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ABSTRACT 

The steelwork in a potash mineshaft is subjected to repeated lateral loads due to the 

lateral motion of the cages and skips that transport personnel, ore, and equipment up and 

down the mineshaft. As a result, the steel assemblies, including their bolted connections, 

must be designed to prevent failure due to fatigue. However, due to uncertainty regarding 

the fatigue behaviour of the connections, designers must take a very conservative approach, 

which could result in an uneconomical design. 

The main objective of this research was to determine the fatigue behaviour of slip-

critical bolted connections when different bolt types and surface finishes are used. A325 

high strength bolts and C50LR Huck tension control bolts were used as the different bolt 

types. As-received mill scale steel plates (Class A surface finish) and blast-cleaned surfaces 

with a Cathacoat 302HB coating (Class B surface finish) were used as the different finishes. 

A digital image correlation system, as well as optical and scanning electron microscopic 

examination were used to characterize the modes of failure of the specimens.  

Bolted connections assembled with the Class A surface finish failed due to fretting 

fatigue damage and crack initiation took place some distance away from the hole in a partial 

slip region between a stick region adjacent to the bolt hole and a gross slip region further 

from the hole where the relative motion between the plates was highest. On the other hand, 

specimens with the Class B surface finish failed due to bending fatigue caused by the 

eccentricity between the tension forces in the plates in the single-lap bolted joints, and crack 

initiation took place at the hole edge where the stress concentration was higher. The bolt 

type did not have a large effect on the fatigue behaviour, except that the tension in the 

tension control bolts may have been slightly higher, resulting in a slight improvement in the 

fatigue life. In general, the fatigue life results were lower than those in the S-N curve given 

in CSA S16-14, differing from the standard curve by an increasing margin as the stress 

range increased due to the effects of bending within the specimens. 
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CHAPTER 1 

1 INTRODUCTION  

1.1 Background 

The steelwork in a typical mineshaft consists of vertical steel guides periodically 

supported laterally by horizontal bunton sets that consist of a main bunton beam and several 

cantilevered beams. Bolted connections are commonly used in bunton sets, which are 

generally constructed with hollow structural sections (HSS). Large cages and skips are used 

to transport personnel, equipment, and materials such as ore up and down the mineshaft. 

During the transportation process, the guides and buntons, along with their bolted 

connections, are subjected to repeated lateral loads due to the lateral motion of the cages and 

skips. One of the problems encountered in the design of the steelwork is to define the fatigue 

life of the bolted connections.  

When the elements of a steel structure fail statically, they do so usually after 

experiencing large deformations, because the limit of elasticity has been exceeded; the 

element can therefore be replaced before fracture occurs. Thus, static failure has the 

advantage of warning of its presence. On the other hand, fatigue failure takes place when an 

initiated crack has propagated long enough for its length to become critical, and this happens 

without much visible deformation. Therefore, it is important to detect an initiated crack to 

prevent failure. However, in bolted connections, the crack often initiates at the contact 

interface so that it cannot be detected until it has propagated and grown. 

 The Canadian steel design standard, CSA S16-14, defines just one S-N curve for the 

fatigue performance of any type of bolted connection, without taking into account different 

variables such as the size of bolts, configuration of the connection, bolt type, plate material, 

etc. A study focused on the fatigue behaviour of slip-critical connections is needed to 

determine whether this single curve is applicable across the full range of potential values for 

the several variables found in the bolted connections of mineshafts, especially bolt type and 

surface finish, in order to ensure the most economical and safe connection designs. 
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To adequately predict the fatigue behaviour of bolted connections, it is necessary to 

conduct small scale tests to determine crack initiation sites and their fatigue lives. Most of 

the studies found in the scientific literature focus on the level of pre-tension applied to bolts 

as the main variable that can enhance fatigue life in a bolted connection. The influence of 

other variables, including surface roughness and bolt type, must be determined to develop a 

more complete understanding of the fatigue behaviour.  

According to the Canadian steel design standard, CSA S16-14, cyclic loads do not cause 

fatigue failure in high-strength bolts when they are loaded in shear. However, the connected 

plates can suffer unexpected failure due to the induced fretting fatigue phenomenon. Fretting 

is a complex phenomenon, involving several fields of knowledge, including materials 

science, mechanical contact and tribology. According to the glossary of terms of ASM 

International (Davis 1992), fretting fatigue causes damage on the contacting surfaces of a 

connection when oscillatory displacements of small amplitude occur between the 

components that are in contact and under pressure. As a consequence, fretting fatigue 

reduces the strength of assembled components that are subjected to fatigue loads. This can 

lead to crack initiation and crack propagation, and eventually to fatigue failure. 

A number of factors associated with the fretting phenomenon in conjunction with 

variables related to bolted connections need to be understood for a safe design of bolted 

connections. The primary variable influencing the fatigue behaviour of bolted connections 

are the bolt pre-tension and its influence on the fretting fatigue failure behaviour should be 

understood to improve the fatigue strength of bolted connections. Wagle and Kato (2009) 

found that lower bolt pretension resulted in fatigue failure of bolted connections at the bolt 

hole, whereas for higher bolt pretension, fretting induced failure occurred at a certain 

distance away from the bolt hole. Shankar and Dhamari (2002) confirmed that fretting 

fatigue caused crack initiation away from the hole edge due to the stress concentration 

associated with the fretting phenomenon. Benhaddou et al. (2014) investigated the effect of 

clamping force in double-lap bolted connections and confirmed that lower bolt pre-tension 

led to bearing of the bolt against the plate and caused failure at the hole edge (net section).  

Chakherlou et al. (2012) provided the reason for the fretting phenomenon within the contact 

interface, confirming that frictional forces were induced at the contact interface due to the 
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relative displacement between the contacting surfaces. They also observed that a higher 

clamping force improved the fatigue life of bolted connections because it created 

compressive stresses around the hole.  

Furthermore, Kartal et al. (2011) measured the relative displacement close to the contact 

area using a Digital Image Correlation (DIC) technique and found that fretting was initiated 

due to the relative displacements within the partial slip region close to the hole edge of the 

bolted connection. They also recommended that the contacting surfaces be prepared before 

assembling the connection to have a higher slip coefficient at the contact interface.  

This observation was further explored by Reza et al. (2016), who showed that the surface 

characteristics have a great impact on the fatigue failure of bolted connections. Since the 

surface roughness is directly proportional to the slip coefficient, contacting surfaces with a 

higher slip coefficient are always preferred for bolted connections. It was observed that 

contacting surfaces with a uniform and rough surface profile could reduce the magnitude of 

the relative displacements and thus reduce the occurrence of fretting wear or fretting fatigue. 

Although a number of research works have focused on characterizing the fatigue behaviour 

of bolted connections, many of the important variables such as bolt type and type of 

contacting surface must still be analyzed to provide a safe design for structures assembled 

using bolted connections. 

1.2 Objectives 

The primary objective of this study was to develop a better understanding of the fatigue 

behaviour and failure mechanisms of slip-critical bolted connections assembled with 

different types of bolts and the two surface finishes defined in CSA S16-14 (Class A and 

Class B). Specific sub-objectives include the following: 

- To characterize the surface profiles of the as-received Class A and Cathacoat 302HB 

coated Class B surface finishes and to determine the effect of surface finish on the 

slip resistance and slip coefficient of bolted connections; 

- To determine the influence of surface finish on the fatigue life and failure 

mechanisms of slip-critical bolted connections, considering Class A and Class B 

surface finishes;  
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- To determine the influence of bolt type on the fatigue life and failure mechanisms of 

slip-critical bolted connections, considering standard high strength bolts (A325) and 

tension control bolts (C50LR Huck bolts); 

- To quantify the fatigue life of single lap joint slip-critical bolted connections at more 

than three different load levels in order to define the S-N curve for each type of 

connection, and to compare this with the CSA S16-14 defined S-N curve for Detail 

Category B; 

- To determine the influence of bending, inherent in the single-lap joint specimen, on 

the fatigue life and failure mechanisms of slip-critical bolted connections; and 

- To develop an understanding of the mechanisms of crack initiation for the different 

types of specimens. 

1.3 Scope and Methodology 

In this thesis, the fatigue behaviour of bolted connections under fretting conditions was 

experimentally determined. Different series of fatigue tests were conducted on small single-

lap slip critical bolted specimens under different load levels to measure the fatigue life and 

observe the mechanisms of failure. The two main variables that were studied were the 

surface finish type and the bolt type. Two different types of faying surfaces (Class A and 

Class B) and two bolt types (A325 HSB and C50LR Huck tension control bolts) were tested. 

Three groups of samples were prepared, and each one was subjected to a number of 

different stress ranges. The first group consisted of connections using a Class A surface 

finish and A325 HSB, the second group consisted of connections using a Class B surface 

finish and A325 HSB, and the third group consisted of connections using a Class B surface 

finish and C50LR Huck tension control bolts. 

For plotting the stress amplitude versus number of cycles to failure (S-N) curves, tests 

were conducted at more than three stress range levels for each group of specimens. For these 

tests, the stress ratio (R) and frequency (f) of the cyclic load remained constant at 0.0909 

and 10 Hz, respectively, to remove any influence of these variables. 

During four fatigue tests, a digital image correlation system (Correlated Solutions, Inc, 

USA) was used to capture images of the bolted specimens in order to determine their 
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displacements in the directions parallel and perpendicular to the applied load. The 

measurements were useful to determine the magnitude of the relative motion (slip) between 

the plates over a fatigue cycle. Also, the strain fields were determined, which then were used 

to calculate the curvature present in the single lap bolted specimens due to the inherent 

bending effect. 

To understand the fatigue failure mechanisms, it was necessary to observe the damage 

caused by fretting wear and identify the location of crack initiation. Once the samples failed, 

their contact surfaces were examined using optical and scanning electron microscopes to 

identify the different features that occurred due to the fretting phenomenon. In addition, four 

tests were interrupted, each after a different number of cycles and before the sample failed, 

in an attempt to determine the crack initiation life.  

1.4 Thesis outline 

Chapter 1 presents the background about fretting fatigue in bolted connections, the 

objectives of this research, the scope, and summary of the methodology. 

In Chapter 2, the literature review is presented, providing a fairly general compilation of 

the most important concepts and the necessary theory for the study of fatigue. The literature 

related to previous studies of fretting fatigue in bolted connections is reviewed to define the 

variables and methodology for this research.  

In Chapter 3, the experimental methods are explained, including a description of the 

properties of the materials used for the plates, the surface finishes and bolt types, and the 

design of the test specimens. In addition, the equipment used during the experimental 

program, including the test machine, the Digital Image Correlation system and the software 

packages, is presented. Finally, the morphological characterization procedure, equipment 

and analysis are explained. 

Chapter 4 presents the results of the experimental investigations, including the fatigue 

life measurements and S-N curves, and a comparison of the specimens with the different 

combinations of variables tested. The chapter also provides a presentation, discussion and 

analysis of the relative displacements at the contact interface of the bolted connection 
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samples, the features found during the morphological characterization of the fracture 

surfaces and contact surfaces and the S-N curves for each specimen type. 

Finally, the summary and conclusions of the investigation and recommendations for 

future work are provided in Chapter 5. 
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CHAPTER 2 

2 LITERATURE  REVIEW  

2.1 Introduction  

Structural steel members are often assembled using slip-critical bolted connections and 

these connections typically use high strength bolts for joining the structural members. 

Structures such as bridges and those within mineshafts are subjected to fatigue loading 

during their normal operation. In such cases, the slip-critical bolted connections are prone to 

fatigue failure, which is of critical concern for the safe operation of these structural 

assemblies. Fisher et al. (1998) stated that civil engineering structures, including mineshaft 

structures, bridges, crane support structures, stacks and masts, and offshore structures 

usually fail catastrophically under fatigue loading conditions without any warning. At 

present, the design methods used to prevent fatigue failure are based on statistical data and, 

when designed to ensure an adequate margin of safety, the design can be very conservative. 

Hence, researchers have focused on analyzing the various parameters associated with slip 

critical bolted connections for understanding their fatigue failure behaviour.  

In bolted connections, the shear load is transferred between the connected plates either 

by bearing of the bolts against the bolt holes or by friction between the plates. Kulak et al. 

(1987) state that for connections in which the bolts have not been adequately pretensioned, a 

stress concentration is created in the plate around the bolt hole (net section area) due to load 

transfer between the plates and the bolt shank by bearing. This can initiate the formation of a 

crack at the edge of the hole where the bolt and the plate contact each other. Eventually, 

fatigue failure occurs in the plate due to the repeated impact between the bolt and the plate.  

On the other hand, when the bolts have been pretensioned, the applied load is transferred 

by friction between the plates, which can induce fretting fatigue (Kulak et al. 1987). In this 

case, there is not a stress concentration around the hole. Instead, cracks develop at the 

boundary between a stick region near the hole, where the contact pressure is highest, and a 

slip region some distance from the hole (the partial slip region). This phenomenon is defined 

as fretting fatigue and must be adequately accounted for to ensure a safe fatigue design.  The 

main factors that affect the fretting fatigue behaviour of bolted connections are bolt 
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pretension and slip coefficient. According to Kulak et al. (1987), the yield strength of the 

connected plates does not affect the fretting fatigue life of a bolted connection.  

2.2 Slip-critical connections 

Slip-critical bolted connections are recommended for structural members that are 

subjected to fatigue loads. The slip-critical connection is designed to meet a service limit 

state, in which working loads are not allowed to exceed the slip resistance. Although, 

theoretically, slip-critical connections are not subjected to shear and bearing loads, these 

connections must have enough shear and bearing resistance to withstand an overload 

generated by slip. For structural members assembled with bolted connections, the slip 

resistance generated at the contact interface depends on the bolt pre-tension and the slip 

coefficient (ks). A higher slip coefficient (ks) or bolt pretension results in improved 

resistance to relative sliding between the contacting plates and improved fatigue resistance 

(Kulak et al. 1987). Since the bolt pretension depends on the type of bolt used for slip-

critical bolted connections, it is necessary to account for the bolt type used in structural 

assemblies.      

2.2.1 Bolt type 

Different types of high strength structural bolts are used in slip-critical bolted 

connections, which affects the level of applied pretension and the installation process. The 

installation process ensures that the required minimum level of pretension in the bolt is 

reached. Additionally, there are no reports of fatigue failures at the contact interface of the 

bolt head or washer with the connected material (plates). Therefore, it is understood that the 

geometry of the bolt head, nut or collar and washers may not affect the fatigue behaviour of 

a bolted connection. 

The influence of bolt type in slip-critical bolted connections depends on the level of bolt 

pretension that the bolts apply to the connection in order to generate slip resistance (Josi et 

al. 1999). It is clear that a high level of bolt pretension improves the fatigue life of a 

connection due to the reduced relative displacement between the contacting plates (Josi et 

al. 1999). The level of pretension applied by a structural bolt depends on the boltôs tensile 

strength, which is defined by the bolt materialôs carbon content or the grade of bolt used. 
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The most common bolt grades are SAE Grade 5 or Grade 8 bolts, which are equivalent to 

A325 and A490 high strength bolts, respectively. The minimum level of bolt pretension 

recommended in the CSA S16-14 standard is 70% of the tensile strength of the bolt material 

(CSA S16-14 2014). As a result, a higher tensile strength leads to a higher level of applied 

bolt pretension.   

A325 standard high strength structural bolts (HSB) (Figure 2.1) are widely used in steel 

structures. These bolts consist of a head, a shank, and a threaded length. A washer is 

commonly used on the side of the nut and washers can also be used on the bolt head side. 

The pretension of these bolts is applied using a turn-of-the-nut method after snug tightening. 

The amount of turn applied depends on the bolt length and bolt diameter. This method 

theoretically ensures that at least 70% of bolt pretension is applied to the bolt joint.  

 

Figure 2.1 ASTM A325 High-strength bolt (based on figure on page 6-176 from CISC 2016). 

Tension control bolts are another bolt type that is commonly used in steel structures. 

Undershute and Kulak (1994) explain that a tension control bolt has a splined end, which 

extends beyond the threaded length of the bolt. These bolts also have an annular groove 

between the threaded portion of the nut and the splined end. The installation of these bolts 

can be carried out using special equipment and the installation procedures may vary from 

one manufacturer to another.  

The C50LR Huck bolt (manufactured by Alcoa Fastening Systems & Rings, USA), 

shown in Figure 2.2, is one type of tension control bolt that is installed using a special 

electrically-powered hydraulic tool with a nose assembly. The nose assembly slips over the 

splined end of the bolt and applies the required level of pretension. Once the required 

pretension is applied, the bolt snaps off at the annular groove. According to the 
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manufacturer, this method ensures that a consistent bolt clamping force is applied to the 

joint.    

 
Figure 2.2 C50LR Huck tension control bolt (based on figure on page 4 from Alcoa 2017). 

Very little information is available in the scientific literature about the fatigue 

performance of bolted connections using A325 HSB, and no research study has been found 

related to the fatigue behaviour of bolted connections using C50LR Huck tension control 

bolts. As a result, the only source of information available to guide this research project in 

terms of the expected outcome is CSA S16-14 (2014), which provides a common S-N curve 

for bolted connections.  

2.2.2 Surface finish at the contact interface 

Slip-critical connections rely on friction between the assembled plates along the 

contacting surfaces. The loads applied are transferred from one plate to the other through 

frictional forces developed between the connected faying surfaces. According to CSA S16-

14 (2014), two surface finish types can be used for bolted connection assemblies:  

1. Class A surface finish, which is an unpainted clean mill scale steel surface or a blast-

cleaned surface coated with a Class A coating; and 

2. Class B surface finish, which is an unpainted blast-cleaned steel surface or a blast-

cleaned surface coated with a Class B coating. 

The only parameter used by CSA S16-14 to differentiate the surface finishes is the slip 

coefficient (ks). The slip coefficient is the ratio between slip resistance and pretension 

applied to the bolts. As recommended by Table 3 of CSA S16-14 (2014), the Class A 

surface finish provides a slip coefficient of 0.3 and the Class B surface finish provides a slip 

coefficient of 0.52. The slip coefficient is directly proportional to the roughness of the 

surfaces. The surface roughness quantifies the level of surface irregularities that can 

https://www.afshuck.net/us/uploads/Brochures/AFS5513%20C50L%20Brochure%202-15-17.pdf
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contribute in developing an anti-slip property in the connection. The friction within the 

contact interface is caused by the combination of bolt pretension and surface roughness, and 

a rougher surface profile provides a higher the slip resistance within the slip-critical bolted 

connection.  

The Research Council on Structural Connections (2014) indicates that the slip 

coefficient (ks) is not dependent on the pre-tension of the bolt, coating thickness or bolt 

diameter under static loading conditions. However, they also indicate that the slip 

coefficient and the bolt pretension are the variables that affect both slip resistance and the 

failure behaviour of slip-critical bolted connections. Stankevicius et al. (2009) found that the 

level of pre-tension applied to A325 HSB did not affect the slip coefficient in A588 steel 

plates with a Class A surface finish. For their experimental specimens, the Class A surface 

finish consisted of as-received clean mill scale steel plates and degreased clean mill scale 

steel plates. Degreased plates provided better results for the slip coefficient. 

Frank and Yura (1981) tested bolted connections under fatigue loads to determine the 

difference between uncoated (blast-cleaned surface) and coated specimens. They tested 

twenty samples in which they used three coatings, including organic zinc, organic zinc with 

epoxy topcoat, and inorganic zinc. The samples consisted of a long double lap joint with a 

line of four bolts on one side and two lines of bolts with two bolts per line on the other side. 

They reported that crack initiation took place at the edge of the hole in coated specimens. 

