the bolt diameter and the 

bolt grip lengths were varied. Results showed that the strength of AFC reduces as the ratio between the 

bolt grip length and the bolt diameter increases. Although these studies were carried out, additional 

experimental research is needed given the significant scatter exhibited by the experimental results 

presented by Clifton 2005 and Khoo 2013. For that reason this paper describes the hysteretic 

behaviour of AFC assembled across the full range of available grip lengths of M16 Grade 8.8 bolts, 

and aims to answer following questions: 

i. What is the effect of the bolt grip length on the hysteretic behaviour of AFC? 

ii. What is the effect of the bolt grip length on the effective friction coefficient of AFC? 

iii. What is the effect of the bolt grip length on the loss of bolt tension in AFC? 

2 MATERIALS 

A total of twelve AFC were assembled. These twelve AFC were grouped into six groups of two AFC 

where the thickness of the shims was kept constant and the thickness of the cap plate, the slotted plate 

and the fixed plate was varied from group to group in such a way that bolt grip lengths of 42mm, 

60mm, 87mm, 102mm, 137mm, and 162mm were considered. Bisalloy 500 was used to manufacture 

the shims and Grade 300 Mild Steel to manufacture the cap plate, the slotted plate and the fixed plate. 

M16 Grade 8.8 galvanized bolts with lengths between 80mm and 200mm were used (Table 1).  

Table 1. Assembling variables for the six groups of AFCs with different bolt grip lengths. 

AFC 

group 

Bisalloy 500 

shim 

thickness 

Grade 300 

Mild Steel 

plate thickness 

AFC clamped zone 

thickness or bolt 

grip length (C) 

Bolt 

denomination  

Proof 

load 

elongation 

Proof load 

torque 

mm mm mm mm x mm mm N-m 

I 6 10 42 M16 x 80 0.165 245 

II 6 16 60 M16 x 90 0.214 265 

III 6 25 87 M16 x 120 0.282 310 

IV 6 30 102 M16 x 140 0.304 315 

V 6 40 132 M16 x 180 0.373 335 

VI 6 50 162 M16 x 200 0.492 365 

 

Each AFC was assembled with a slotted plate of 80mm slot and with two M16 Grade 8.8 bolts 

assembled with structural washers under the bolt head, flat washers and single Belleville washers 

under the bolt nuts. Dimensions of the AFC components and dimensions of the full assembly of the 
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AFC in plan and lateral view are shown in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
b.  AFC plan view 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a. AFC components b. AFC lateral view 

Figure 2 - AFC components and assembly 

3 METHODS 

3.1 Assembling methods 

AFC were assembled by proof loading the bolts through the torque control method. Using this method 

the torque on the bolts was increased from the hand tight condition up to the torque that elongates the 

bolts up to the elongation corresponding to the axial proof load. For each of the group of AFC defined 

in Table 2 three bolts were axially tested to determine the proof load elongation (Figure 3 a, b, c), and 

three bolts were torqued up to the torque that fail the bolts from the hand tight condition and bolt 

elongations  were recorded (Figure 3 d, e, f). Both the tensile and torque relationships were developed 

using a bolt grip length similar to the bolt grip length corresponding to the group of AFC. The torque 

that proof load the bolts was determined by averaging the maximum and minimum torques that 

correspond to the proof load elongation on the torque relationship. A summary of the proof load 

elongations and the proof load torques for the six groups of AFC are presented in Table 2.  
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a. Tensile relationship of bolts 

M16x80mm with C= 42mm 

b. Tensile relationship of bolts 

M16x120mm with C= 87mm 
c. Tensile relationship of bolts 

M16x200mm with C= 162mm 

   
d. Torque relationship of bolts 

M16x80mm with C= 42mm 
e. Torque relationship of bolts 

M16x120mm with C= 87mm 
f. Torque relationship of bolts 

M16x200mm with C= 162mm 

Figure 3 - Assembling relationships of M16 Grade 8.8 bolts with bolt grip lengths (C) between 42mm and 

162mm 

3.2 Testing methods 

AFC were tested on horizontal setup comprised by a fixed bracket and a moving bracket. While the 

fixed bracket was bolted on a reaction tower and the moving bracket was bolted on a reaction frame 

bolted on a shaking table. The ends of the AFC were bolted on the fixed and moving brackets and this 

setup was instrumented with a load cell and with a potentiometer across the AFC (Figure 4a). 

 

 

 

 

 

 

 

 

 

 

a. AFC testing setup 

 
b. AFC testing regime 

Figure 4 - AFC testing setup and regime  
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AFC were quasi-statically tested by inducing a displacement regime on the shaking table. This 

displacement regime comprised eighteen sinusoidal cycles with amplitudes up to 100% of the 

effective slot of the AFC (± 25mm) (Figure 4b). 

4 RESULTS AND DISCUSSION 

4.1 Effect of the bolt grip length on the hysteresis loop shape 

The hysteresis loops for the first and second run of the displacement regime were plotted for the six 

groups of AFC described in Table 2 (Figure 5). It can be seen in Figure 5a-d that by increasing the bolt 

grip length in AFC the force that delimits the post yielding zone of the hysteresis loop (connection 

strength) and the stability of the hysteresis loop reduces. These reductions on the strength and on the 

stability of the hysteresis loop associated with increments on the bolt grip length are due to loss of 

tension that bolts undergo as the strength of the connection is developed.  