Figure 2.3(a) shows that crack initiation took place at the hole edge of the fourth hole of the 

connection in a specimen that had the organic zinc coating on its blast-cleaned surface and 

survived 272,030 cycles with a 310 MPa (45 ksi) stress range. Figure 2.3 (b) shows that 

crack initiation took place at a hole edge of the lowermost row line of two holes in a 

specimen that had an organic zinc with epoxy topcoat coating over a blast-cleaned surface 

and was subjected to a 241 MPa (35 ksi) stress range for 462,750 cycles. On the other hand, 

crack initiation took place at the surface of the gross section due to fretting fatigue in the 

blast-cleaned specimens. Thus, the blast-cleaned surface specimens demonstrated poorer 

fatigue life, as shown in Figure 2.4.  
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 (a)  

 

(b) 

 

Figure 2.3 Crack initiation in specimens subjected to fatigue tests: (a) Specimen with organic zinc 

coating after 272,030 cycles at a 310 MPa stress range; and (b) Specimen with organic zinc and epoxy 

topcoat after 462,750 cycles at a 241 MPa stress range. (Frank and Yura 1981, Images used in accordance 

with óDistribution statementô which states óno restrictionsô and ómade available to the publicô) 

 

Figure 2.4 Fatigue test results with different surface finishes (based on Figure 89 from Frank and Yura 

1981). 

Crack 

Crack 

https://www.aisc.org/globalassets/aisc/manual/15th-ed-ref-list/an-experimental-study-of-bolted-shear-connections.pdf
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Annan and Chiza (2013) explained that the friction coefficient plays a major role in the 

slip resistance of a slip critical connection. A higher coefficient of friction is desirable for 

enhancing the strength (slip resistance) of a slip-critical connection, but its effect on fatigue 

life is not known. It was postulated that a higher slip coefficient can reduce the magnitude of 

the relative displacement between the plates, thus reducing the fretting effect and increasing 

the fatigue life. Surface roughness is closely connected to the coefficient of friction, and is 

therefore expected to affect fatigue failure behaviour. Surfaces with rougher and uniform 

surface profiles can create an interlocking effect between the two surfaces, thus increasing 

the coefficient of friction.   

Reza et al. (2016) studied the effect of the surface roughness on the fretting fatigue 

behaviour of double-lap bolted joints. They found that the fretting damage was less severe in 

coated surfaces and the crack initiation site occurred at the hole edge due to the presence of 

a stress concentration there. However, for the uncoated specimens, the crack initiation site 

was found at a distance away from the hole and was caused by fretting fatigue. 

2.2.3 Relative displacement in slip-critical connections 

Figure 2.5 shows a typical load versus relative displacement curve for a slip-critical 

bolted connection tested under static tensile loading conditions, and identifies the different 

stages encountered in such a test (Minguez and Vogwell 2006). At the slip resistance stage, 

the load is transmitted by friction between the contacting surfaces. During this stage, the 

contacting plates deform elastically under the applied tensile loads. Once the slip resistance 

load is reached, the applied tensile load causes slip between the connected plates, which 

continues until the bolt begins to bear against the plate, at which point the connection 

becomes a bearing connection. The load is subsequently transferred by bearing of the bolts 

against the plates until failure occurs. 
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Figure 2.5 Typical load-displacement curve of a slip critical connection (based on Figure 3 from Minguez 

and Vogwell 2006).  

When a slip-critical bolted connection is subjected to fatigue loads lower than its slip 

resistance, relative displacements of small magnitude will occur at the contact interface of 

the connected plates, depending on the magnitude of the external cyclic load. The induced 

relative displacement changes in phase with the applied fatigue loads; i.e., the maximum 

fatigue load (ůmax) induces a maximum relative displacement and the minimum load (ůmin) 

induces a lower relative displacement (Crevoisier et al. 2012). Consequently, the induced 

frictional force along the contact interface constantly varies between a maximum and a 

minimum value. 

The relative motion between the plates causes fretting fatigue damage at the contact 

interface and produces stress concentrations at some distance away from the hole edge due 

to fretting (Xu et al. 2016). The varying relative displacement can be measured using a 

Digital Image Correlation (DIC) system, such as that shown in Figure 2.6 (Jimenez-Peña et 

al. 2017). This technique requires high resolution cameras and a data acquisition (DAQ) 

system for capturing the specimen images with speckle patterns on its surface. The images 

are analyzed in order to determine the displacement and strain fields in an area of interest of 

the sample. 
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Figure 2.6 DIC set-up to measure the displacements during fatigue tests (Jimenez-Peña et al. 2017). 

Figure 2.7 shows an image captured using the DIC technique of a bolted specimen 

subjected to fatigue loads. The relative displacement between the three plates was 

determined and Crevoisier et al. (2012) used that information to obtain the frictional 

properties at the contact interface. Nesládek et al. (2012) used the Digital Image Correlation 

(DIC) technique to measure the displacements, strains and estimated friction coefficients 

during fretting fatigue tests. According to them, the DIC technique provided enough 

information, such as local displacements in the vicinity of the stick-slip interface, and was 

very useful in calibrating the friction coefficient for a numerical model.  

Mello et al. (2017) used the DIC technique to measure the strains during fatigue tests. 

They stated that DIC results can be biased by producing drift, spatial distortions and 

magnification uncertainties, which required correction based on the image of a certified 

grid. In addition, the technique has other disadvantages, such as the dependence on the 

quality of the images taken during the tests, and difficulties in measuring the deformations 

with a discontinuity in the specimens.  The light necessary for the realization of the tests can 

be natural light, although sometimes external light sources are used to improve the quality of 

the images. 
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Figure 2.7 Image captured of a bolted specimen using a DIC system during a fatigue test (Crevoisier et 

al. 2012). 

2.3 Fatigue Characterization 

2.3.1 Initial considerations 

The improvement of the fatigue resistance of a bolted connection is a challenging field 

due to the numerous factors (around fifty) that affect the fatigue behaviour of bolted 

connections. Among them, the most important variables are pretension of the bolts, the 

number of bolts, bolt size, bolt and plate material properties, the coefficient of friction 

between plates, the frequency of cyclic load, stress amplitude, mean load, and defects in the 

materials (Minguez and Vogwell 2006). Fatigue failure is one of the most common and 

complex failure mechanisms experienced in bolted connections due to their complex 

geometries, which produce stress concentration sites within the connected plates (Xu et al. 

2016). Stress concentrations can occur around the drilled hole because of the change in 

geometry and imperfections introduced during the drilling process (Chakherlou et al. 2010). 

2.3.2 Definition of fatigue and cyclic load parameters 

According to Hamrock et al. (1999), the fatigue strength of a structural component is the 

stress level at which fracture occurs after being subjected to a given number of cycles. The 

number of cycles that are needed to cause fracture at a specific stress level is defined as the 
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fatigue life (Fisher et al. 1998). Hamrock et al. (1999) also summarizes the main parameters 

associated with cyclic loading. The stress range (ůr) is defined as the algebraic difference 

between the maximum (ůmax) and minimum (ůmin) applied stresses. The stress amplitude (ůa) 

is calculated as half of the stress range, and the stress alternates about the mean stress (ům), 

which is the average between the maximum and minimum stresses applied during a load 

cycle. These variables are shown in Figure 2.8 for a non-zero mean stress and maximum and 

minimum tensile stresses.  

 

Figure 2.8 Definition of parameters associated with tensile stresses. 

The behaviour of a structural component subjected to cyclic loading depends on the type 

of fatigue regime, such as low cycle fatigue or high cycle fatigue. Low cycle fatigue failure 

occurs when the applied stress range is high enough to cause plastic strains. The low cycle 

fatigue test is generally conducted under controlled strain. High cycle fatigue occurs with 

low stress ranges that cause elastic strains in the structural components. In other words, if 

the magnitude of the applied stress range is high, the number of cycles to failure will be low, 

whereas if the magnitude of the applied stress range is low, the number of cycles to failure 

will be high 

According to Woo (2017), there are three different kinds of cyclic loadings used for 

fatigue testing: reverse stress cycles, repeated stress cycles, and random stress cycles. 

Stresses that fluctuate symmetrically about a mean stress of zero are termed reverse stress 

cycles. A repeated stress cycle (shown in Figure 2.8) occurs when the stress amplitude 

remains constant but the maximum and minimum stresses differ in magnitude. Random 
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stress cycling occurs when the applied fatigue loading varies randomly in amplitude and 

frequency with respect to time. 

2.3.3 The S-N curve 

The results of a series of fatigue tests are plotted in a log-log graph of the stress range 

versus the number of cycles to failure. Stress range vs. number of cycles to failure (S-N) 

curves are used to determine the probable fatigue life of a structural element and are based 

on the average fatigue life of a given type of detail. The S-N curves for different detail 

categories for structural steel are available in CSA Standard S16-14 and are shown in Figure 

2.9. The S-N curve for Detail Category B applies to bolted connections. In order to define 

the S-N curve of a material, many tests are required to get the number of cycles and apply 

statistically varied stress ranges, mean stresses, and stress ratios (Fisher 1977).  

 
Figure 2.9 S-N curves for different detail categories available in CSA S16-14 and CSA S6-14 (Source: 

Figure 1, CSA S16-14 ï Design of steel structures. © 2014 Canadian Standards Association). 
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The S-N curve for Detail Category B was developed by the National Cooperative 

Highway Research Program (NCHRP) sponsored by the American Association of State 

Highway and Transportation Officials (AASHTO) after conducting fatigue tests on high 

strength bolted shear splices in a fatigue strength study of steel beams with transverse 

stiffeners and attachments (Fisher 1977). The test results are shown in Figure 2.10 along 

with the S-N curve of Detail Category B, which was developed using 5% fractile values 

with a 95% confidence limit (i.e., 95% of the samples did not fail within the specified 

number of cycles at the applied stress range) (Fisher 1977). The results are scattered at every 

stress range. This is due to the different configurations of samples used during the tests. It 

was also found that the number of bolts in a line does not affect the fatigue behaviour of a 

bolted connection (Kulak et al. 1987). The data generated by fatigue tests are generally very 

scattered so that an S-N curve becomes a óóbest fitôô curve of the data (Hertzberg 1996). 

Therefore, fatigue life and limits are specified in terms of probability. In the AASHTO study 

(Figure 2.10), the scatter in fatigue life decreased as applied stress range increased.  

 
Figure 2.10 Fatigue test results of bolted connections used for the development of the S-N curve for 

Detail Category B (based on Figure 46 from Fisher et al. 1998. "Copyright © American Institute of Steel 

Construction. Reprinted with permission. All rights reserved."). 

https://www.transportation.org/
https://www.transportation.org/
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An applied stress range lower than the endurance limit will not cause fatigue failure, 

regardless of the number of cycles (Hertzberg 1996). Schneider and Maddox (2003) state 

that the endurance limit is generally defined for materials when the number of cycles to 

failure exceeds between 2 x 106 and 107 cycles. At the endurance limit, the stress range of 

the S-N curve becomes horizontal with respect to the number of cycles. It is also possible 

that an endurance limit is not present in an S-N curve. In this case, the stress will decrease 

continually as the number of cycles increases. If there is no endurance limit, fatigue failure 

will eventually occur regardless of the magnitude of the applied stress.  

The fatigue life of a structural element can be determined using the principles of fracture 

mechanics. Most of the time, this approach is very challenging because the parameters like 

the size and shape of the initial defect and the stress gradient at the defect should be known 

in advance (Kulak et al. 1987). As a consequence, experimental fatigue tests are conducted 

in order to determine the fatigue life of specimens at different stress ranges to obtain the S-N 

curves.  

In order to define the S-N curve, the specimens must be subjected to cyclic stresses at a 

constant stress range, and the number of cycles to failure must be measured. This procedure 

must be repeated successively with various stress ranges. Hamrock et al. (1999) explains 

that the data must be plotted as stress amplitude (S) versus the logarithm of the number of 

cycles to failure to generate the S-N curve. They also indicate that the results from these 

tests are very sensitive to the specimen alignment and the frequency of the cycles, which can 

lead to errors in the results.  

In real life situations, the stress range or frequency may vary with time, as stated by 

Hamrock et al. (1999). This is not the case when fatigue testing is performed in a laboratory 

setting. The tests can be constant stress or strain controlled, as described by Hertzberg 

(1996). Stress controlled means that the tests are carried out under load control mode, while 

in strain controlled tests, the strains are controlled during the experiments. In both cases, 

cyclic hardening or cyclic softening can occur. Cyclic hardening occurs when the cyclic 

strain becomes smaller under constant stress amplitude. Cyclic softening implies that the 

stress to maintain constant strain amplitude decreases with the number of cycles. 
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The Manual on Statistical Planning and Analysis for Fatigue Experiments (Little and 

Jebe 1975) recommends that if there is no previous experimental S-N curve, the number of 

stress levels tested must be between six and eight. For preliminary tests, one or two 

specimens should be used per stress level. Then, in order to achieve reliable results, between 

12 and 24 specimens must be tested, using at least four specimens per stress level. One of 

the main characteristics of fatigue test results used to define S-N curves is that they are very 

scattered (Schneider and Maddox 2003), which necessitates the use of replicate specimens. 

Two main reasons for the variability of the results are slight differences among the samples 

or the experimental conditions, which may not be carefully controlled during fatigue tests. 

2.3.4 Specimen type 

Dieter (1961) explains that there are two kinds of fatigue tests for bolted connections: 

1. Tests conducted with real geometries; and  

2. Tests conducted with simple geometries. 

Both kinds of tests try to replicate the behaviour of bolted connections.  The tests with real 

geometries try to replicate the exact behaviour of the structural components assembled with 

bolted connections when subjected to different stress amplitudes. This kind of test is 

important because it can simulate the bolted connectionôs behaviour when subjected to 

service loads, and this is sometimes necessary to acquire the complete knowledge of the 

causes of failure and to prevent the occurrence of failure during the service life.  

In general, the tests with real geometries are complicated and require the use numerical 

tools like finite element analysis to identify the stress concentration sites and the strains in 

the areas of interest. Real geometry tests more difficult to conduct due to a number of 

requirements to replicate the actual structural behaviour. Wavish et al. (2009) states that 

tests with complex geometries are limited because they are expensive. There are some cases 

in which it is possible to simulate the behaviour of a real component using a simple 

geometry. Consequently, simple geometries are generally used, but it is difficult to replicate 

the exact behaviour of the real component. 

Tests that use specimens with simple geometries can be used to determine the stress 

concentration sites and the strains in the contact zone, making the procedure relatively 
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simple. If the simple geometry tests can replicate the loading configuration of the real 

structure, then these types of experiments can provide sufficiently detailed information for 

understanding the failure behaviour of the real structure. Kulak et al. (1987) suggested that 

conducting fatigue tests using simple geometries under controlled conditions using 

representative variables can provide enough information about the behaviour of the original 

structural assemblies.  

The different types of simple geometry specimens that have been used for fatigue testing 

of bolted connections found in the scientific literature are summarized in Table 2.1. 

Aluminum alloys were the focus of most of these investigations because of the importance 

in aerospace structures.  Most of the studies chose to use double-lap bolted connections to 

avoid the eccentricity that occurs in single-lap connections. Also, most of the authors just 

used one bolt in the connection. The dimensions of the plates and bolts varied, depending on 

the plate material, the applied loads and objectives of the studies.  

Table 2.2 shows the different levels of bolt tension or bolt torque applied by different 

authors in their experiments. Most of them found that fatigue life was improved when pre-

tension was increased and their results allowed them to find the optimum pre-tension load or 

tightening torque for improving fatigue life. The optimum level varied depending on the 

materials used. 
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Table 2.1: Specimen types used by different authors in fretting fatigue tests of bolted 

connections. 

Reference  Type of specimen  

Number of 

bolts Plate material  

Plate 

thickness 

Bolt 

Diameter 

Maximov et al. 

(2012) Single-lap  One  Carbon Steel  12 mm  M12  
Jimenes-Pena et al. 

(2017) Single-lap  One  

High Strength 

Steel 6 mm  M16  

Starikov (2004)  Single-lap  One  

Aluminum 

alloy 3 mm  6 mm  
Ferjaoui et al. 

(2014) Double-lap  One  

Aluminum 

alloy 4 mm  8 mm  
Shankar and 

Dhamari (2002) Double-lap  One  

Aluminum 

alloy 3.2 mm  5 mm  
Chakherlou et al. 

(2011) Double-lap  Two  

Aluminum 

alloy 3.2 mm  M6  
Esmaeli et al. 

(2014) Double-lap  One  

Aluminum 

alloy 2 mm  M5  

Liu et al. (2010)  

Reverse double 

dog bone Four  

Aluminum 

alloy 7 mm  6 mm  
Benhaddou et al. 

(2014) Double-lap  One  

Aluminum 

alloy 

7.5 mm and 

2.5 mm 6 mm  
Minguez et al. 

(2006) Double-lap  Two  

Aluminum 

alloy 

5 mm and 2 

mm M5  
Chakherlou et al. 

(2012) Double-lap  One  

Aluminum 

alloy 3.2 mm  6 mm  

Xu et al. (2016) Single-lap Two Steel 5 mm M20 

Rezgui Maleki et al. 

(2012) Single-lap  One  

Aluminum 

alloy 5 mm  6 mm  
Hämäläinen et al. 

(2015) Double-lap  Two  

High Strength 

Steel 6 mm  M16  
 

Table 2.2: Different levels of clamping force or tightening torque used for tests. 

Reference Number of pre-tension levels or torque 
Bolt 

Diameter 

Jimenes-Pena et al. (2017) Three (58%, 88% and 100% of design preload force) 16 mm 

Chakherlou et al. (2011) Three (0.25 N-m, 2 N-m, 4 N-m) 6 mm 

Esmaeli et al. (2014) Seven (from 1 to 7 N-m) 5 mm 

Liu et al. (2010) Five (from 5 kN to 9 KN) 6 mm 

Benhaddou et al. (2014) Three (5.9 kN, 11.7 kN, 17.6 kN) 6 mm 

Minguez et al. (2006) Four (1 N-m, 2.3 N-m, 3.5 N-m, 8 N-m) 5 mm 

Rezgui Maleki et al. (2012) Eight (from 0 to 8 N-m) 6 mm 
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2.4 Fretting fatigue in bolted connections 

Although there are a number of factors associated with the fatigue failure of bolted 

connections, the leading failure mechanism consists of fretting induced surface damage, 

which promotes early crack initiation along the contact interface. Fretting fatigue occurs 

under a combination of contact pressure due to bold pretension and relative motion between the 

plates caused by the externally applied fatigue loads (Hämäläinen and Björk 2015). The stress 

concentration that occurs at the bolt hole under bearing conditions is decreased by bolt 

pretension (Chakherlou et al. 2007), which results in fretting fatigue stress concentration sites 

developing at the boundary between the stick and slip regions a certain distance away from the 

bolt hole. This stress concentration site promotes early crack initiation and subsequent failure, as 

shown in Figure 2.11.  

Benhamena et al. (2011) identified the amplitude of relative displacement and the 

contact force as the main variables influencing fretting fatigue. This small displacement 

between the surfaces can induce surface damage that causes nucleation and subsequent 

propagation of cracks within the contact zone. According to Fisher et al. (1998), the 

differential strain between the connected plates is highest at the contact interface near the 

ends of a bolted connection; consequently, crack initiation due to fretting fatigue in slip-

critical bolted connections occurs close to the first or last bolt hole in a line.  

 

Figure 2.11 Fretting fatigue surface at the hole area, identifying the stick and slip regions and showing 

the fatigue crack that developed at the boundary between the two regions (Jimenez-Peña et al. 2017). 
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The induced frictional stresses along the contact interface around the stick and slip 

regions, as calculated using finite element analysis (FEA), is shown in Figure 2.12 

(Jimenez-Peña et al. 2017). The higher stresses are concentrated around the partial slip 

region at a distance away from the hole edge. Lower stresses (yellow area) are induced in 

the global slip region where fretting wear takes place. The area around the hole was 

subjected to compressive stresses due to the clamping force applied by the bolts, which 

creates the stick region. 

 

Figure 2.12 Tangential (frictional) stresses in the stick and slip regions around the hole area (Jimenez-

Peña et al. 2017). 

Fretting fatigue crack initiation sites are usually located at a certain distance away from 

the first hole of the loaded bolted connection, as seen in Figure 2.13 (Xu et al. 2016). In 

fretting fatigue, there is generally not only one crack initiation site, but multiple crack 

initiation sites that nucleate at the partial slip zone where the stress concentration and the 

fretting damage are higher. The multiple crack initiation sites cannot be detected easily 

during the experiment with measuring tools (e.g. scanning electron microscope).  
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Figure 2.13 Fretting fatigue crack initiation zone in a bolted connection (Xu et al. 2016, CC BY 4.0). 

Brown et al. (2007) tested double lap bolted joints with four bolts under fatigue loading 

conditions. The holes in the specimens were made using different techniques (drilled and 

punched), and they found that slip critical connections have a better fatigue behaviour than 

bearing type connections. Also, they found that the hole manufacturing method did not have 

any influence on the fatigue life of slip-critical connections. 

When the contact force between the plates is increased by increasing the bolt pretension, 

the fatigue life also increases (Benhamena et al. 2011). It has been found that the crack 

initiation site changes when a pretension load is applied to the bolts. Crack initiation occurs 

very close to hole edge when the clamping force is low, while it occurs at a certain distance 

away from the hole due to partial slip when the pretension is high. 

Different slip amplitudes can cause different amounts of fretting wear between the 

surfaces in contact, as shown in Figure 2.14. Shen et al. (2015) showed that as the relative 

slip amplitude increased, it resulted in earlier crack initiation due to the increased fretting 

that occurred. In this context, partial slip must be distinguished from gross slip due to their 

different effects on fretting and crack initiation. 

Jiménez-Peña et al. (2017) conducted fatigue tests on bolted connections using different 

levels of pre-tension, explaining that they did not find enough information in the literature 

about fretting fatigue within bolted connections. They identified the torque applied to the 

bolt as the most significant variable that affects the fatigue behaviour of a high strength 

structural bolted connection. They used single lap bolted-connection specimens with a 

https://creativecommons.org/licenses/by/4.0/
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single bolt to conduct the tests and designed the specimens according to the Eurocode 3 

standard (British Standards Institution 2005). They considered three different torque levels, 

58%, 88% and 100% of the design preload, as recommended by the standard. Fatigue failure 

of the specimens occurred on the contact area and the crack initiation site was always 

located at the intersection between the stick and slip regions away from the hole. They also 

concluded that an increase in pre-tension load improved the fatigue life of the specimens. 

   

Figure 2.14 Fretting damage on the surface close to the hole edge (Chakherlou et al. 2011). 

Esmaeili et al. (2014) observed that an improvement in fatigue strength could be 

attributed to the increase in frictional forces between the plates and decrease in bearing 

forces between the bolt and the hole as bolt pretension increased. Also, they believed that 

the compressive stresses applied by the bolts contributed to a reduction of the concentration 

of tangential forces at the partial slip region where crack initiation is caused.  

Neu (2011) reviewed the different standards related to fretting fatigue and found a small 

number of testing standards for fretting fatigue. Their research work explained that the main 

obstacle for developing a standard for fretting fatigue tests was that there are many variables 

that need to be studied. For conducting experimental fretting fatigue analysis, the only 

generic standard test method available was developed by the Japan Society of Mechanical 

Engineers (JSME) in 2002. Neu also explained that ASTM task group E08.05.05 was 

developing a standard fretting fatigue test method and that their main objective was to 

define terminology and the means of collecting and reporting data.  

 

induced crack 
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In order to understand the fretting failure behaviour of bolted connections, the focus 

must be on understanding the mechanism of crack initiation and propagation. However, 

crack initiation sites are difficult to determine during experiments because these are often 

located within the closed contact interface and not visible during the test (Ferjaoui et al. 

2014). Dieter (1961) described the three stages in fretting fatigue failure of bolted 

connections. First, the crack initiates within the partial slip region on the contact surface. 

Next, the crack grows or propagates in a direction normal to the applied load. Finally, 

failure occurs when the crack grows larger than the critical length, and the remaining cross-

sectional area decreases.   

Two kinds of features can be found on the fracture surface generated by fatigue crack 

propagation (Hertzberg 1996): striations, which are microscopic parallel lines; and beach 

marks, which appear in a ring pattern that expand from the origin of the crack. Both of them 

allow ascertaining the location of the crack tip at some point in time. Also, ratchet lines, 

which indicate multiple crack initiation sites and fracture planes, are typical of fretting 

fatigue fracture surfaces, as shown in Figure 2.15. In a ductile material such as steel, the 

crack propagates by plastic blunting and sharpening at the crack front. The characteristic 

feature of the fracture surface is the presence of striations, as shown in Figure 2.16. Each 

striation indicates the successive position of the advancing crack front at the end of each 

load cycle. The presence of striations on a fracture surface suggests fatigue failure. 

 

Figure 2.15 Fracture surface analysis of a fretting fatigue failure (Jimenez-Peña et al. 2017).  

Fracture surface 

Multiple ratchet lines 
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Hamrock et al. (1999) explained that without any magnification, a surface that has failed 

by fatigue looks like a brittle failure surface, due to the presence of a planar surface that is 

generated perpendicular to the applied stress. However, a fatigue failure surface has other 

features, evident under magnification, to distinguish it from a brittle failure surface.  

 

Figure 2.16 Striations found on the fracture surface caused by fretting fatigue (Xu et al. 2016, CC BY 

4.0). 

The fatigue fracture surface must be analyzed using microscopic images such as the one 

shown in Figure 2.17. During this analysis, the smooth region and the rough region must be 

identified. Dieter (1961) described the smooth region as the area in which the initial crack 

propagation has occurred very slowly. It is smooth because of the friction caused by the 

relative movement of the fracture surfaces. In the crack propagation zone, crack propagation 

occurs at a high rate, reducing the cross sectional area of the element (Figure 2.17). The 

rough region in this figure is the area where ductile failure occurred because the remaining 

intact cross section was no longer able to resist the load.  Normally, the initial cracks cannot 

be seen by the naked eye. Also, the cyclic loads can produce microscopic superficial 

discontinuities on the surface that are caused by the constant movement of dislocations.  

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Figure 2.17 Fracture surface zones caused due to a fretting fatigue failure (Xu et al. 2016, CC BY 4.0). 

The surface profile and the microstructure of the material that is tested is very important, 

because any defect will affect the fatigue strength. This is one of the reasons for conducting 

a microscopic analysis (Ma et al. 2010). It must also be determined if the crack initiated at a 

pre-existing flaw that was present before cyclic loading was initiated.  

2.5 Bending effect in single-lap joints 

When tensile loads are applied to a single lap bolted joint, local bending is induced in the 

connection because the tensile forces in the two plates are not concentric. The longitudinal 

axes of the connected plates are separated by an eccentricity, as shown in Figure 2.18. The 

internal bending moment produced by the eccentricity between the lines of action of the 

applied tensile loads influences the behaviour of the specimen (Ekh and Schon 2005).  

 

Figure 2.18 Schematic representation (free body diagram) showing the bending moment generated by the 

eccentricity between the applied tensile loads in a single lap bolted joint specimen. 

The tensile strength of single lap joints is reduced by the bending effect when they are 

loaded by static tensile loads, according to Ekh and Schon (2005). During fatigue testing, 

Schijve et al. (2009) observed that the secondary bending effect caused the hole edges to 

come in contact with the shank of the bolt at higher fatigue loads. A similar effect was 

reported by Evans (1993), who also found that the fretting effect combined with the bending 

https://creativecommons.org/licenses/by/4.0/
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effect caused crack initiation to occur at the hole edges during fatigue tests, which reduced 

their fatigue lives. 

The bending effect combined with tensile stresses during fatigue testing can increase 

local stresses at the holes of bolted connections and reduce their fatigue lives, according to 

Schijve et al. (2009). Out-of-plane displacements due to bending generate higher overall 

stresses, as shown in Figure 2.19. The combined effects of tensile and bending stresses 

amplify the stress concentration at the hole of the bolted connection, and the effect increases 

as the applied stress range increases. The specimen used to generate this graph consisted of 

a single lap bolted joint with a line of three bolts. The ótensile + bendingô stress corresponds 

to the stress concentration at the hole edge at the contact interface, where tensile strains are 

higher. On the other hand, the ótensile ï bendingô stress corresponds to the reduction of 

stress that occurs on the opposite surface of the plate. 

 

Figure 2.19 Resultant stress due to the bending and tensile stresses in a single lap bolted joint specimen 

(Schijve et al. 2009). 
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Ekh et al. (2005) measured the lateral displacements of single lap joints subjected to 

fatigue loading using a digital speckle photography (DSP) technique. The specimens 

consisted of bearing connections and were assembled with two and four bolts. As shown in 

Figure 2.20, the magnified deformed shapes of the specimens showed a bending effect. The 

plateôs curvature at the first bolt of the connection was measured and compared for the two 

specimen types. The value of the maximum curvature for the two-bolt assembly was      

0.003 mm-1, whereas the value for four bolt specimens was 0.0015 mm-1. As a result, it was 

concluded that increasing the number of bolts and the overlap length decreases the bending 

effect in single lap bolted connections. 

(a) 

 
(b) 

 

Figure 2.20 Lateral deflections induced by the bending effect in single lap bolted joints, as measured by 

Ekh and Schön (2005) and Ekh et al. (2005): (a) deflected shape of a specimen with two bolts in a line 

subjected to an 8 kN load, and (b) deflected shape of a specimen with four bolts in a line subjected to an 

18 kN load. 

Minguez and Vogwell (2006) studied the influence of the clamping force on the fretting 

fatigue behaviour of both single-lap and double-lap bolted connections. Nine single-lap 

samples were tested with very thin plates to minimize the bending effect caused by the 

asymmetric configuration (shown in Figure 2.21). Thirty-seven samples were tested with the 

double-lap configuration. They found that the bending moment caused by the distortion of 

the single-lap joint configuration was the main factor to cause failure. Also, they concluded 

that specimens with thick plates in double-lap bolted connections benefited more from 

higher pre-tension loads in terms of improvement in fatigue life than those with thin plates. 
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Figure 2.21 Single lap bolted connection deformed by bending (Minguez and Vogwell 2006). 

2.6 Summary of Literature review 

Fretting fatigue is reported as the main cause of failure in slip-critical bolted 

connections. Tensile fatigue loads applied to a slip-critical connection generate relative 

displacements at the contact interface, which produce a tangential or frictional force on the 

contact surfaces. The pretensioned bolts apply a clamping force, which generates a normal 

load in the connection between the plates. The stress concentration that is formed due to the 

combined tangential and normal stresses initiates a crack in the gross section of the 

connected plates. 

Crack initiation occurs along the boundary between a stick region close to the hole, 

where the maximum clamping pressure exists, and a global slip region further away from 

the hole. The boundary between the two regions is known as the partial stick-slip region. 

This region is generally located a certain distance away from the hole. When fretting fatigue 

occurs, multiple crack initiation sites are generated in the partial slip region due to the 

relative displacements of small magnitude. The multiple initiated cracks coalesce to form a 

leading crack, which propagates until the cross section of the plate is reduced so that it 

cannot resist the applied fatigue loads. 

The two most important variables that affect the fatigue behaviour in slip-critical 

connections are the slip coefficient and the bolt pretension. The focus of most of the 

scientific studies has been on the bolt pretension and it has been concluded that higher levels 

of bolt pretension improve the fatigue life of a bolted connection because larger stick 

regions are created and the magnitude of the relative displacements at the contact interface is 

reduced. However, it is important to compare the influence of different types of bolts that 
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apply equal pretension loads on the fatigue behaviour of bolted connections. This 

comparison would allow the determination of whether the geometry of the bolt head and the 

method of installation are variables that should be accounted for. 

There are not many studies about the influence of the surface finish on the fatigue 

behaviour of bolted connections. It is reported that coated surfaces have a better behaviour 

than uncoated surfaces because coatings can reduce surface damage at the contact interface 

and further delay the crack initiation on the virgin contact surfaces. Because of the limited 

data available, it is important to study the influence of surface finish on the fatigue 

behaviour of slip-critical connections, including an investigation of the crack initiation sites, 

fatigue life, and other relevant parameters.  

Double lap bolted joints are preferred over single lap bolted joints because they are 

symmetric and the load does not generate bending stresses as is experienced in single lap 

joints. The bending effect is reported to be a stress raiser, which increases the local stress 

range applied by the tensile fatigue loads. The bending stresses can reduce the fatigue life of 

the connection and generate crack initiation at the hole edge. However, most of the scientific 

studies in which single lap bolted specimens were used did not report that the specimens 

suffered a reduction in fatigue life due to bending stresses.  
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CHAPTER 3 

3 METHODOLOGY  

3.1 Overview 

The fretting fatigue failure behaviour of slip-critical single lap joint bolted connections 

was characterized using an experimental program. The bolted specimens were subjected to 

quasi-static tensile testing to obtain the slip resistance and to fatigue testing to characterize 

the fretting fatigue failure behaviour. Two variables were investigated: 

1. Type of contact surface finish (Class A and Class B, as defined in CSA S16-14); and 

2. Bolt type (ASTM A325 structural high strength bolts (HSB) and C50LR Huck tension 

control bolts).    

A summary of the experimental program is provided in Table 3.1. The A325 HSB were 

used with Class A and Class B surface finishes and the C50LR Huck tension control bolts 

were used only with a Class B surface finish. Each type of specimen was tested until failure 

under several different stress ranges and the total number of cycles to failure was recorded 

for obtaining the S-N curve. For some of the tests, the displacements between the contact 

surfaces were measured using a digital image correlation (DIC) system to better characterize 

the fretting phenomenon at the contact interface. A post failure analysis was carried out 

using a scanning electron microscope (SEM) and an optical microscope for analyzing the 

fracture behaviour and the fretting effect. On average, at least three specimens were tested at 

each stress level. However, higher number of samples was tested at low stress levels where 

the results were variable with higher coefficients of variation. At stresses closer to the 

endurance limit, a better estimate was wanted with a higher number of samples. 
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Table 3.1: Summary of fatigue experimental program 

Bolt type 
Surface 

finish 

Maximum load                     

(% of slip resistance) 

Stress range         

(ůmax - ůmin) (MPa)  

Number of 

fatigue samples  

A325 High strength 

bolts (1 bolt) 
Class A 

64.7% 33.0 1 

3 samples tested under static test to measure slip resistance 

A325 High strength 

bolts (6 bolts) 

Class A 

64.6% 103.3 1 

76.4% 122.1 5 

85.2% 136.2 3 

94.0% 150.3 7 

5 samples tested under static test to measure slip resistance 

Class B 

46.9% 122.1 2 

57.8% 150.3 2 

65.0% 169.0 3 

72.2% 187.8 2 

83.1% 216.0 3 

3 samples tested under static test to measure slip resistance 

C50LR Huck tension 

control bolts (6 bolts) 
Class B 

44.4% 122.1 2 

54.7% 150.3 8 

61.5% 169.0 4 

68.4% 187.8 3 

6 samples tested under static test to measure slip resistance 

      Number of tests 63 

3.2 Materials 

3.2.1 Plates 

3.2.1.1 Grade and size 

 The specimen plate material, types of surface finish, type of bolts, bolt diameter, type of 

connection, the specimen geometry, and the number of bolts were chosen based on the 

literature review combined with preliminary experiments. CSA G20.21 Grade 300W steel 

was selected for the plate material due to its common use in steel structures. As discussed in 

Section 3.3.1, the geometry of the plates was defined based on the limit states design 

requirements of CSA S16-14. The specimen plates had a width of 50.8 mm (2 inches) and 

thickness of 9.525 mm (3/8 inches). The positions of the holes, minimum edge distance and 

the pitch were selected in accordance with CSA S16-14 (2014), Clauses 22.3.1 and 22.3.2, 

and are described further in Section 3.3.  
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3.2.1.2 Surface finishes 

Two types of surface finish were used for the specimen plates. The Class A and Class B 

surface finishes were chosen according to Table 3 of CSA S16-14 (2014). The Class A 

surface finish was an as-received unpainted clean mill scale steel surface finish. The Class B 

surface finish was obtained by applying Cathacoat 302HB (manufactured by International 

Paint LLC, USA) on the sand blast-cleaned surface, as shown in Figure 3.1. The coating is a 

reinforced inorganic zinc primer used for cathodic protection of steel structures that also 

satisfies the slip requirement of a Class B surface finish. The average thickness of the 

coating is 100 ɛm according to the manufacturer. The blast-cleaning process of the surface 

was done at Engineering Shops. The application of the coating on the sample surfaces after 

they were sand blasted was done by Totally Blasted (Saskatoon) because an industrial 

facility was needed due to health, safety and environmental standards and regulations. 

 

Figure 3.1 Specimen plates with Class B surface finish. 

3.2.1.3 Surface characterization 

Two parameters were measured for characterizing the surface finish: surface roughness 

and coefficient of friction. The surface roughness was measured with a Mitutoyo SJ-201 

roughness tester available in the Structures Lab. Its fine tip detector quantified the roughness 

based on the measurement of height profiles of the surface. The tip has a radius of 5 ɛm, 

travels a sampling length of 0.25 mm, and one sample length was used for each 

measurement. As the tip travelled along a straight-line, the undulations of the surface profile 

were converted into electrical signals, which were then converted into roughness parameters 

and recorded as shown in Figure 3.2. The roughness was measured in micrometers (ɛm) 
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with a precision of Ñ 0.03 ɛm. Before carrying out the measurements, the roughness tester 

was calibrated using a reference specimen.    

 

Figure 3.2 Surface roughness measurement device-Mitutoyo SJ-201. 

The parameters used to quantify the surface roughness were: 

1. The arithmetic mean deviation of the profile (Ra) 

2. The root mean square (RMS) deviation of the profile (Rq) 

3. The maximum height of the profile (Ry)  

4. The ten-point height of irregularities (Rz).  

Ra is the arithmetic mean of the absolute values of the heights and depths measured from 

the mean line of measurement. Ry provides the sum of the height of the highest point and the 

depth of the deepest point of the profile. Rz is an overview of the irregularities of the 

measured surface and is calculated as the sum of the mean values of the five highest points 

and five deepest points of the profile. Rq is the square root of the mean of the sum of squares 

of profile deviations from the mean line of measurement. In total, 60 measurements of 

surface roughness were taken for each type of surface finish.  

The coefficients of static and kinetic friction were determined experimentally using 

coefficient of friction test equipment located in the Physics Lab in the Department of 

Physics and Engineering Physics at the University of Saskatchewan. The coefficient of static 

friction was obtained by placing two plates with the required surface finish in contact on an 

inclining plane as shown in Figure 3.3. The fixed plate was clamped on the slanted surface 
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and a small plate was placed on top of the fixed plate. Then, the angle of the slanted surface 

was increased gradually until the small plate started to slide. When sliding occurred, the 

friction force at the contacting interface was no longer able to resist the component of the 

plateôs self-weight parallel to the inclined plane. On that basis, the coefficient of static 

friction was determined as the tangent to the angle of inclination (ɛs = tan ɗ). This equation 

can be obtained by considering force equilibrium parallel and perpendicular to the inclined 

surface. The coefficient of static friction was measured with a precision of ± 0.009. 

 

Figure 3.3 Coefficient of static friction measurement apparatus. 

Since the Class A surface finish was from the as-received material, the surface roughness 

profile varied along the specimen length. As a result, the number of coefficient of static 

friction measurements was set to 55. However, the Class B surface finish had a uniform 

profile due to the coating and hence only 36 measurements were taken to measure the 

coefficient of static friction.  