 

  
a. AFC with grip length of 42mm b. AFC with grip length of 87mm 

  
c. AFC with grip length of 132mm d. AFC with grip length of 162mm 

 
e. Reduction in strength of AFCs 

Figure 5 - Hysteresis loops and reduction in strength of AFCs assembled with Bisalloy 500 shims and two 
M16 Grade 8.8 bolt with grip lengths between 42mm and 162mm 

In Figure 5e, for each of the six groups of AFC, the strength was represented as the average of the 

strength across the top and bottom post yielding zones of the hysteresis loops of two AFC. It can be 

seen in Figure 5e that for AFC with ratios between the bolt grip length and bolt diameter less than 4 

the reduction in strength with increments on the bolt grip length was less than 10%, and for AFC with 

ratios between the bolt grip length and bolt diameter between 4 and 11 the strength reduced up to 50% 

when the ratio between the bolt grip length and the bolt diameter increased towards 11. This shows 

that in AFC assembled with bolts with small grip lengths is less likely to lose tension than in AFC 

assembled with bolts with significant bolt grip lengths.  
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4.2 Effect of the bolt grip length on the losses of bolt tension 

During the development of the strength of AFC bolts undergo bending. This bending can be so severe 

that generates plastic deformations on bolts, especially on bolts with significant grip lengths. This 

hypothesis was confirmed wen observing bolts dismantled from the six groups of AFC after the quasi-

static testing was carried out (Figure 7a).  

 

 
 

a. Bolts M16 Grade 8.8 dismantled from AFC with  bolt grip length (c) between 42mm and 162mm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. Hysteresis loop model of AFC c. AFC at the bearing and sliding stages 

Figure 7 - Behaviour of M16 Grade 8.8 bolts used in AFC with bolt grip lengths between 42mm and 

162mm 
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Bending of bolts occurs during the bearing and sliding stages of the development of the connection 

strength. Here the cap plate and the top shim slide and laterally load the bolts (Figure 7b). As the bolts 

deform and rotate loaded by the cap plate and the top shim, the bolts behave as frames supported at the 

bearing point between the bolt shank and the fixed plate and at one side of the bolt heads (Figure 7c). 

In this deformed bolt shape the forces induced by the bolt heads on the cap plate are equilibrated with 

compression forces on the bolt shanks producing loss of tension on the bolts. The magnitude of these 

compression forces that produce loss of tension of the bolts grow with increments on the bolt grip 

length since bending of the bolts increases with increments on the bolt grip length. This shows that by 

increasing the bolt grip length, the bolts lose tension reduce the strength of AFC.  

 

4.3 Effect of the bolt grip length on the effective friction coefficient 

The effective friction coefficient (µe) was defined in Equation 1 as the ratio between the strength (S) 

of the AFC and the product of the number of bolts (m), the number of shear planes (m), and the proof 

load per bolt (Fproof).  

 

proofFnm

S
e


  (1) 

 

The effective friction coefficient was assessed for amplitudes of the hysteresis loop between 1.5mm 

and 25mm and for each of six the groups of AFC described in Table 2 by considering in Equation 1 a 

number of bolts of 2, a number of shear planes of 2, a proof load per bolt of 95kN, and considering 

that the strength as the average of the strength across the top and bottom post yielding zones of the 

hysteresis loops of two AFC (Figure 6).  

 

 

Figure 6 - Effective friction coefficient of AFCs assembled with Bisalloy 500 shims and two M16 Grade 8.8 

bolt with bolt grip lengths 42mm and 162mm 

 

In Figure 6 it can be seen that by increasing the bolt grip length the effective friction coefficient 

reduces. These reductions on the effective friction coefficient are mainly associated with losses of bolt 

tension presented as a result of the bending of the bolts. That is because bending of bolts increases 

with increments on the bolt grip length. It can be also seen in Figure 6 that as the bolt grip length 

increases the variability of the effective friction coefficient with the amplitude of the hysteresis loop 

reduces. These variability of the effective friction coefficient is associated with the reduction on the 

actual elongation of the bolts that occurs when the degraded particles of the sliding surfaces are loose 

as debris as the slotted plate slides. While in bolts with small grip lengths the reduction on the actual 
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bolt elongation due to degradation is equivalent to significant variations on the bolt strain and 

consequently on significant variations on the bolt tensile stress and on  the effective friction coefficient 

of the AFC, for bolts with significant grip lengths the reduction on the actual elongation of bolts due to 

degradation is equivalent to small variations on the bolt strain and consequently on small variations on 

the bolt tensile stress and on the effective friction coefficient of the AFC.  

5 CONCLUSIONS 

This paper describes the effect of the bolt grip length on the hysteretic behaviour of AFC. It is shown 

that:  

i. By increasing the bolt grip length the strength and the stability of the hysteresis loop of AFC 

reduces. These reductions are linked to losses of bolt tension that bolts undergo as the sliding 

surfaces degrade. AFC with ratios between the bolt grip length and the bolt diameter less than 4 

seemed to maintain the strength much better (with about 10% degradation) than AFC with longer 

ratios between the bolt grip length and the bolt diameter (with about 50% degradation). 

ii. By increasing the bolt grip length the magnitude of the effective friction coefficient and the 

variability of the effective friction coefficient with the amplitude of the hysteresis loop reduces. 

Reductions of the effective friction were linked to losses of bolt tension due to bending of bolts, 

and reductions on the variability of the effective friction coefficient with the amplitude of the 

hysteresis loop were linked to degradation of the sliding surfaces.  

iii. By increasing the bolt grip length the magnitude of the losses of bolt tension increase and the 

strength of AFC reduces. Losses of tension due to bolt grip length are presented when the bolts 

bend and develop compression forces on the bolt shanks under the action of the force induced by 

the cap plate and the top shim on the bolt shanks. Bending effects on bolts can be so severe that 

generate plastic deformations on the bolt shanks. Plastic deformation of bolt shanks are more likely 

to occur in bolts with significant bolt grip lengths.  
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