Similar experiments were carried out to determine the coefficient of kinetic friction, 

using the experimental set up shown in Figure 3.4. First, the angle of the slanted surface 

with the fixed plate, ɗ, was set at 30° for Class A surface finish specimens and at 45° for 

Class B surface finish specimens. Then, a spark cable holder was mounted onto the slanting 

surface, a strip of sparking tape was attached to the small plate, and the tape was then 

connected to a motor. The spark cable holder was then aligned on top of the sparking tape. 

As the angle of inclination of the slanted surface was high enough so that the small plate 

was not static, the small plate was placed on top of the fixed plate and it started to slide 
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down. When the small plate moved, spark marks were created by the spark cable at a rate of 

10 Hz to record the change in position of the small plate.  

 
Figure 3.4 Kinetic coefficient of friction measurement. 

The distance travelled by the small plate was obtained by measuring the marks on the 

sparking tape using a ruler and the time taken for the travel was estimated by the sparking 

frequency. The measured distance and time were used to calculate the initial and final 

velocities, which were then used to determine the acceleration, a, of the small plate. Finally, 

the kinetic coefficient of friction (ɛk) was calculated using ‘ , where Ὣ is 

gravitational acceleration. This equation can be obtained by the summation of forces in 

directions parallel and perpendicular to the inclined surface. In total, 20 measurements were 

taken for the Class A surface and 15 measurements were taken for the Class B surface. The 

coefficient of kinetic friction was measured with a precision of ± 0.005. 

3.2.2 Bolts 

The two bolt types used in this research were ASTM A325 structural high strength bolts 

(HSB) and C50LR Huck tension control bolts (Alcoa Fastening Systems & Rings, USA). 

These bolts were chosen due to their common use in slip-critical connections for steel 

structures and to determine the effect of these bolt types on the fatigue life of bolted 

connections. Bolts with 12.7 mm (1/2 in.) diameter were selected for the specimen 

assemblies. 

Sparking tape 

Small plate 

Fixed plate 

Spark 

cable 

holder 
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A photograph of an A325 structural high strength bolt, ASTM A563 nut and          

ASTM F436 washer used for the bolted assemblies is shown in Figure 3.5. This type of bolt 

with a heavy hex head is equivalent to an SAE Grade 5 bolt and is made of medium carbon 

steel. These bolts are commonly used in structural steel joints, including typical mineshaft 

guide-bunton gusset plate assemblies. The specified minimum tensile strength of A325 HSB 

is 825 MPa and they are usually designed to be pretensioned, in which case they must be 

pre-tensioned to at least 70% of the bolt tensile strength, as recommended by CSA S16-14. 

The total length of the bolts was 44 mm with a threaded length of 25 mm. 

 
Figure 3.5 ASTM A325 HS bolt, A563 nut and F436 washer. 

The C50LR Huck bolt used for this research was a zinc coated tension control bolt with 

flanged-3LC collar as shown in Figure 3.6. This type of bolt is equivalent to an SAE Grade 

5 bolt made of medium carbon steel and meets the requirements of the ASTM A325 

standard. The collar was made of low carbon steel with an inner diameter suitable for a snug 

fit to the bolt. The bolt has a long pin-tail that is pulled off during installation when the level 

of pre-tension reaches the design limit. According to the supplier, these bolts are typically 

pre-tensioned to 70% of the bolt tensile strength. During installation, the collar is locked 

with the bolt thread as the required bolt pretension is applied using the specified installation 

tool. The initial bolt length prior to installation was 93 mm with a pintail length of         

49.76 mm. The lock grooved (threaded) length of the bolt was 22 mm. 
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Figure 3.6 C50LR Huck bolt and flanged-3LC collar. 

The level of pre-tension was not measured in any bolt. The turn-of-nut-method was used 

to install the A325 HSB. This approach lengthens the shank and the threaded portion to 

generate the desired tension and is recommended to reach at least the 70% level of           

pre-tension by CSA S16-14. The installation procedure for the C50LR Huck tension control 

bolts shears the pin-tail of the bolt off when the desired level of pre-tension is reached, 

ensuring that there is a consistent clamping force applied in the connection.  

3.3 Bolted Specimens ï Design and Fabrication 

3.3.1 Specimen Design Considerations 

A single-lap bolted connection configuration was chosen for the experiments because 

this type of connection is commonly found in many structures, including in a typical 

mineshaft guide-bunton gusset plate assembly. In addition, this type of connection is the one 

most commonly used in scientific studies of the fretting fatigue behaviour of bolted 

connections. The single lap joint specimens were designed in such a way that the slip 

resistance was the controlling factor. The number of bolts for the assembly was also selected 

based on the theoretical slip resistance, which increases as the number of bolts increases. 

Consequently, higher fatigue load levels could be applied to investigate the fretting 

phenomenon within the contact surface when a specimen with a large number of bolts was 

used. The specimen plates were designed so that they would not fail due to bearing strength, 

net section fracture at the hole, pull out of the bolt and block shear, as determined by the 

limit states found in CSA S16-14, and the failure could only occur after the slip-critical 

bolted connection samples undergo the bolt-slip stage. Also, the distance between the centre 
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of the hole and the plate edges and the holesô pitch were selected as 25 mm and 35 mm, 

respectively.  

3.3.2 Theoretical Slip resistance 

Because the fatigue specimens were intended to represent slip-critical connections, the 

slip resistance of the specimens played an important role in defining the fatigue load levels 

to be used for the tests. The slip resistance (Vs) was therefore calculated according to Clause 

13.12.2 of CSA S16-14 (2014) as follows, 

                                               6 πȢυσËÃÍÎ!&                                            (3.1) 

where 

Ë= Slip coefficient of the surface finish recommended by CSA S16-14 (0.3 for Class A and 

0.52 for Class B).  

Ã  Coefficient that relates the mean slip resistance to a 5% probability of slip, as taken 

from CSA S16-14 depending on the surface finish and pretension method. 

m = Number of faying surfaces 

n = Number of bolts 

!= Area of the bolt 

&= Tensile strength of the bolt 

The calculated values of the slip resistance for different conditions are given in Table 3.2. 

The calculated slip resistance values were used to select the number of bolts, and then the 

limit state (shear strength) of the bolts for the slip critical bolted connections was checked. 

Detailed calculations for specimen design are provided in Appendix A. 

Table 3.2: Theoretical slip resistance 

Bolt type 
Surface 

finish ks cs Slip resistance (kN) 

A325 High strength bolt (1 bolt) Class A 0.30 1.00 16.50 

A325 High strength bolt (6 bolts) 
Class A 0.30 1.00 99.01 

Class B 0.52 1.04 178.49 

C50LR Huck tension control bolt Class B 0.52 1.04 178.49 
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3.3.3 Single bolt assembly  

The theoretical slip resistance for a single bolt assembly with a Class A surface finish 

was 16.50 kN. Based on this value, a plate thickness of 4.76 mm was selected and the end 

distance from the centre of the hole was set at 35 mm. The single bolt slip critical bolted 

connection assembly is shown in Figure 3.7. The maximum fatigue load of 56% of the slip 

resistance was selected to test the assembled specimens. However, this load was not 

sufficient to initiate failure. Hence, a new configuration of the samples was designed with 

larger number of bolts and a larger plate thickness to obtain a higher slip resistance in the 

specimens.  

 
Figure 3.7 Schematic drawing of the single bolt assembly (Dimensions are in mm). 

3.3.4 Six bolt Assembly 

The new configuration was designed with six bolts based on the theoretical slip 

resistance and was expected to provide sufficient slip resistance while permitting a higher 

maximum fatigue load. The selected specimenôs thickness and geometry are shown in 

Figure 3.8. The total length of the assembled specimens with A325 HSB and Class A 

surface finish was 579 mm. The total length was then reduced to 400 mm for the A325 HSB 

and Class B surface for four experiments to minimize the secondary bending effect. 

Similarly, the total length of the assembled specimens with tension control bolts and Class B 

surface finish was set at 400 mm. The overlap length of the connection was kept at 221 mm 

for all the specimens. 
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Figure 3.8 Schematic drawing of the six bolt assembly (Dimensions are in mm). 

3.3.5 Bolt installation 

The A325 HSB were installed using the turn-of-nut method, as described in Clause 

23.7.2 of Table 8 of CSA S16-14 (2014), and 1/3 of a turn-of-nut was used. Before 

assembly, an A563 nut and an F436 washer were inserted onto the bolt and the bolt was then 

snug-tightened. Then, a red mark was applied to the nut and plate as a benchmark for the 

rotation and, finally, a 1/3 turn was applied to the nut using a wrench while the head of the 

bolt was held to prevent rotation. This procedure is designed to achieve a bolt pre-tension 

equal to 70% of the boltôs tensile strength.  Figure 3.9 shows two of the assembled samples 

using 1/3 of turn-of-nut method.   

 

Figure 3.9 A325 HSB bolted specimens. 

For installation of the tension control bolts, a hydraulic tool equipped with a nose 

assembly was used to install the collar onto the bolt. First, the bolt was inserted into the hole 

of the plates (Figure 3.10 (a)) and then a collar was slid onto the bolt, as shown in Figure 

3.10(b). The next step was to hold the bolt tail using the hydraulic tool (Figure 3.10 (c)). A 

tensile force was applied to the bolt tail at the same time that a compressive force was 

applied to the collar. The bolt tail was then sheared off when the maximum pretension load 

was applied. The collar was deformed by the procedure and locked into the bolt grooves to 

maintain a uniform pretension load. The only disadvantage of this type of bolt assembly is 
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that prior to the bolt installation, the specimen plates must be aligned without any 

misalignment.  Once assembled, the bolts can only be removed by splitting the collar. Figure 

3.10 (d) shows a specimen assembled with tension control bolts. 

             (a) 

 

    (b) 

 

(c) 

 

                   (d) 

 

Figure 3.10 Huck bolt installation procedure: (a) Bolts placed for installation; (b) Collars placed on the 

bolts; (c) Nose assembly installing a Huck bolt; and (d) Huck bolts installed on specimens. 
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3.4 Equipment 

3.4.1 MTS 322 Test Frame 

The MTS 322 servo hydraulic test machine (Figure 3.11) located in the Materials Lab 

was used for both tensile and fatigue tests. The test machine is equipped with a load cell 

with a capacity of 250 kN, a maximum stroke range of -100 to 100 mm, and a maximum 

testing frequency of 100 Hz. The position of the actuator could be adjusted depending on the 

length of the sample. The machine is equipped with hydraulic grips, which are used to hold 

the specimen. The gripping pressure to prevent the slippage was set at 69 MPa. A spacer 

with the same thickness as the specimen plates was used in the grip to mount the 

experimental specimens. 

 

Figure 3.11 MTS 322 Servohydraulic test machine. 
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3.4.2 MTS Test Suite Software 

The MTS test suite software allows the user to design a customized test program. Two 

test programs were required for the current experimental analysis, one for the tensile tests 

and the other for conducting fatigue tests. The tensile test program was used to determine 

the slip resistance of the bolted specimens. The test program recorded both the applied load 

and the actuator displacement and these data were used to determine the slip resistance. A 

flowchart that shows the processes used for the tensile static tests can be seen in Appendix 

B. 

The fatigue test program was required to define the necessary steps to perform the tests 

and also to acquire the desired results. Figure 3.12 shows the processes used for the fatigue 

tests as a flowchart. The first step before running the fatigue test was to enter the input 

variables, such as the mean load, the load range, the maximum and the minimum cyclic 

load, and the test frequency. The test program balanced all the variables to zero before 

running the test. As the fatigue test started, the test program applied the mean load gradually 

to the set value and then defined the cyclic loads to be applied to the specimen. During the 

test, the program acquired the number of cycles, actuator displacements, maximum and 

minimum fatigue load and the time in seconds, respectively.  

The limit detection of axial displacement was set using the test program for two reasons:  

1. To stop the machine when the test specimen failed; and 

2. To identify the crack initiation by monitoring the change in displacement during the 

test.  

The second limit  detection was used during the interrupted tests described below in which a 

very small change in displacements was monitored and used for checking the crack 

initiation during the test.  
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Figure 3.12 MTS Test Suite Software for fatigue testing. 
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3.4.3 Digital Image Correlation (DIC) system 

The Digital Image Correlation (DIC) system from Correlated Solutions, Inc, USA was 

used to capture specimen images during some of the fatigue tests to measure the relative 

displacement between the contacting plates in order to better understand the fretting fatigue 

behaviour. The DIC equipment consisted of a 5 MPixel high-resolution monochrome 

camera, equipped with an 8 mm f/1.4 compact lens, and mounting accessories for the 

camera, which included a tripod, aluminum mounting bar, mounting brackets and adjustable 

accessories. Two software packages, Vic-Snap (version 8, Correlated Solutions, Inc.) and 

Vic-2D (version 7.2.6, Correlated Solutions, Inc.), were used along with the DIC hardware 

system. The Vic-Snap software was used for capturing the images during the test and the 

VIC-2D software was for analyzing the images.   

Before using the DIC system for acquiring the images, the specimenôs surfaces were 

prepared with speckle patterns. The specimen surfaces were first coated with white paint 

before generating the speckle patterns using black paint, as shown in Figure 3.13. For best 

results, the speckle pattern must be random, non-repetitive, and isotropic with the maximum 

possible contrast (Jimenez-Peña et al. 2017). This was achieved using a rubber stamp that 

had been prepared with a random speckle pattern. 

 

Figure 3.13 Speckle pattern DIC sample.  

The procedure to capture the images using the DIC technique was initiated by mounting 

the sample on the testing machine. Then, the high resolution camera was positioned to 

record images of the area of interest (AOI) without any interference, as shown in          

Figure 3.14. As is apparent in Figures 3.13 and 3.14, the area of interest was located along 

the side of the specimens to capture the relative displacement between the plates. The 

camera was set to suitable focus, brightness, resolution, angle and contrast settings and was 

connected to the data acquisition system (DAQ) of the DIC prior to capturing images. No 

external lights were used for capturing the images during the tests. A reference image was 
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captured before running the test and was used to calculate the displacement profile of the 

loaded specimens.  

After set-up, the DAQ system was connected to the testing machine to capture its load 

signal. When the DIC system detected the maximum and minimum load values in a fatigue 

cycle, it triggered the camera to capture the images corresponding to these loads using the 

Vic-Snap software. The Fulcrum Dialog module of the Vic-Snap software package was used 

for synchronizing the captured images with the applied load and the number of cycles. For 

the first 500 cycles, the DIC system was set to detect the load signal and then the rate of 

acquisition of images was set to every 10 cycles until 10 000 cycles. Finally, the rate of 

acquisition was set to every 1000 cycles until failure. In total, four samples (identified 

below) were tested with the DIC system in place to measure the displacements. 

 

Figure 3.14 DIC camera set up to measure the AOI. 

Before analyzing the images, the DIC system was calibrated so that the pixels of the 

images could be converted into length units, in this case millimeters (mm), using Vic-2D 

software. The images were analyzed by comparing the reference image with the captured 

images. During the experiments, all of the tested specimens failed close to the first bolt at 

the top of the specimen where the movable actuator applied the load; the area of interest 

(AOI) was therefore selected around the first bolt to measure the relative displacement. A 

Camera 
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number of points were selected inside the AOI of both the reference and captured images 

and the Vic-2D software was used to analyze the images to obtain the relative 

displacements.  

The DIC system was used to monitor two samples made with A325 HSB and Class B 

surface finish and two samples made with C50LR Huck tension control bolts and Class B 

surface finish when they were subjected to stress ranges of 150 MPa and 169 MPa. The 

displacements in directions parallel and normal to the applied load provided evidence about 

the relative displacements at the contact interface of the plates. The displacements of many 

locations (points) inside the area of interest were analyzed to better understand the fretting 

fatigue behaviour of the specimens.  

3.5 Experimental Procedure 

3.5.1 Tensile test procedure 

Tensile tests were carried out to determine the slip resistance of the slip-critical bolted 

connections and were necessary to verify the theoretical values of the slip resistance. The 

tests were run under load control with a loading rate of 0.5 kN/s. The test set up is shown in 

Figure 3.15. As the load was applied, the relative displacement between the plates reached a 

maximum when the bolts began bearing against the plates, and then the specimen failed.  

The relative displacement between the plates was measured using laser displacement 

sensors (ILD1320-50, Micro-Epsilon, USA) capable of measuring displacements with a 

precision of ± 60 µm. As shown in Figure 3.15, a wood stick was glued to the end of each 

plate for measuring the plate displacements using the sensorôs beam. The displacement of 

the wood sticks was equal to the displacement of the individual plates and was acquired at a 

rate of 10 Hz. The difference between the displacement readings of the two sensors was 

defined as the relative displacement between the plates. The relative displacements and the 

corresponding load were used to determine the experimental slip resistance. In total, 17 

samples were tested to measure slip resistance, as shown in Table 3.3. Three single bolt 

assembly specimens were tested during the preliminary experiments. Five specimens for 

A325 HSB with Class A surface finish, three specimens for A325 HSB with Class B surface 
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finish, and six specimens for tension control bolts with class B surface finish were tested to 

obtain the slip resistance. 

                (a) 

 

           (b) 

 

Figure 3.15 Tensile test set up. (a) High strength structural bolts; (b) Tension control bolts. 

Table 3.3: Number of samples for the slip resistance tests 

Bolt type Surface finish Number of samples 

A325 High strength bolt (1 bolt) Class A 3 

A325 High strength bolt (6 bolts) 
Class A 5 

Class B 3 

C50LR Huck bolt (6 bolts) Class B 6 

3.5.2 Fatigue test procedure 

Since there is no standard procedure for conducting fretting fatigue tests on bolted 

connections, the test parameters were chosen based on the literature and the slip resistance 

results. Table 3.4 summarizes the parameters used for the fatigue tests, including the 

maximum load in a fatigue cycle (specified as a percentage of slip resistance), the 

corresponding maximum stress based on the gross area of the plate, stress range and number 

of samples. The fatigue tests were conducted under load control mode.  

Upper grip 

Lower grip 

Laser 

displacement 

sensors 

Sensorôs beam 

Sensorôs beam 
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As explained before, a single bolt specimen was tested first. This test was carried out 

with a maximum cyclic stress (ůmax) of 37 MPa and a minimum stress (ůmin) of 4 MPa, 

resulting in a stress range (ůr) of 33.1 MPa and stress ratio (R) of 0.11. The test was 

conducted at a loading frequency (f) of 10 Hz. The stresses were calculated as the ratio 

between the applied load and the gross section area. The specimen did not fail due to the 

low fatigue load and the test was stopped at 1,527,876 cycles. After the test, the specimenôs 

contact surfaces were examined and no fretting wear was found.  

For the six bolt assembly, a stress ratio (R) of 0.0909 and frequency (f) of 10 Hz were 

selected, based on the literature. The specimens were tested until failure to obtain the S-N 

curve, although for a few specimens the tests were stopped after 8 million cycles without 

failure. Since a large variation in the number of cycles to failure was expected, a total of 45 

samples with different combinations of test parameters were tested to obtain the S-N curves. 

As shown in Table 3.4, 16 samples with the combination of A325 HSB and Class A surface 

finish, 12 samples with the combination of A325 HSB and Class B surface finish, and 17 

samples with the combination of Huck tension control bolt-Class B surface finish were 

tested to characterize the fretting fatigue behaviour.  

Table 3.4: Fatigue test parameters 

Bolt type Surface finish 

Maximum 

load                    

(% of slip 

resistance) 

Maximum 

Stress (ůmax), 

MPa 

Stress range         

(ůmax - ůmin) 

(MPa)  

Fatigue test: 

Number of 

samples  

A325 High strength 

bolt (6 bolts) 

Class A 

64.68% 113.67 103.33 1 

76.44% 134.33 122.12 5 

85.26% 149.83 136.21 3 

94.08% 165.33 150.30 7 

Class B 

46.99% 134.33 122.12 2 

57.83% 165.33 150.30 2 

65.06% 186.00 169.09 3 

72.29% 206.67 187.88 2 

83.14% 237.67 216.06 3 

C50LR Huck Tension 

control bolt (6 bolts) 
Class B 

44.48% 134.33 122.12 2 

54.75% 165.33 150.30 8 

61.59% 186.00 169.09 4 

68.44% 206.67 187.88 3 

        Total 45 
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In addition, four samples with the combination of A325 HSB and Class A surface finish 

were tested to estimate when crack initiation occurred. These tests were carried out with the 

limit displacement detection feature enabled in the fatigue test program. When the actuator 

displacement exceeded a value corresponding to the expected value under the applied cyclic 

load, the MTS test program stopped the test and the specimen was removed to study the 

crack initiation behaviour. The number of cycles at which the test stopped was defined as 

the number of cycles to crack initiation. These four tests were carried out with a stress range 

(ůr) of 150 MPa. 

The fatigue test load levels were selected based on  

1. The endurance limit of the bolted connections as defined in CSA S16-14; and 

2. Achieving between 40% and 95% of the slip resistance of the individual 

combinations. 

The minimum stress range values were selected as per the CSA S16-14 endurance limit 

(110 MPa) for any bolted connection. As such, stress ranges (ůr) of 103 MPa and 122 MPa 

were chosen as the lowest values of the cyclic loads. Then the stress ranges were increased 

further based on the slip resistance of the individual combinations. The applied fatigue load 

levels for the individual combinations are given in Table 3.4. 

Four load levels were used to test the connections assembled with A325 HSB and Class 

A surface finish shown in Figure 3.16(a). The stress ranges 103 MPa and 122 MPa were 

used to find its endurance limit. The stress ranges 136 MPa and 150 MPa, with loads below 

the slip resistance, were tested to define higher levels in the S-N curve. The sample shown 

in Figure 3.16(b) consisted of the combination of A325 HSB and Class B surface finish and 

was tested under five stress levels.  

The stress range of 122 MPa was used to find the fatigue limit for this bolted connection. 

The other four stress ranges tested, 150 MPa, 169 MPa, 187 MPa and 216 MPa, were used 

to determine their fatigue behaviour under high stresses and define the S-N curve. The 

samples  made with C50LR Huck tension control bolts and Class B surface finish shown in 

Figure 3.16(c) were tested under four stress levels. The stress range 122 MPa was used to 
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verify the endurance limit and the other three stress ranges, 150 MPa, 169 MPa and          

187 MPa, were used to determine their fatigue life and define the S-N curve.  

        (a) 

 

      (b) 

 

    (c) 

 

Figure 3.16 Fatigue test set up: (a) Post-failure sample made with A325 HSB and Class A surface finish; 

(b) Sample made with A325 HSB and Class B surface finish; and (c) Sample made with C50LR Huck 

bolts and Class B surface finish. 

3.6 Morphological Characterization 

3.6.1 Initial considerations 

One of the difficulties with the bolted connection experiments was that crack initiation 

and propagation could not be observed since the contact area was hidden between the plates. 

Post-failure morphological characterization was therefore required to understand the failure 

behaviour of the tested specimens. Both a stereo microscope and a scanning electron 

microscope (SEM) were used to examine the contact surfaces and the fracture surfaces of 

the specimens. These observations were used to characterize the fretting phenomenon, crack 

initiation and crack propagation behaviour.  
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3.6.2 Stereo Microscope Examination 

The stereo microscope (SZMT2, Optika microscopes, USA) was used for examining all 

the tested samples. The magnification that could be used was between 3.5X and 90X, 

depending on the working distance and the use of auxiliary objectives. A 1.3 MPixel digital 

camera connected to the microscope was used to capture the images and the images were 

analyzed using AmScope software (AmScope v3.7.13522, USA). Surface cracks could be 

detected using 7X and 30X total magnification, depending on the desired field of view. The 

lowest magnification of 7X was used to inspect the contact interface and also to examine the 

partial slip region around the hole, whereas the highest magnification of 30X was used to 

observe micro surface cracks, debris, ratchet lines and the crack initiation sites. 

3.6.3 Scanning Electron Microscope Examination 

The scanning electron microscope (SEM) (JSM-6010LV, JEOL USA Inc.) was used to 

examine the contact interface and the fracture surfaces. The magnification range used with 

this microscope was in the range of 30X to 5000X. In-Touch-Scope software (JEOL USA 

v1.02, Inc.) was used to adjust focus, contrast and brightness of the images for the different 

magnifications. The samples were cut with a cold saw into 16 mm x 29 mm pieces to mount 

them on the scanning table, as shown in Figure 3.17. The samples were cleaned using 

alcohol before mounting onto the holder using conductive tape. Low magnification was used 

to inspect the whole area of the fracture surface of the specimen to decide on the focus area 

for higher magnification. Then a higher magnification of 2000X was used to examine the 

crack initiation sites and crack propagation path on the fracture surface.  

 

Figure 3.17 SEM sample holder. 
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CHAPTER 4 

4 RESULTS AND DISCUSSION  

4.1 Introduction  

This chapter presents the experimental results and discusses the fatigue behaviour of the 

slip-critical bolted connections. The chapter starts with the results of the surface 

characterization of the two types of surfaces considered, and then focuses on the results of 

tests to measure the slip resistance of the bolted connections with different bolt types and 

surface finishes. The fatigue test results are presented and discussed next, first by presenting 

the fatigue life of the slip-critical bolted connections in terms of S-N curves, considering the 

different types of observed fatigue behaviours. Then, the observed fatigue behaviours are 

characterized for different specimens using examination of the contact interfaces, and 

relative displacement of the samples, and lastly by investigating the crack initiation sites.  

4.2 Surface characterization 

4.2.1 Surface roughness  

Four parameters, Ra, Ry, Rz and Rq, as defined in Chapter 3, were measured for 

characterizing the surface roughness. The mean, standard deviation and coefficient of 

variation of the measured values were calculated and are given in Table 4.1. Detailed results 

for each test are included in Appendix C. 

The results show that the surface roughness parameters for the Class B surface finish 

were higher than for the Class A surface finish, and that the Class B surface finish was more 

uniform with higher peaks and deeper valleys on its surface (i.e., rougher surface) due to the 

coating. This conclusion is validated by analyzing the individual surface parameters. Ra 

represents the arithmetic mean deviation of the surface profile from the mean surface. The 

Ra value of 1.490 µm for the Class B surface finish was three times higher than that of the 

Class A surface finish (0.493 µm), confirming a rougher surface profile for the Class B 

surface. 
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Table 4.1: Surface Roughness Measurements 

    Ra (µm) Rq (µm) Ry (µm) Rz (µm) 

Class A surface 

finish 

Mean value 0.493 0.613 2.723 1.870 

Standard deviation 0.187 0.225 1.007 0.823 

Coefficient of variation 38.03% 36.77% 36.99% 44.05% 

Class B surface 

finish 

Mean value 1.490 1.870 8.217 5.526 

Standard deviation 0.277 0.358 2.351 1.977 

Coefficient of variation 18.61% 19.13% 28.61% 35.78% 

Similarly, Rq represents the root mean square (RMS) of the surface profile deviation. 

The Rq mean value for the Class B surface finish was three times higher than that of the 

Class A surface finish, which again confirmed the rougher surface profile for the Class B 

surface. The coefficients of variation of Ra and Rq were lower for the Class B surface finish, 

which indicates that the Class B surface finish was more uniform. 

Considering the Ry parameter (maximum height of the profile), the mean value for the 

Class B surface (8.217 µm) was three times higher than that of the Class A surface      

(2.723 µm), which showed that there were higher peaks and deeper valleys in the Class B 

surface. Moreover, half of the Ry value corresponds roughly to the height of the highest peak 

or the depth of the deepest valley of the surface profile; for Class A this value was 1.361 µm 

and for Class B it was 4.109 µm, demonstrating that the class B surface finish had a rougher 

surface profile compared to Class A. Relatively high values of the coefficient of variation of 

the Ry parameter confirms that the magnitude of the highest peak or the deepest valley for 

both surface finishes varied with location. 

In addition, Ra can be compared to the half of the Ry value for the individual surface 

finishes to identify whether the surfaces have a large number of peaks and valleys similar to 

the highest peak and deepest valley. The half Ry value for the Class A surface finish    

(1.361 µm) is 2.76 times higher than the Ra parameter (0.493 µm). Similarly, for the Class B 

surface finish, the half Ry value of 4.109 µm is also 2.76 times higher than the mean value 

of the Ra parameter of the Class B surface finish (1.490 µm). This indicated that the highest 

peaks and the deepest valleys do not dominate either of the surface finishes.  

A similar behaviour was also observed in the Rz parameter, which represents the five 

highest peaks and five lowest valleys on a surface profile. The difference between the Rz 
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parameters of both surface finishes was also of the order of three times. By comparing the 

Ra and Rz parameters for the individual surfaces, it can be determined whether the surfaces 

had high or low values of heights and depths on the surface profile. The Rz value for the 

Class A surface finish was almost four times higher than the Ra value, suggesting that there 

were a large number of small peaks and valleys compared to the five highest peaks and 

deepest valleys. For the Class B surface finish, the Rz value was also almost four times 

higher than the Ra parameter. This indicated that most of the peaks and valleys in the Class 

B surface finish were generally smaller than the five highest peaks and deepest valleys. 

Higher values of the coefficient of variation were present in the Rz parameter, which 

indicated that the values of the five highest peaks or deepest valleys were not same at 

different locations on the same surface.  

Overall, the Class B surface finish had a surface roughness that was approximately three 

times higher than that of the Class A surface finish.  In addition, the Class B surface finish 

had a more uniform surface profile compared to the Class A surface finish. The surface 

roughness characterization was very useful for quantifying the difference between the two 

surface finish types. Surface roughness may be a helpful parameter to consider when 

developing an efficient slip resistance in bolted connections.  

4.2.2 Coefficient of friction  

The coefficients of static and kinetic friction were measured for both types of surface 

finish and are provided in Table 4.2. The mean values, the standard deviations and the 

coefficients of variation were calculated from the measurements. Detailed results for each 

test are included in Appendix D. 

The coefficient of static friction (ɛs) for the Class A surface finish was in the range of 

0.249 to 0.344, with a mean value of 0.288. The values of ɛs for the Class B surface finish 

were in the range of 0.752 to 0.932, with a mean value of 0.840. The mean value of the 

coefficient of static friction (ɛs) for the Class B surface was 3.68 times higher than that of 

the Class A surface finish. This is largely due to the rougher Class B surface finish 

compared to the Class A surface finish, as discussed in the previous section.  
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Table 4.2: Coefficient of friction   

  

Class A surface finish Class B surface finish 

Static (ɛs) Kinetic (ɛk) Static (ɛs) Kinetic (ɛk) 

Mean value 0.288 0.261 0.840 0.730 

Standard deviation 0.028 0.008 0.052 0.024 

Coefficient of variation 9.74% 2.9% 6.24% 3.35% 

The value of coefficient of kinetic friction (ɛk) for the Class A surface finish was in the 

range of 0.253 to 0.278, with a mean value of 0.261, whereas for the Class B surface, the 

coefficient of kinetic friction varied from 0.701 to 0.758, with a mean value of 0.730. The 

coefficient of variation for the coefficient of kinetic friction for both surface finishes was 

lower than that for the coefficient of static friction. Similarly, the mean value of the 

coefficient of kinetic friction (ɛk) of the Class B surface finish was 2.80 times higher than 

that for the Class A surface finish, similar to what was observed for the coefficient of static 

friction. 

As a result, the Class B surface finish is considered to be rougher than the Class A 

surface finish with a higher coefficient of static friction. The coefficient of static friction 

results are consistent with the surface roughness measurements presented in the previous 

section because the Class B surface finish was observed to be approximately three times 

rougher than the Class A surface finish. In addition, the coefficient of variation of the 

friction measurements was slightly higher in the results for the Class A surface finish, which 

also corresponds to greater variability in the surface roughness. 

Overall, the measurements of surface roughness and coefficients of friction confirmed 

that the Class B surface finish was approximately three times rougher and more uniform 

than the Class A surface finish due to surface preparation and surface coating. The coated 

Class B surface finish therefore increased the coefficient of friction and surface roughness 

within the contact interface of the single lap joint bolted specimens. 

4.3 Slip resistance 

The slip resistance was generated by friction forces within the contact interface of the 

single lap joint bolted specimens and was induced by the contact pressure between the plates 

caused by bolt pre-tension combined with the coefficient of friction between the material 
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surfaces. The applied bolt pre-tension was assumed to be a minimum of 70% of the boltôs 

tensile strength (Fu) of 53 kN, according to Table 7 of CSA S16-14.  

Figure 4.1 shows typical load vs relative displacement curves for the experimental slip 

resistance tests for each combination of bolt type and surface finish. The relative 

displacement was measured as the difference between the laser displacement sensor 

readings for the corresponding axial load. As the load was applied, the bolt pretension 

combined with the slip coefficient resisted the external load by inducing a frictional force 

within the contact interface. This frictional force increased linearly with respect to the 

externally applied load before reaching a maximum slip resistance value. This stage was 

defined as the slip resistance stage.   

 

Figure 4.1 Typical load-displacement curves of the slip resistance tests. 

As discussed earlier, the Class B surface finish had a higher surface roughness and a 

higher coefficient of friction than the Class A surface finish. As a result, samples made with 

the Class B surface finish had a higher slip resistance than the samples made with the Class 

A surface finish. Furthermore, the samples made of tension control bolts with Class B 

0

20

40

60

80

100

120

140

160

180

0 1 2 3 4 5 6

T
e

n
si

le
 l
o

a
d

 (
kN

)

Relative displacement (mm)

A325 HSB bolts and Class A surface

A325 HSB bolts and Class B surface

C50LR Huck bolts and Class B surface

Bolt-slip stage

Bolt-slip stage

Bolt-slip stage



63 
  

surface finish had a slightly higher slip resistance than samples assembled with A325 HSB 

and Class B surface finish. This might be due to a higher clamping force applied by the 

C50LR Huck tension control bolts, but this could not be confirmed.  

During the slip resistance stage, the slope of the curve for connections that used the 

combination of A325 HSB and Class A surface finish was constant. Therefore, the relative 

motion of the plates for these specimens was stable during this stage and they did not suffer 

significant sliding along the contact interface or loss in the level of pre-tension in the bolts. 

For the samples assembled with a Class B surface finish and A325 HSB, the slip 

resistance initially increased linearly with respect to the applied load. However, the slope 

then decreased as a loss of slip resistance occurred before reaching a maximum value of slip 

resistance. The loss of slip resistance during the second part of the slip resistance stage 

might be the result of friction loss within the contact interface. This might be due to the 

removal of parts of the surface coating as the relative displacement induced wear on the 

contacting surfaces.   

Similar behaviour was observed for the combination of C50LR Huck tension control 

bolts and Class B surface finish.  During the initial stage, the slip resistance increased 

linearly with respect to the applied load with a relatively high slope and then loss of slip 

resistance, manifested by a reduction in slope, occurred due to friction loss before reaching a 

maximum slip resistance value.  

Figure 4.2 shows an image of the contact surfaces of a sample with the combination of 

A325 HSB and Class B surface finish after testing, where the surface damage due to the 

removal of the coating can be seen. This observation is consistent with friction loss within 

the contact interface due to the relative displacement during the slip resistance stage, 

although most of the surface damage likely occurred during the slip stage.  

Once the maximum slip resistance was reached, the slip-critical connections moved into 

a bolt-slip stage, during which the friction force between the plates remained constant. After 

more than 1 mm of slip, the bolts began to bear against the plates and the connections 

became bearing connections. During the bearing stage, the applied load was carried by the 

plates and the bolts, and friction no longer played a significant role.  
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Figure 4.2 Camera image of the contact interface of a specimen with A325 HSB and Class B surface 

finish after static testing showing wear of the surface finish. 

Figure 4.3 shows the experimentally measured mean slip resistance of the three types of 

slip-critical bolted connections tested, in which the error bars correspond to the standard 

deviations. Detailed results for each test are included in Appendix E. The mean values of the 

slip resistance of samples made with A325 HSB and Class A surface finish, A325 HSB and 

Class B surface finish, and C50LR Huck tension control bolts and Class B surface finish 

were 93 kN, 138 kN, and 146 kN, respectively. The higher value of the error bars for the 

combination of A325 HSB and Class A surface finish was a result of larger deviations in the 

experimental results. The lowest standard deviation corresponds to the samples assembled 

with C50LR Huck tension control bolts and Class B surface finish. The differences between 

the mean values for all three specimen types were found to be statistically significant at the 

95% confidence limit (see Appendix F). 

 

Figure 4.3 Slip resistance, as measured experimentally. The theoretical slip resistance, as recorded in 

Chapter 3 was higher than these values. 
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  In general, the experimental slip resistance values were lower than the theoretically 

calculated values for all the samples. The experimental mean slip resistance of the A325 

HSB and Class A surface finish combination was approximately 94% of the theoretical 

value, for the A325 HSB and Class B surface finish combination it was 78% of the 

theoretical value, and for the C50LR Huck tension control bolts and Class B surface finish 

combination it was 82% of the theoretical value. 

The slip coefficient (ks) represents the constant of proportionality between the friction 

force within the contact interface between the bolted plates and the normal force between 

the plates. The amount of friction that can be generated between two surfaces is proportional 

to the surface roughness, and a higher slip coefficient produces a higher resistance to 

relative sliding and therefore slip resistance. The slip coefficient (ks) was calculated using 

the slip resistance results and assuming that the bolts reached a level of pre-tension of 70% 

of their tensile strength. In other words, the values of slip resistance that were determined 

and presented in Figure 4.3 were divided by 53 kN, which is the value specified by CSA 

S16-14. The results are shown in Figure 4.4. Detailed results are included in Appendix G. 

 

Figure 4.4 Slip coefficient (ks) calculated using the slip resistance results. 

For the Class A surface finish, the mean value of the experimental slip coefficient 

(0.293) was 97% of the theoretical value of 0.30 specified in CSA S16-14. Conversely, for 

the Class B surface finish, the mean experimental values of ks were 84 to 88% of the 

theoretical value of 0.52 specified by CSA S16-14. During the slip resistance stage, part of 

the coating was removed from one of the plates at the contact interface, due to the relative 
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0.00

0.10

0.20

0.30

0.40

0.50

A325 High Strength Bolts -
Class A

A325 High Strength Bolts -
Class B

C50LR Huck Tension Control
Bolts - Class B

M
e
a
n
 v

a
lu

e
 S

lip
 c

o
e
ff
ic

ie
n
t 

(k
s)



66 
  

the coated surface. These effects caused a slip coefficient ks that was lower than the one 

recommended by CSA S16-14. 

The effect of bolt pre-tension on the slip resistance can be identified by comparing the 

results of the A325 HSB and Class B surface finish combination with those of the C50LR 

Huck tension control bolts and Class B surface finish combination. It is clear from the 

results that the C50LR Huck tension control bolts provided a higher and consistent clamping 

force, which resulted in a higher slip resistance in comparison with the A325 HSB bolted 

samples.  

4.4 Fatigue life (S-N curves) 

4.4.1 Overview 

The slip critical bolted connections were tested under fatigue loading conditions to 

measure the fatigue life and characterize the fatigue failure behaviour. Table 4.3 summarizes 

the test results, including the fatigue test parameters, the number of cycles experienced, the 

failure mode (fretting or bending, as discussed later), the location of crack initiation (at the 

hole edge or a certain distance from the hole above the uppermost bolt in the connection), 

and for which samples the DIC technique was used to capture images. The combination of 

Class A surface finish with A325 HSB were named as A series, Class B surface finish with 

A325 HSB were named as B series, and Class B surface finish with C50LR Huck bolts were 

coded as C series.  

The stress range versus number of cycles to failure (S-N curve) results for 41 fatigue 

tests are plotted in Figure 4.5 along with the S-N curve for detail category B (slip-critical 

bolted connections) from CSA S16-14. Eight samples (all with Class A surface) failed due 

to fretting fatigue, while 8 samples did not fail after 8 million cycles. The latter group was 

assumed to be representative of the endurance limit. The remaining samples failed due to 

bending fatigue, although evidence of fretting was also apparent. CSA S16-14 indicates that 

the detail-category B S-N curve should not be used if bending is induced in an axially 

loaded bolted connection. However, the Canadian Highway Bridge Design Code (CSA S6-

14) recommends that the S-N curve can be plotted with a combination of bending and axial 

load.  
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Table 4.3: Fatigue test results 

Stress range 

(MPa) 
Sample 

Number of 

cycles 
Failure Mode 

Crack initiation 

zone 

DIC 

measurements 

103.3 A1-A325-103 3,500,713 No Failure - - 

122.12 

A2-A325-122 3,709,575 Fretting Away from hole  - 

A3-A325-122 8,002,185 No Failure - - 

A4-A325-122 7,608,877 No Failure - - 

A5-A325-122 1,425,162 Fretting Away from hole - 

A6-A325-122 8,495,372 No Failure - - 

B1-A325-122 8,132,741 No Failure - - 

B2- A325-122 8,564,976 No Failure - - 

C1-C50LR-122 7,727,804 No Failure - - 

C2-C50LR-122 8,000,000 No Failure - - 

136.21 

A7-A325-136 2,054,222 Fretting Hole edge - 

A8-A325-136 2,607,685 Fretting Away from hole  - 

A9-A325-136 1,928,344 Fretting Away from hole  - 

150.3 

A10-A325-150 937,892 Fretting Away from hole  - 

A11-A325-150 1,309,628 Fretting Away from hole  - 

A12-A325-150 931,312 Fretting Away from hole  - 

A13-A325-150 914,215 

Interrupted tests for 

crack initiation 
Away from hole 

- 

A14-A325-150 1,317,177 - 

A15-A325-150 972,135 - 

A16-A325-150 1,425,084 - 

B3- A325-150 7,515,227 Bending Hole edge - 

B4- A325-150 8,474,936 No Failure - - 

B5- A325-150 874,463 Failed Inside grip - X 

C3-C50LR-150 1,489,342 Bending Hole edge - 

C4-C50LR-150 1,307,330 Bending Hole edge - 

C5-C50LR-150 1,082,560 Bending Hole edge - 

C6-C50LR-150 1,097,196 Bending Hole edge - 

C7-C50LR-150 1,170,318 Bending Hole edge - 

C8-C50LR-150 1,516,033 Bending Hole edge - 

C9-C50LR-150 1,215,972 Bending Hole edge - 

C10-C50LR-150 1,255,384 Bending Hole edge X 

169.09 

B6-A325-169 313,546 Bending Hole edge - 

B7-A325-169 368,417 Bending Hole edge - 

B8-A325-169 349,697 Bending Hole edge X 

C11-C50LR-169 366,743 Bending Hole edge - 

C12-C50LR-169 382,764 Bending Hole edge - 

C13-C50LR-169 325,597 Bending Hole edge - 

C14-C50LR-169 351,185 Bending Hole edge X 

187.88 

B9-A325-187 142,362 Bending Hole edge - 

B10-A325-187 139,516 Bending Hole edge - 

C15-C50LR-187 155,061 Bending Hole edge - 

C16-C50LR-187 168,025 Bending Hole edge - 

C17-C50LR-187 166,332 Bending Hole edge - 

216.06 

B11-A325-216 67,972 Bending Hole edge - 

B12-A325-216 72,396 Bending Hole edge - 

B13-A325-216 70,900 Bending Hole edge - 
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Figure 4.5 Fatigue life of every sample tested, plotted with the CSA S16-14 S-N curve for Detail 

Category B. 

4.4.2 Class B surface and A325 HSB  

The A325 HSB and Class B surface finish samples experienced a combination of 

secondary bending and fretting fatigue, but failure was initiated by bending fatigue. The S-N 

results for these samples are plotted in Figure 4.6. In this figure, the experimental results are 

compared with the S-N curve for detail category B given by CSA S16-14. At high stress 

ranges (216, 187 and 169 MPa), the number of cycles to failure for the eight specimens 

tested were significantly lower than the number of cycles predicted by CSA S16-14. This is 

believed to be due to the secondary bending load that was acting along with the fretting 

effect. Secondary bending resulted in crack initiation at a separate location at the hole edge 

and led to the failure of the specimens. From the results, it can be concluded that at high 

stress range levels, the crack that formed due to bending fatigue initiated and began 

propagating earlier than fretting initiated cracks and led to a lower number of fatigue life 

cycles. The S16-14 S-N curve did not account for the secondary bending effects. The stress 

ranges in the S16-14 S-N curve should include bending stresses according to Clauses 26.1 

and 26.3.1.    
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Considering the lower fatigue stress ranges, three samples were tested at a stress range of 

150 MPa (one of which failed in the grip) and another two samples were tested at a stress 

range of 122 MPa. One specimen at the 150 MPa stress range and both at the 122 MPa 

stress range did not fail and the tests were stopped after 8 million cycles. The two specimens 

at the 122 MPa stress range had different lengths (579 mm and 400 mm) and both samples 

did not fail. This suggests that the total length of the specimen did not affect the fatigue 

failure behaviour of the bolted connections.  

 

Figure 4.6 Fatigue life test results of samples using A325 HSB and Class B surface finish. 

There is a large difference between the experimental results and the CSA S16-14 S-N 

curve for the 150 and 122 MPa stress ranges. Specimen B3-A325-150 failed at 7.5 million 

cycles, whereas specimen B4-A325-150 did not fail and the test was stopped after             

8.5 million cycles, even though both were tested at the 150 MPa stress range. Specimens 

B1-A325-122 and B2-A325-122, tested at the 122 MPa stress range, did not fail after              

8.5 million cycles. However, the CSA S16-14 standard S-N curve fatigue life for a stress 

range of 150 MPa is around 1.5 million cycles and for the 122 MPa stress range it is around 

3 million cycles, much lower than the experiment results. Moreover, the stress range of     
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122 MPa can be considered to lie below the endurance limit based on the experimental 

results for samples with a Class B surface finish and A325 HSB. 

The 5% fractile values for fatigue life were also calculated based on the experimental 

results, and are shown in Table 4.4. These were used to generate the experimental S-N curve 

for comparison with CSA S16-14, as shown in Figure 4.7. The two curves intersect at a 

stress range of 135 MPa and fatigue life of approximately 1.7 million cycles. The 

experimental endurance limit was assumed to be 122 MPa because two samples did not fail 

at that stress level after more than 8 million cycles were applied. 122 MPa is higher than the 

endurance limit for detail category B found in Table 10 of CSA S16-14 (110 MPa).  

Table 4.4: 5% fractile values of fatigue life for samples with Class B surface and A325 HSB  

  Number of cycles to failure 

Stress range 

(MPa) 

Number of 

samples 

Mean 

value 

Standard 

deviation 

Coefficient of 

variation 

5% fractile 

values 

150.30 1 7,515,227   8.50% (assumed)  6,878,756 

169.09 3 343,887 27,893 8.11% 298,002 

187.88 2 140,939 2,012 1.43% 137,629 

216.06 3 70,423 2,250 3.20% 66,721 

 

Figure 4.7 S-N curve of specimens assembled with A325 HSB and Class B surface finish. 
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The lowest coefficient of variation values were found for the two highest stress ranges 

(187 and 216 MPa). Schijve et al. (2009) also observed that the secondary bending effect 

reduced the fatigue life at higher stress range levels in single lap joint test specimens. At the 

lower stress range levels, it appears that the fatigue lives of the single lap joint specimens 

were increased by the coating on Class B surface finish samples. The 5% fractile value 

result for the 150 MPa stress range was not taken in consideration to plot the S-N curve due 

to insufficient data because just one sample failed at that stress level.  

4.4.3 Class B surface and C50LR Huck bolts 

Four stress ranges were selected for the tests conducted with C50LR Huck tension 

control bolts and Class B surface finish and these specimens were coded with letter óCô. The 

total specimen length for these specimens was kept at 400 mm, with an overlap length of 

175 mm, based on the previous analysis results. Three specimens were tested at 187 MPa, 

four specimens at 169 MPa, eight at 150 MPa, and two at 122 MPa.  

The S-N curve results are plotted in Figure 4.8 along with the CSA S16-14 curve for 

detail category B. Similar behaviour to that experienced for samples with A325 HSB was 

observed at the higher stress range levels. The experimental fatigue lives for the 187 and 

169 MPa stress ranges were lower than the S-N curve given by CSA S16-14. This is likely 

due to the bending effect, as discussed above. At the lower stress range level of 150 MPa, 

the fatigue lives were in the range of 1 to 1.5 million cycles. However, at the 122 MPa stress 

range level, the specimens did not fail and the tests were stopped after 8.5 million cycles. 

Based on the results, it was concluded that specimens with a combination of Class B surface 

and C50LR Huck bolts had an endurance limit of 122 MPa, which is higher than the CSA 

S16-14 standard S-N curve.  

The 5% fractile values for fatigue life based on the experimental results are provided in 

Table 4.5. As was observed for samples with standard high strength bolts, the coefficients of 

variation at the two highest stress levels were low, whereas that at the 150 MPa stress range 

is relatively high. The 5% fractile value of fatigue life at the 150 MPa stress range was 

lower than that given in CSA S16-14.  
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Figure 4.8 Fatigue life test results of samples using Huck C50LR bolts and Class B surface finish. 

Table 4.5: 5% fractile values of fatigue life for samples with Class B surface and C50LR 

Huck bolts  

  Number of cycles to failure 

Stress range 

(MPa) 

Number of 

samples Mean value  

Standard 

deviation 

Coefficient of 

variation 

5% fractile 

values 

150.30 8 1,266,767 163,889 12.94% 997,170 

169.09 4 356,572 24,344 6.83% 316,526 

187.88 3 163,139 7,047 4.32% 151,547 

The experimental S-N curve for these samples, including the estimated endurance limit, 

is shown in Figure 4.9. This S-N curve is different from the CSA S16-14 S-N curve, 

especially at the highest stress levels. The curves intersect just below the 150 MPa stress 

range. In addition, the endurance limit of the CSA S16-14 S-N curve is conservative 

because it is lower than the results from the tests. The difference can again be attributed to 

the fact that the CSA S16-14 S-N curve does not account for bending.  
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Figure 4.9 S-N curve of specimens with C50LR Huck bolts and Class B surface finish. 

4.4.4 Class A Surface Samples 

Specimens with a Class A surface finish and A325 HSB failed due to fretting fatigue. In 

total, sixteen samples were tested at four different stress ranges (103, 122, 136, 150 MPa). 

Only one sample was tested at the 103 MPa stress range and the specimen did not fail. The 

test was stopped after 3.5 million cycles. Five specimens were tested with a 122 MPa stress 

range, of which three specimens did not fail after 8.5 million cycles, while the remaining 

two failed by fretting fatigue after 1.4 million and 3.7 million cycles, respectively. At higher 

stress range levels, three specimens were tested with a 136 MPa stress range and another 

seven specimens were tested at the 150 MPa stress range. With the exception of the 

interrupted tests, these all failed due to fretting fatigue. The experimental stress range versus 

number of cycles to failure (S-N) is shown in Figure 4.10 along with the S-N curve from 

CSA S16-14.  

At the 136 MPa stress range, the experimental fatigue life was higher than that given in 

CSA S16-14. However, for the 150 MPa stress range, the experimental fatigue lives were 
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scattered around the value provided by CSA S16-14; three samples had higher fatigue lives 

than those given by CSA S16-14, while another four specimens had lower fatigue lives. 

Similar variability was also seen at lower stress ranges as well. At the 122 MPa stress range, 

one sample (A5-A325-122) failed at 1.4 million cycles, another (A2-A325-122) at            

3.7 million cycles and the last three specimens did not fail even after 7.6 million cycles. 

However, the endurance limit given by CSA S16-14 is 110 MPa. The experimental results 

show that the stress range of 122 MPa could be considered as the endurance limit for these 

samples. The reason behind the higher endurance limit might be due to the surface 

preparation, which is important according to Stankevicius et al. (2009).  

 

Figure 4.10 Fatigue life test results for samples using A325 HSB and Class A surface finish. 

The 5% fractile values for this set of specimens are given in Table 4.6. This table also 

shows that the fatigue life results are scattered for all three stress ranges. At the 136 MPa 

stress range, the difference between the maximum and minimum fatigue life is almost 

700,000 cycles. However, the lowest coefficient of variation is found at the same stress 

level. For the 150 MPa stress range, the fatigue lives are scattered, with a mean value of    
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1.1 million cycles but a 5% fractile value of 0.7 million cycles, which is lower than the 

fatigue life expected from the CSA S16-14 S-N curve. However, the number of samples at 

each stress level is relatively small.  

Table 4.6: 5% fractile values of fatigue life for samples with A325 HSB and Class A surface 

finish 

  Number of cycles to failure 

Stress range 

(MPa) 

Number of 

samples Mean value 

Standard 

deviation 

Coefficient of 

variation 

5% fractile 

values 

122.12 2 2,567,369 1,615,324 62.92%  
136.21 3 2,196,750 361,403 16.45% 1,602,243 

150.30 3 1,059,611 216,546 20.44% 703,392 

The S-N curve for the 5% fractile values is shown in Figure 4.11. The experimental 

endurance limit is higher than the S-N curve from CSA S16-14. Both curves intersect at the 

136 MPa stress range with a similar fatigue life of approximately 1.6 million cycles. 

However, for the 150 MPa stress range, the experimental fatigue life is lower than the S-N 

curve given by CSA S16-14. This is believed to be due to the bending effect, as discussed 

above. 

 

Figure 4.11 Experimental S-N curve based on the 5% fractile values for fatigue life for samples that 

consisted of Class A surface finish and A325 HSB. 
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4.4.5 Influence of surface finish and bolt type on fatigue life 

One of the objectives of this research project was to compare the performance of 

specimens with two different surface finishes and two different bolt types (A325 HSB and 

Huck C50LR). The mean S-N curves of all specimens, along with the S-N curve from CSA 

S16-14, are plotted in Figure 4.12. At the 150 MPa stress range, specimens with the Class A 

surface finish samples showed lower fatigue lives compared to those with the Class B 

surface finish. The mean fatigue life at the 150 MPa stress range for Class A surface finish 

with A325 HSB was approximately 1.06 million cycles, while specimens with Class B 

surface finish and C50LR Huck bolts had a mean fatigue life close to 1.27 million cycles. 

However, the difference is not statistically significant at the 90% level of confidence. Only 

one specimen with Class B surface finish and A325 HSB failed, and it survived more than 

7.5 million cycles. Similar behaviour was observed at the 122 MPa stress range, i.e., no 

Class B surface finish specimens failed after approximately 8 million cycles whereas two 

Class A surface finish specimens failed at 1.4 and 3.7 million cycles. 

 

Figure 4.12 S-N curve of each type of specimen using the mean fatigue life values. 
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Considering the influence of bolt type, specimens with the Class B surface finish and 

C50LR Huck bolts had slightly higher fatigue lives compared to those with the A325 HSB 

at the higher stress ranges. However, the difference was not statistically significant at the 

169 MPa stress range, and an insufficient number of samples was tested at the 188 MPa 

stress range to draw a definitive conclusion. If the difference was real, the reason could be 

the slightly higher level of pre-tension applied by the tension control bolts. However, this 

could not be confirmed, since the bolt pretension was not measured. 

The specimens were grouped according to their failure mode (i.e., fretting fatigue or 

bending fatigue) and S-N curves corresponding to each of these groups, along with 

individual data points, are plotted in Figure 4.13. Samples that did not experience failure 

were not included in this analysis, except that they were used to estimate the endurance 

limit, and specimen B3-A325-150 was excluded as an outlier for bending failure at the     

150 MPa stress range. It appears that the trend followed by these two groups is similar. The 

main difference between the two groups is that only specimens with a Class A surface finish 

experienced failure by fretting fatigue.  

Fretting fatigue controlled the failure behaviour and fatigue life of the bolted connections 

made with Class A surface finish. On the other hand, bending controlled the failure 

behaviour and fatigue life of specimens with the Class B surface finish. If specimens made 

with the Class B surface finish had not experienced the bending effect, failure would have 

been delayed until fretting produced crack initiation and eventual failure. Therefore, bending 

reduced the fatigue life in most cases. The coating on the Class B surface finish samples 

prevented or at least delayed the occurrence of fretting fatigue failure such that samples 

coated with the Class B surface finish demonstrated a better fatigue behaviour and longer 

fatigue life than uncoated samples with a Class A surface finish.  

It appears that the coating played a major role in the fretting fatigue behaviour of 

samples with a Class B surface finish. Severe damage had to occur to the coating before 

cracks developed in the underlying base material. Additional surface cracks might be 

developed on the virgin contact surfaces once the coating is completely removed due to 

fretting wear but the delay associated with removal of the coating, might have increased the 

number of fatigue cycles before the specimen failed.  
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Figure 4.13 Mean S-N curves and fatigue life results plotted according to the type of failure. 

4.4.6 Accounting for bending effects 

The S-N curves plotted in the previous sections considered only axial tensile stresses 

when calculating the stress range. In order to account for the additional stresses due to 

bending caused by eccentric loading and second order effects in the single lap joint 

specimens, the curvature values were measured during four fatigue tests using the DIC 

system, as described in Section 4.5. Table 4.7 shows the maximum curvature values that 

were obtained for each sample and the total stress that was applied to the sample as a result 

of the combined bending and tensile stresses. For these calculations, the bending moment 

Ўὓ  was calculated using the measured curvature values  as Ўὓ ὉὍ. Then, the 

bending stress Ў„  was calculated as Ў„
Ў

, in which y is half of the plate 

thickness, I is the moment of inertia, and E is the Youngôs modulus. 
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Table 4.7: Total stress range including bending effects  

Sample  

Stress range 
(MPa) 

Curvature 

(mm-1) 
Bending moment 

(kN-mm) 
Bending stress 

(MPa) 
Total stress 

(MPa) 

B5-A325-150 150 0.000095 69.80 90.87 241 

B8-A325-169 169 0.000174 126.97 165.30 334 

C10-C50LR-150 150 0.000082 60.03 78.15 228 

C14-C50LR-169 169 0.000167 122.47 159.44 328 

The bending stresses increased the total stress by 52% to 60% at the 150 MPa axial 

stress range, while they were high enough to double the stress range at the 169 MPa axial 

stress range. The data points for these specimens, using the revised total stress ranges, are 

plotted with the CSA S16-14 S-N curves in Figures 4.14 and 4.15. Although the data set is 

very small, the revised data points indicate that the specimens had a longer fatigue life than 

expected by the CSA S16-14 S-N curve for detail category B. It should be noted, though, 

that the 5% fractile values would bring the data points closer to the standard S-N curves. 

 

Figure 4.14 Experimental data points based on the total stress values for fatigue life for samples that 

consisted of Class B surface finish and A325 HSB. 
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recommended by Clause 26.3.1 in CSA S16-14. This approach is applied to the 

experimental data in the following paragraph. 

 

Figure 4.15 Experimental data points based on the total stress values for fatigue life for samples that 

consisted of Class B surface finish and C50LR Huck bolts. 

Using the free body diagram shown in Figure 2.18, the primary bending moment due to 

the eccentricity between the plates can be determined as ὓ ὖ  when the plates are 

undeformed. The bending moment range in a fatigue test is then Ўὓ Ўὖ  where Ўὖ 

is the axial load range.  

The nominal stress range due to axial tension alone is Ў„
Ў Ў

, in which  

Ўὖ Ў„ ύ ὸ. 

The bending moment range can be rewritten as Ўὓ Ў„ ύ . 

The bending stress range can then be calculated as Ў„
Ў

. Substituting Ўὓ leads to 

Ў„ Ў„ ύ σЎ„, and therefore the total stress range, including both 

axial and bending stresses is: Ў„ Ў„ Ў„ τЎ„  

The total stress should therefore be calculated as four times the nominal axial stress 

range according to the first order analysis results. This is very conservative and would result 
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in a connection design with dimensions substantially greater than necessary. For example, if 

a 150 MPa nominal stress range were applied, it would result in a total stress range of       

600 MPa. A 676 MPa total stress range would be calculated if a 169 MPa nominal stress 

range were applied. These total stresses are substantially higher than the yield strength of the 

plates. Therefore, the total stresses calculated by the first order elastic analysis are clearly 

higher than what was experienced by the specimens, since no yielding was observed. The 

second order effects tend to mitigate the bending stresses.  

The fatigue life results that were plotted in Figure 4.5 using the nominal axial stress 

ranges have been plotted in Figure 4.16 using the total stresses Ў„ τЎ„. As a result, 

the data lie well above the S-N curve for detail category B from CSA S16-14, and are 

unrealistic. A designer should not use this method to quantify the stress range applied to a 

single lap bolted connection since it is extremely conservative. 

 

Figure 4.16 Fatigue life of every sample tested, plotted with total stresses determined by a first order 

analysis. 
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4.5 Fatigue Characterization 

4.5.1 Overview and initial considerations 

In general, two different types of fatigue failure behaviour were observed: fretting 

fatigue and bending fatigue. These were discussed in Chapter 2 and physical evidence for 

the two behaviours is presented in this section. The specimens with Class B and Class A 

surface finishes exhibited different fatigue failure behaviours for the same bolt type (A325 

HSB). Specimens with the Class B surface finish showed signs of fretting fatigue but failed 

due to bending fatigue regardless of the bolt type. On the other hand, specimens with a Class 

A surface finish primarily failed due to the fretting fatigue phenomenon. As a result, this 

section is organized by specimen type, first considering specimens with a Class B surface 

finish, and then those with a Class A surface finish. 

As discussed in Chapter 3, images were captured during four of the fatigue tests using 

the DIC system. Then, the Vic-2D software was used to measure the displacements parallel 

to the applied load (in the plane of the plates) and perpendicular to the applied load (out of 

the plane of the plates) in the vicinity of the uppermost bolt where the failure occurred. A 

representative DIC image of the area of interest is shown in Figure 4.17, defining some of 

the terminology and locations used in the presentation and discussion of the results. 

 

Figure 4.17 Representative DIC image, defining the upper and lower plates and x- and y-axes. 
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Points U1 and L1 on the upper and lower plates, respectively, are located on the visible 

edge of the sample along the bolt axis adjacent to the contact surface and were used to 

determine the relative displacement of the plates parallel to the load. Points U2 and L2 on the 

upper and lower plates, respectively, are located close to the top end of the lower plate. 

These points were used to determine the relative displacement of the plates along the contact 

interface some distance from the bolt. It should be noted that the DIC system could not 

capture images of the fatigue tests during the first several hundred cycles because it took 

time for the system to synchronize with the testing machine due to the high rate of cyclic 

loading used. As a consequence, the displacements were accurately calculated starting 

several hundred cycles after the beginning of the test in the analysis using Vic-2D software. 

Therefore, displacement data were not recorded during the earliest parts of each fatigue test.  

4.5.2 Class B surface: Combined Fatigue 

4.5.2.1 Class B Surface with A325 HSB  

As described below, the specimens prepared with a Class B surface finish experienced a 

combination of secondary bending and fretting fatigue at the contact surfaces. Evidence 

from the relative displacements obtained from the Digital Image Correlation (DIC) system 

along with microscopic observations suggest that fretting wear occurred during the test but 

that bending effects were responsible for crack initiation and eventual failure of the 

specimen. 

150 MPa stress range 

The measured maximum and minimum displacements parallel to the applied load at 

points U1 and L1 for specimen B5-A325-150 are plotted in Figure 4.18(a). The specimen 

was subjected to a fatigue stress range (ůr) of 150 MPa. It can be seen that the maximum and 

minimum cyclic displacements near the contact interface stabilized to relatively constant 

values within the first 575 cycles. The stabilized minimum displacements in a cycle for the 

upper and lower plates were 0.43 mm and 0.38 mm, respectively, indicating that there was a 

permanent displacement of just under 0.4 mm in the lower plate when the specimen was 

nearly unloaded, due to the settling-in of the sample at the lower grip.  
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 (a) 

  

(b)                                                                     (c)  

   

Figure 4.18 Displacements parallel to the applied load (y axis) in sample B5-A325-150: (a) Graph of the 

maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b) 

measured peak displacements at the 739th fatigue cycle; and (c) minimum displacements at the 745th 

fatigue cycle in the y direction (mm). 
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The minimum relative displacement at the bolt axis was equal to 51 ɛm, which 

corresponds to settling-in effects between the two plates. After stabilization, the relative 

motion between the plates over a cycle was 9.8 ɛm on the exposed surface along the bolt 

axis. A gradual increase in the maximum and minimum displacements is also noted over the 

first 400,000 cycles. Part of this may be caused by additional displacement within the lower 

grip. The relative motion between the plates over a cycle increased gradually to 20 ɛm after 

400,000 cycles, likely due to increased fretting wear. 

Figure 4.18(b) shows the maximum y-displacements captured from a DIC image along 

the bolt axis and at the top edge of the lower plate during the 739th fatigue cycle. The 

relative displacement between the plates at the bolt axis was 60 ɛm and at the top edge of 

the lower plate was 0.125 mm. Figure 4.18(c) shows the y-displacements captured when the 

minimum load of the cycle was applied during the 745th fatigue cycle. The relative 

displacement between the plates at the bolt axis was 51 ɛm and at the top end of the lower 

plate was 74 ɛm. The relative motion between the plates over a fatigue cycle was therefore  

9 ɛm and 51 ɛm at the bolt axis and top end of the lower plate, respectively. The relative 

motion likely removed parts of the coating and then caused damage to the surface of the 

plates. The images also show the displacement field of the entire region and they look 

similar for both the minimum and the maximum load. 

The normal strain in the y-direction for sample B5-A325-150 when the maximum cyclic 

load was applied during the 739th cycle was calculated by the DIC system and is shown in 

Figure 4.19(a). The strain field shows that the whole specimen in this region was in tension, 

but it was not uniform. The maximum strain is located in the upper plate close to the contact 

interface approximately 5 mm below the top edge of the lower plate. This indicates that the 

bending suffered by the specimen was highest at this location. The curvature was calculated 

as the derivative of the strain values along cross sections parallel to the x-axis in the upper 

plate and is shown in Figure 4.19(b). The maximum value of curvature is located 3.48 mm 

below the top edge of the lower plate. The presence of curvature in the specimen indicates 

that the bending effect was present in this sample. A bending moment of 69.8 kN-mm and 

the bending stress of 90.87 MPa were calculated using the maximum curvature value. The 
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tensile and bending stresses resulted in a total stress of 240.87 MPa. This increase of applied 

stress decreased the expected fatigue life of the specimen. 

                                   (a) 

 
               (b)                                                                             

 
Figure 4.19 Bending analysis results in sample B5-A325-150: (a) Normal strains parallel to the applied 

load (y axis); and (b) curvature calculated in the upper plate. 
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respect each other, can be seen a certain distance away from the bolt hole. Global slip in this 

region led to fretting wear, and thus the surface coating was almost completely removed. 

 

Figure 4.20 Optical microscopic image of the stick-slip regions at contact interface of sample               

B3-A325-150. 

The partial slip-stick region can be seen at the boundary between the stick and global 

slip regions; as described in Chapter 2, this region generally acts as a stress raiser due to the 

higher frictional force within the region. The resultant surface damage is shown in the SEM 

micrograph of Figure 4.21. Due to the higher relative displacements, the global slip region 

featured complex surface characteristics, as shown in Figure 4.22. Ploughing lines indicate 

the direction of the relative motion and also the presence of higher frictional forces. The 

oxidised particles are generated by the partial slip fretting wear, which is again the result of 

a higher frictional force at the contact interface. In addition, a number of micro cracks are 

apparent; these nucleated due to relative displacement within the global slip region. These 

surface characteristics demonstrate that the Class B surface finish with A325 HSB was 

subjected to fretting fatigue. The micro-cracks were very small, with a maximum length of 

approximately 17 ɛm and could have eventually propagated into a leading crack if there had 

been no bending effect at the first hole of the bolted assembly. 
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Figure 4.21 SEM micrograph of the partial stick-slip region for sample B3-A325-150. 

 

Figure 4.22 SEM micrograph of the global-slip region of the lower plate for sample B3-A325-150. 

The displacements perpendicular to the loading direction (out-of-plane displacement) 

were measured in an attempt to better understand the secondary bending effect. The 

secondary bending was induced as a consequence of the load eccentricity that occurs in a 
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single lap joint specimen, as discussed in Chapter 2. It results in an out-of-plane 

displacement of the specimen. The measured out-of-plane displacements for specimen B5-

A325-150 are shown in Figure 4.23(a). 

(a) 

 

                                           (b) 

 

Figure 4.23 Displacements perpendicular to the applied load (x-axis) in sample B5-A325-150: (a) Graph 

of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; 

and (b) measured peak displacements at the 739th fatigue cycle. 
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Both plates displaced approximately the same amount as the loading cycles were applied 

during the fatigue test. The out-of-plane displacement increased during the settling in period 

and reached a stabilized value by approximately 500 cycles. The maximum and minimum 

displacements of both plates were 2.43 mm and 1.83 mm, respectively. At the same time, 

due to the bending effect, the contacting plates moved relatively opposite to each other and 

developed a gap with maximum and minimum values in a cycle of 8.5 ɛm and 5.4 ɛm, 

respectively. The out-of-plane displacements at the bolt axis appear to show that the plates 

were not in full contact due to the secondary bending effect, at least along the visible edge, 

possibly preventing or reducing the development of fretting damage. Figure 4.23(b) shows a 

DIC image of the stabilized maximum out-of-plane displacements for sample B5-A325-150. 

These displacements were a consequence of the bending effect that is believed to be the 

cause of bending fatigue failure in the specimen. Specimen B5-A325-150 experienced a 

maximum out-of-plane displacement of 2.4 mm at the first hole of the sample and a 7 ɛm 

gap between the plates at the contact interface along the entire exposed edge.  

169 MPa stress range 

Similar behaviour was observed for specimens subjected to a higher stress range of     

169 MPa (sample B8-A325-169). As shown in Figure 4.24(a), the upper and lower plate 

displacements at points U1 and L1 for the 169 MPa stress range were three times higher than 

for the specimen tested with the 150 MPa stress range (Figure 4.18(a)). The maximum and 

minimum displacements close to the contact interface stabilized to relatively constant values 

within the first 595 cycles. The stabilized minimum displacements for the upper and lower 

plates were 1.52 mm and 1.33 mm, respectively, indicating that there was a permanent 

displacement lower than 1.33 mm in the lower plate when the specimen was nearly 

unloaded, due to the settling-in of the sample at the lower grip. The stabilized minimum 

relative displacement was measured as 0.186 mm, which corresponds to settling-in effects 

between the two plates as also occurred in specimen B5-A325-150. At the 823rd cycle, the 

change in relative displacement between the plates over a cycle was 13 ɛm on the visible 

edge of the contact interface along the bolt axis. This change in the relative displacement is 

just 3.2 ɛm higher than in specimen B5-A325-150 due to the higher fatigue loads applied to 

specimen B8-A325-169. The maximum and minimum displacements of both plates 
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increased gradually over the first 300,000 cycles. Consequently, the relative slip between the 

plates during a cycle increased to 23 ɛm after 290,000 cycles.  

 (a) 

 

          (b)                                                                          (c) 

     

Figure 4.24 Displacements parallel to the applied load (y axis) in sample B8-A325-169: (a) Graph of the 

maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b) 

measured peak displacements at the 812th fatigue cycle; and (c) minimum displacements at the 823rd 

fatigue cycle in the y-direction (mm). 
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The maximum stabilized displacements for specimen B8-A325-169 in the direction 

parallel to the applied load during the 812th fatigue cycle, as captured from the DIC image, 

are shown in Figure 4.24(b). These displacements are at least three times higher than the 

displacements obtained for specimen B5-A325-150 (Figure 4.18(b)), which was subjected to 

the lower stress range of 150 MPa. The relative displacement at the contact interface near 

the hole section was 0.20 mm. In addition, the measured relative displacement between the 

upper end of the lower plate and the upper plate was 0.329 mm. The displacements caused 

to specimen B8-A325-169 by the minimum cyclic load can be seen in Figure 4.24(c). The 

relative displacement at the bolt axis was 0.189 mm and at the upper end of the lower plate 

it was 0.296 mm. The relative motion between the plates over a fatigue cycle was therefore 

11 ɛm along the bolt axis and 33 ɛm at the upper end of the lower plate. The relative motion 

would be expected to cause fretting damage to the surface. 

The normal strains in the y-direction along the visible edge of sample B8-A325-169 

when the maximum load was applied is shown in Figure 4.25(a). The peak strain value is 

located at the top of the upper plate at the contact interface approximately 3 mm below the 

top edge of the lower plate; the values are generally higher than those of sample B5-A325-

150 (Figure 4.19(a)). The corresponding curvatures in the upper plate are shown in Figure 

4.25(b). The maximum value of curvature is located approximately 5 mm below the top 

edge of the lower plate and is more than 80% higher than that of sample B5-A325-150 

(Figure 4.19(b)). As a result, bending had a greater effect on specimens subjected to a      

169 MPa stress range. This would explain why the fatigue life of these specimens fell well 

below the CSA S16-14 S-N curve, whereas the fatigue life of specimens tested at the       

150 MPa stress range did not. The maximum curvature value was used to calculate the 

bending moment as 126.97 kN-mm and the bending stress as 165.30 MPa. This resulted in a 

total stress of 334.30 MPa. 

At the higher stress range of 169 MPa, the contacting surfaces were subjected to more 

fretting wear due to the larger in-plane relative motion parallel to the applied load, which 

caused global slip over the entire contact area near the bolt. This led to a complete 

elimination of the partial slip region. Figure 4.26(a) shows the area above the uppermost 

hole of the lower plate, in which the partial slip region cannot be identified between the 
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global slip and the stick regions. The coating has suffered severe damage due to fretting 

wear in the global slip region. If the bending effect had not been present in the specimen, it 

is believed that in a higher number of cycles the coating could have been removed 

completely and as a result, a crack could have been initiated in a partial slip region. 

                                  (a) 

 

               (b)  

  

Figure 4.25 Bending analysis results in sample B8-A325-169: (a) Normal strains parallel to the applied 

load (y-axis); and (b) Curvature along the specimen edge. 
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Figure 4.26(b) shows the area around the lowermost hole of the lower plate, in which the 

stress concentration was higher like in the uppermost hole of the upper plate due to the 

secondary bending effect. An initiated crack at the hole due to the stress concentration can 

be seen under the coating in the stick region. The damage on the surface is severe, as seen 

on the coating surface in the global slip region. 

(a)  

 

(b)  

 

Figure 4.26 Optical micrograph of contact interface area of sample B8-A325-169: (a) in the vicinity of 

the uppermost hole for the lower plate; and (b) in the vicinity of the lowermost hole for the lower plate. 

In addition, the higher levels of global slip caused more damage to the contacting 

surfaces, as shown in Figure 4.27. Ploughing lines parallel to the applied load confirmed that 

the large displacements removed the stick-slip region and the contact surfaces were 

subjected to global slip, fretting wear and surface damage. The results for samples subjected 

to even higher stress ranges than 169 MPa were similar. 
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Figure 4.27 SEM micrograph of the surface damage in the global slip region on sample B8-A325-169. 

  The out-of-plane displacements were also measured for sample B8-A325-169, which 

was subjected to a stress range of 169 MPa. Similar to sample B5-A325-150, the 

displacements reached a stabilized value after 550 cycles, as shown in Figure 4.28(a). The 

maximum lateral displacements for the upper and lower plates were 3.16 mm and 3.23 mm, 

respectively, and the minimum lateral displacements were 2.45 mm and 2.47 mm, 

respectively. This indicated that there was a gap with maximum and minimum values of    

67 ɛm and 22 ɛm between the plates. The gap was at least four times larger than that for the 

sample subjected to the 150 MPa stress range (B5-A325-150).  

The stabilized maximum out-of-plane displacements for sample B8-A325-169 are shown 

in Figure 4.28(b) on a DIC image. It is clear that the out-of-plane displacements due to the 

secondary bending effect were higher in B8-A325-169 than B5-A325-150 (Figure 4.23(b)) 

due to higher fatigue loading. When the maximum load was applied, the sample experienced 

a maximum cyclic horizontal displacement of 3.2 mm and a gap of 58 ɛm at the contact 

interface along the bolt axis at the visible edge. This sample failed after only 0.35 million 

cycles.  
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  (a) 

 

                                       (b) 

 

Figure 4.28 Displacements perpendicular to the applied load (x-axis) in sample B8-A325-169:       (a) 

Graph of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt 

axis; and (b) measured peak displacements at the 812th fatigue cycle. 

Figure 4.29 shows a schematic drawing of the displaced shapes of samples B5-A325-150 

and B8-A325-169 corresponding to peak loads at load cycles 739 and 812, respectively. 

These plots were drawn using the measurements obtained from the captured DIC images. In 
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addition to the out-of-plane displacements, these plots show that the samples also 

experienced rotation, amounting to 0.66° for B5-A325-150 and 0.74° for B8-A325-169, as 

measured at the first hole of the sampleôs upper plate. The existence of rotation is consistent 

with bending effects. 

(a) 

 

(b) 

 

Figure 4.29 Displaced shapes at the maximum cyclic load of samples tested with different stress ranges: 

(a) Sample B5-A325-150 at 739 cycles, and (b) Sample B8-A325-169 at 812 cycles. 

4.5.2.2 Class B surface with C50LR Huck tension control bolts 

The effect of using C50LR Huck bolts on the fretting fatigue phenomenon was analysed 

by measuring the relative displacement close to the first bolt of the contacting plates for 

these samples, as well as examining the contact surfaces. The fatigue life results were 

similar to the combination of Class B surface finish and A325 HSB as seen in Table 4.3. A 

combination of fretting fatigue and the secondary bending effect was seen in C50LR Huck 

bolted connections.  

150 MPa stress range 

The displacements parallel to the applied load (in-plane displacement) measured on either 

side of the contact surface along the bolt axis using DIC images at points U1 and L1 for 
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sample C10-C50LR-150, tested at the 150 MPa stress range, are shown in Figure 4.30(a). 

After an initial settling-in period of less than 500 cycles, the displacements reached 

stabilized values. The minimum displacements in a cycle in the upper plate and lower plate 

were 0.46 mm and 0.43 mm, respectively, indicating that there was a permanent 

displacement of just over 0.4 mm at the minimum load due to settling-in effects at the lower 

grip. The minimum relative displacement was 36 ɛm, which corresponds to settling-in 

effects between the plates. The relative motion between the plates over a fatigue cycle was  

8 ɛm initially and increased slightly to 11 ɛm at 440,000 cycles, most likely caused by 

increased fretting wear. A gradual increase in the minimum and maximum displacements 

also occurred over the first 440,000 cycles. 

The maximum displacements for sample C10-C50LR-150 in the 777th cycle are shown 

as a DIC image in Figure 4.30(b). The displacement distributions for specimens with C50LR 

Huck and A325 HSB are slightly different at the 150 MPa stress range, as can be seen by 

comparing Figures 4.18(b) and 4.30(b).  

The relative displacement between the plates at the top edge of the lower plate was       

98 ɛm, which is more than two times higher than the relative displacement along the first 

bolt axis (44 ɛm). In addition, these displacements are lower than those seen in Figure 

4.18(b) (0.125 mm and 60 ɛm, respectively). This is believed to be due to the higher 

clamping force applied by the C50LR Huck bolts. 

The displacements caused by the minimum load of the cycle can be seen in Figure 

4.30(c). The relative displacement at the bolt axis was 36 ɛm, which is lower than the 

relative displacement for specimen B5-A325-150 in Figure 4.18(c). It is likely that the 

C50LR Huck bolts applied a higher pretension load, which reduced the relative 

displacement when the minimum load of the cycle was applied. This relative displacement 

corresponds roughly to a permanent offset between the plates, most of which occurred 

during the initial settling-in process. 

The normal axial strain field on the visible edge of specimen C10-C50LR-150 when the 

maximum cyclic load was applied is shown in Figure 4.31(a). The peak strain value is 

located in the upper plate near the interface just below the upper end of the lower plate, 
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similar to other samples already discussed. This is consistent with the bending effect in the 

upper plate. The peak strain value and the strain at the bolt axis are slightly lower than in 

sample B5-A325-150 (Figure 4.19). 

(a) 

  
(b)                                                                      (c) 

     

Figure 4.30 Displacements parallel to the applied load (y-axis) in sample C10-C50LR-150: (a) Graph of 

the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b) 

measured peak displacements at the 777th fatigue cycle; and (c) minimum displacements at the 779th 

fatigue cycle in the y direction (mm). 
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                          (a) 

 

                     (b)  

 

Figure 4.31 Bending analysis results in sample C10-C50LR-150: (a) Normal strains parallel to the 

applied load (y axis); and (b) Curvature in the upper plate along the specimen edge. 

The curvature in the upper plate of sample C10-C50LR-150 is shown in Figure 4.31(b). 

The maximum value of the curvature is located at the top of the upper plate and its value is 

slightly lower than that in specimen B5-A325-150 (Figure 4.19). Although the values of the 

curvature are relatively low, its presence indicates that the secondary bending effect was 

present in this specimen. However, these values were measured at the visible edge of the 

specimens. The low curvature values are believed to have caused higher stress concentration 

at the hole edge due to the tensile and bending stresses. A bending moment of 60.03 kN-mm 

and a bending stress of 78.15 MPa were calculated using the maximum curvature value. As 
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a result, a total stress of 228.15 MPa was applied to the specimen instead of the 150 MPa 

and this reduced the fatigue life of the specimen. 

The higher clamping force applied by the Huck bolts also resulted in larger stick regions 

around the bolt hole area, with small partial slip regions close to it. It may also have induced 

a larger global slip area away from the bolted contact area. This phenomenon can be seen on 

an optical microscope image of sample C8-C50LR-150, as shown in Figure 4.32(a). This 

image was taken on the lower plate near where the uppermost bolt was located. The stick 

region is apparent around the bolt hole, where the coating remained attached to the surface 

due to the higher clamping force applied by the C50LR Huck bolts. The coating of the upper 

plate in which failure occurred at the hole edge remained attached to the coating of the lower 

plate, and this image shows the back of the coating that had been attached to the upper plate. 

This explains the metal like colour in the stick region instead of the original green colour of 

the coating. In the gross slip area, the coating was removed from the contacting surfaces 

away from the hole due to the fretting wear, and some wear pits can be seen on the surface. 

At the boundary between the stick and gross slip regions, a smaller partial slip region is 

apparent. 

Figure 4.32(b) shows similar features in the area around the hole of the uppermost bolt 

of the lower plate for specimen C4-C50LR-150. Wear pits can be seen in the global slip 

region where fretting wear removed the coating. The coating remained attached to the 

surface in the stick region, but remained stuck to the upper plate when the sample was 

dismantled. At the boundary between the regions, cracks can be seen in the coating in the 

partial slip region.  

An SEM image of an area in the partial slip region of the upper plate for sample C8-

C50LR is shown in Figure 4.33. The partial slip region is not as evident as in Figure 4.21 

because specimen C8-C50LR-150 was subjected to 6 million fewer cycles than sample B3-

A325-150. The partial slip region of sample C8-C50LR-150 was located some distance 

away from the hole, where a number of micro cracks were nucleated, as shown in the higher 

magnification SEM image in Figure 4.34. These micro cracks had a mean length of 7 ɛm. 
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Additionally, surface damage and oxidised particles were found in the surrounding area 

caused by the relative slip. 

 (a) 

 

(b) 

 

Figure 4.32 Optical microscopic image of the stick-slip regions at the contact interface of: (a) sample C8-

C50LR-150 and (b) sample C4-C50LR-150. 

 
Figure 4.33 SEM micrograph of the boundaries of the partial slip region at the contact interface of sample 

C8-C50LR-150. 
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Figure 4.34 SEM micrograph of the partial slip region, showing a micro-crack on the surface of sample 

C8-C50LR-150. 

The displacements normal to the applied load (out-of-plane displacements) for sample 

C10-C50LR-150 are presented in Figure 4.35(a). The displacements increased initially 

before stabilizing after 480 fatigue cycles. The mean displacement of the upper plate was 

2.135 mm and the lower plate mean displacement was 2.12 mm. Consequently, there was a 

gap of 15 ɛm at the contact interface along the visible edge of the sample. 

The out-of-plane displacement field at the maximum load for sample C10-C50LR-150 is 

shown in Figure 4.35(b). The highest out-of-plane displacement was located at the top of the 

sample. The out-of-plane displacement along the bolt axis was approximately 2.7 mm, 

which is 0.23 mm higher than the sample assembled with HSB (B5-A325-150) in Figure 

4.23(b). The gap between the plates at the centerline of the bolt on the visible edge of the 

sample was 1 ɛm, which is seven times smaller than the sample assembled with A325 HSB 

(sample B5-A325-150). This is believed to be the result of the C50LR Huck tension control 

bolts having higher bolt preload than the A325 HSB. 

 

Micro crack 

Oxidised particles 
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(a) 

 
          (b) 

 

Figure 4.35 Maximum displacements in the x-direction measured in sample C10-C50LR-150. (a) Graph 

of the maximum, minimum and relative displacements in the upper and lower plates along the bolt axis; 

and (b) measured peak displacements in the x direction at the 777th cycle (mm). 

169 MPa stress range 

The displacements parallel to the applied load at points U1 and L1 for sample C14-

C50LR-169, which had a Class B surface finish with C50LR Huck tension control bolts 

with a higher stress range of 169 MPa, are shown in Figure 4.36(a). The displacements 

reached stabilized values around 580 fatigue cycles. The minimum displacement of the 

upper plate was 1.439 mm while that of the lower plate was 1.297 mm. This shows that 
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there was a permanent displacement of approximately 1.3 mm when the specimen was 

nearly unloaded, due to the settling-in of the sample. The minimum relative displacement at 

the 795th cycle was 0.14 mm, which corresponds to settling-in effects between the plates, 

similar to the specimens discussed above. 

(a) 

 

(b)                                                                                (c) 

   

Figure 4.36 Displacements parallel to the applied load (y axis) in sample C14-C50LR-169: (a) Graph of 

the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b) 

measured peak displacements at the 793rd fatigue cycle; and (c) displacements at the 795th fatigue cycle in 

the y direction (mm). 

0.0

0.5

1.0

1.5

2.0

600 650 700 750

y-
D

is
p

la
c
e

m
e

n
t 

(m
m

)

Upper plate displacements when
Maximum load was applied
Upper plate displacements when
Minimum load was applied
Lower plate displacements when
Maximum load was applied

120850 170850 220850 270850
Number of cycles

Lower plate displacements when Minimum load
was applied
Relative displacement when Maximum load was
applied
Relative displacement when Minimum load was
applied



106 
  

Between the 793rd and the 795th cycle, the amount of slip that occurred on the exposed 

surface of the specimen along the bolt axis over a cycle was 10 ɛm, which is believed to 

have caused fretting damage within the contact interface. The maximum and minimum 

displacements of the plates increased steadily over the first 300,000 cycles. Consequently, 

the relative slip between the plates during a cycle increased to 23 ɛm after 300,000 cycles. 

The relative displacement values are very similar to those of specimen B8-A325-169, 13 ɛm 

at the 823rd cycle, and 23 ɛm after 290,000 cycles. 

The distribution of the maximum displacements along the edge of the sample is shown in 

Figure 4.36(b), which is also similar to that of the sample assembled with A325 HSB 

(Figure 4.24(b)). The maximum displacement was located at the top of the upper plate. This 

distribution of displacements is consistent with the combined effects of slip and bending. 

The relative displacement at the contact interface at the bolt axis was 0.148 mm and at the 

top edge of the lower plate was 0.225 mm, respectively. These values are slightly lower than 

the sample B8-A325-169 (0.2 mm and 0.329 mm, respectively). 

The displacements caused in sample C14-C50LR-169 when the minimum load of the 

cycle was applied are shown in Figure 4.36(c). The distribution of the displacement field is 

similar to that observed for specimen B8-A325-169 in Figure 4.24(c), with lower values of 

displacement. The relative displacement at the bolt axis was 0.142 mm and at the edge of 

the lower plate was 0.217 mm. These displacements are lower than those of sample B8-

A325-169 (0.189 mm and 0.297 mm, respectively). These values probably correspond to the 

settling-in displacements of the sample. 

The axial normal strains along the visible edge of specimen C14-C50LR-169 when the 

maximum cyclic load was applied are shown in Figure 4.37(a). The maximum strain values 

occur in the upper plate and extend from the bolt axis close to the contact interface between 

the plates upward and slightly away from the interface. The peak strain value is at the top of 

the upper plate inside of the AOI and unlike the other specimens, the strain is also high at 

the bolt axis. Thus, this specimen had a different behaviour than sample B8-A325-169 

although the peak strain values at the top of the upper plate were similar.  
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                             (a) 

 

               (b)  

 

Figure 4.37 Bending analysis results in sample C14-C50LR-169: (a) Normal strains parallel to the 

applied load (y-axis); and (b) Curvature along the specimen edge in the upper plate. 

The curvature in the upper plate of sample C14-C50LR-169 along the visible edge is 

shown in Figure 4.37(b). In this case, the maximum curvature occurred along the bolt axis, 

which is different from that of sample B8-A325-169; the peak values are similar but they 

occur at different places. The reason for this is unknown. The higher values of curvature in 

Specimens B8-A325-169 and C14-C50LR-169 compared to Specimens B5-A325-150 and 

C10-C50LR-150 demonstrates that the secondary bending effect was more pronounced in 

specimens subjected to the 169 MPa stress range. Again, this explains why the fatigue life of 

specimens tested at the 169 MPa stress range fell well below the CSA S16-14 S-N curve. 
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The maximum curvature value was used to determine the bending moment value of    

122.47 kN-mm and a bending stress of 159.43 MPa. The total stress applied to the sample 

resulted in 328.44 MPa, which caused a low fatigue life. 

Optical microscopic images of the contact surface of sample C14-C50LR-169 in the 

region above the bolt hole are shown in Figure 4.38 and look similar to samples assembled 

with A325 HSB subjected to the 169 MPa stress range (Figure 4.26). Fretting wear and 

micro-cracks were found on the surface, the global and stick regions could be identified, and 

the partial slip region was located between them, as shown in Figure 4.38(a). For these 

images, the coating that was attached to the surface in the stick region was intentionally 

removed to inspect the area. In the partial slip region, a wear pit can be seen, which was 

caused by the stress concentration (tangential and normal forces) on the surface where 

cracks could have initiated. Also, fretting wear can be seen in the global slip region, caused 

by the high relative displacements. 

(a)  

 

(b)  

 

Figure 4.38 Contact interface of sample C14-C50LR-169: (a) Partial stick-slip regions above the hole; 

and (b) Partial stick-slip regions around the hole. 
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Figure 4.38(b) shows similar features on the contact surface around the hole of sample 

C14-C50LR-169. It can be seen that the surface in the stick region has suffered minor 

damage. The coating located close to the global slip region shows major damage but less 

severe than that of sample B8-A325-169 in Figure 4.26. The coating of the upper plate was 

attached to the coating of the lower plate in the stick region. Some surface damage was 

found along with ploughing lines parallel to the applied load, as shown in Figure 4.39. The 

large displacements caused by the 169 MPa stress range caused gross slip on the surface to 

produce the surface wear related damage. 

 

Figure 4.39 SEM micrograph of the gross slip region, showing fretting damage at the contact interface of 

sample C14-C50LR-169. 

The measured out-of-plane displacements for sample C14-C50LR-169 are presented in 

Figure 4.40(a). Both plates deflected by similar amounts, with maximum displacements in 

the upper and lower plates along the bolt axis adjacent to the interface of 3.176 mm and 

3.181 mm, respectively. The gap between the plates at the bolt axis was therefore 5 ɛm. As 

discussed before, if a similar gap existed within the sample (i.e. not only on the surface), it 

would be responsible for the reduced fretting damage at the contact interface. The higher 

out-of-plane displacements also increased the possibility of stress concentration sites at the 

hole, causing crack initiation and fracture in the form of bending fatigue. 
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(a) 

 

                                      (b) 

 

Figure 4.40 Displacements perpendicular to the applied load (x-axis) in sample C14-C50LR-169: (a) 

Graph of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt 

axis; and (b) measured peak displacements at the 795th fatigue cycle. 

The distribution of the maximum displacements and their values at various points in the 

area of interest are shown in Figure 4.40(b). The maximum out-of-plane displacement in 
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sample C14-C50LR-169 was similar to that of B8-A325-169 HSB (Figure 4.28(b)). A gap 

of 5 ɛm was present at the specimen surface near the first bolt, which was eleven times 

smaller than the gap present in the sample B8-A325-150 (58 ɛm). This is evidence that the 

tension control bolts were able to apply a higher pre-tension to the connection. Moreover, a 

gap of 50 ɛm was present at the top end of the lower plate, an observation consistent with 

secondary bending. 

An analysis was undertaken to better understand the secondary bending effect in samples 

with Class B surface and C50LR Huck tension control bolts. The secondary bending effect 

was similar to that observed for the samples assembled with Class B surface finish and 

A325 HSB. A schematic representation of the out-of-plane displacements measured using 

the DIC images for samples C10-C50LR-150 and C14-C50LR-169 are shown in Figures 

4.41(a) and 4.41(b), respectively. A small amount of rotation (twisting) (0.63° for sample 

C10-C50LR-150 and 0.77° for sample of C14-C50LR-169) was present along the axis of the 

first bolt of the assembled bolted specimens, which is also consistent with secondary 

bending. 

It can be seen from the above results that the specimens with Class B surface finishes 

were predominantly subjected to the combined effect of fretting fatigue and secondary 

bending. The bending effect resulted in stress concentration sites in the upper plate around 

and above the first bolt of the connection. The samples tested at the lower stress range levels 

(i.e., an applied fatigue load lower than half the yield stress), exhibited more fretting damage 

characteristics on the contacting surface. At higher stress range levels, the secondary 

bending effects were more dominant as compared to fretting fatigue behaviour and it is 

possible that the larger gaps between the plates at the higher load reduced the fretting 

effects. The reason behind the predominant bending failure for specimens with a Class B 

surface finish could be due to the coating on these contacting surfaces, which delayed 

fretting fatigue crack initiation long enough for crack initiation due to bending to occur. As 

the relative displacement between the contacting plate surfaces induced a frictional force, it 

caused fretting wear on the contacting surfaces, and the surface coating was removed in the 

gross-slip region. As fretting continued, it caused new microcracks to nucleate on the virgin 

uncoated surface. Even though the fretting continued to cause further damage on the 



112 
  

contacting surfaces, the secondary bending effect initiated a crack at the bolt hole due to the 

stress concentration sites and led to failure. 

(a) 

 

(b) 

 

Figure 4.41 Displaced shapes at maximum cyclic loads of samples tested with different stress ranges: (a) 

Sample C10-C50LR-150 at 777 cycles, and (b) Sample C14-C50LR-169 at 795 cycles. 

4.5.3 Class A surface: Fretting Fatigue  

Since both A325 HSB and C50LR Huck tension control bolt specimens with Class B 

surface finishes showed similar fretting fatigue features on their contact surfaces, it was 

assumed that specimens with the Class A surface finish and A325 HSB might also exhibit 

similar fretting fatigue behaviour at the contact interface. The results confirmed that 

specimens with a Class A surface finish and A325 HSB experienced fretting fatigue failure.  

In these samples, crack initiation took place due to severe fretting damage at the contact 

interface and then the cracks propagated to final failure. Although the relative displacements 

were not measured using the DIC technique for these samples, based on the stereo 

microscope and scanning electron microscope (SEM) images, the slip behaviours were 

likely similar to Class B surfaces. The contact interface was examined to analyse the fretting 
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phenomenon (fretting wear, slip behaviour, surface micro cracks) and the fractured surface 

was analysed to understand the crack initiation and crack propagation behaviour.  

Two samples, A10-A325-150 and A12-A325-150, were selected for analysing the 

fretting fatigue failure behaviour; photographs of the contact surfaces after failure are shown 

in Figure 4.42. The area around the first and the sixth hole of the plates suffered severe 

fretting damage, while the contact interface between the second and the fourth holes 

experienced less surface damage.  

The surface characteristics of the specimens with Class A surface finish and A325 HSB 

were very similar. Due to the applied bolt preload, the contacting surfaces exhibited stick, 

partial slip and global slip regions, as shown in Figure 4.43(a). The stick regions around the 

hole experienced minimal surface damage due to fretting. However, the partial stick-slip 

regions, located a certain distance away from the first hole, exhibited severe surface damage 

and fretting wear (Figures 4.43(a) and (b)).   

 
Figure 4.42 Contact interface of samples A10-A325-150 and A12-A325-150 after fretting fatigue failure. 

Figure 4.43(c) shows the contact interface of Sample A10-A325-150 in the vicinity of 

the failure surface. The cracks nucleated at multiple locations away from the bolt hole due to 

fretting. The nucleation of microcracks was the result of a higher frictional force at the 

boundary between the stick and global slip regions (i.e. in the partial stick-slip region). The 
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higher frictional forces induced stress concentration sites around the stick-slip regions and 

promoted the nucleation of multiple microcracks. These microcracks coalesced into a 

leading crack before initiating final failure. 

(a) 

 

(b) 

 

(c) 

 

Figure 4.43 Optical images of fretting fatigue damage: (a) Fretting fatigue damage in sample A8-A325-

136; (b) Fretting failure of sample A12-A325-150, and (c) Contact surface of sample A10-A325-150 near 

the location of fracture. 

The partial slip-stick regions of different specimens made with Class A surface finish 

were identified in the optical microscopic images shown in Figure 4.44. The images show 

the area above the uppermost hole of each lower plate that was in contact with the upper 

plate where fretting fatigue failure occurred. Samples A10-A325-150 and A11-A325-150 (in 

Figures 4.44(a) and 4.44(b), respectively) show the most damage on the surface due to the 

higher applied load and higher stress concentration in the partial slip region. The global slip 

region in both samples is covered by debris caused by the relative slip between the plates, 

whereas the stick region in both specimens shows no apparent damage. Multiple crack 

initiation sites and final fracture occurred in the partial slip regions in the upper plate. 
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(a)  

 

(b)  

 

(c)  

 

(d)  

 

Figure 4.44 Partial slip-stick regions of fretting fatigue damaged surfaces: (a) Sample A10-A325-150; (b) 

Sample A11-A325-150; (c) Sample A7-A325-136; and (d) Sample A2-A325-122. 

Figure 4.44(c) shows the surface of sample A7-A325-136, which was subjected to the 

stress range of 136 MPa and had a fatigue life of 2.6 million cycles. The surface damage in 

the global slip region was severe in the form of fretting wear pits. The stress concentration 

in the partial slip region was lower than in specimens subjected to the 150 MPa stress range. 

Similarly, the stress concentration in the partial slip region of sample A2-A325-122, which 
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