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1 Introduction 16 

Several mechanical assemblies use bolted joints. A significant advantage of bolted joints is that they 17 

can be easily assembled and disassembled. When a joint undergoes oscillatory loads the contact 18 

interfaces experience a relative motion. Friction forces induced by this relative motion exhibit 19 

nonlinear behavior with hysteresis. Different regimes can be observed during oscillatory motion [1]. In 20 

the stick regime, the relative displacement between the contact surfaces is very small and the tangential 21 

force depends almost linearly on the relative displacement. In the gross-slip regime, displacements are 22 

large and the tangential force is saturated to the maximum friction force. The transition between the 23 

stick and the gross-slip regime is denoted as microslip. The tangential force does not vary linearly with 24 

displacement and is lower than the maximum friction force. 25 

 26 

Hysteresis depends on contact conditions, affects the dynamic behavior of the joint and results in 27 

energy dissipation [2]. Hysteresis loops, namely the tangential friction force as a function of the 28 

relative displacement, can be replaced with a simplified model of friction contact [3-6]. These friction 29 

models can be combined with dynamic analysis to simulate the nonlinear dynamics of structures with 30 

bolted joints. In these models, two major issues need to be addressed: (i) the accurate reproduction of 31 

the friction nonlinear behavior, and (ii) a precise calculation of contact parameters (tangential contact 32 

stiffness and friction coefficient). A good calibration of these contact models depends on accurate 33 

measurement of the hysteresis loops using precisely controlled experiments. In this way, the 34 

development of an innovative experimental technique can advance understanding of the behavior of 35 
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the bolted joint interfaces. Consequently, more reliable models can be used to simulate the nonlinear 36 

dynamics of bolted joint structures.  37 

 38 

Previous experimental research on the nonlinear behavior of bolted joints has determined damping 39 

characteristics through the structural dynamic response [7-9]. Interface damping is often identified 40 

according to the experimental frequency response functions. More recently, an experimental 41 

investigation into friction damping has focused on the direct measurement of friction behavior. Gaul et 42 

al. [10, 11] developed an experimental setup to measure the response functions and the damping 43 

characteristics of a bolted joint placed between two lumped masses. This setup is a resonator in which 44 

the relative motion between joint interfaces is excited by its longitudinal vibration mode. The inertia 45 

force of the free end mass is regarded as the tangential friction force transmitted over the joint interface. 46 

Sandia National Laboratories [12] utilized a similar idea and proposed a resonant apparatus. In these 47 

two experimental devices, the excitation imposed by electromagnetic shakers cannot excite any 48 

vibration modes other than the desired longitudinal mode. Abad et al. [13, 14] did experiments to 49 

study the friction behavior of bolted joints with a quasi-static excitation imposed by a universal testing 50 

machine. Eriten et al. [15] developed a lap joint fretting apparatus to measure hysteresis loops and 51 

contact parameters of bolted joints and studied the influence of normal preload, maximum tangential 52 

displacement, and material on the joint parameters. This apparatus employs a piezoelectric actuator 53 

with a closed-loop control to provide oscillatory motions of the lap joint. Also, some researchers [16, 54 

17] have performed experiments on the interface friction behavior of bolted joints under torsional 55 

loading. In [16] it was found that decreasing the bolt preload the hysteresis loop changed from an 56 
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elliptical shape to a distorted four-sided polygon. Increasing the angular amplitude, the hysteresis 57 

loops became shaped like parallel hexagons. This behavior was explained by the authors as being 58 

caused by the relative slippage between the contact threads [17]. 59 

 60 

In general, three variables need to be measured in fretting friction experiments, i.e. the tangential 61 

friction force, the tangential relative displacement between contact surfaces, and the normal preload. 62 

Contact stiffness, namely the slope of the hysteresis loop at the stick stage, and the friction coefficient, 63 

that is the ratio of the tangential force over the normal preload at the gross-slip stage, can both be 64 

extracted by the variables measured. 65 

 66 

The tangential relative displacement is generally very small, less than 100 microns, and requires a very 67 

accurate measurement method. Gaul et al. [10, 11] and Sandia National Laboratories [12] used 68 

frequency domain integration techniques to obtain the tangential displacement from measured 69 

acceleration data. However, the inevitable noise in measured data may introduce errors in the 70 

integration process. In [10-12] the tangential friction force was measured with an accelerometer 71 

located on the lumped mass at the remote end of the shaker. Kartal et al. [18] employed Digital Image 72 

Correlation (DIC) to determine the relative displacement of the contact interfaces. The accuracy of the 73 

measured displacement largely depends on the resolution and size of the selected images. Eriten et al. 74 

[15] employed a single Laser Nano Sensor and a small mirror to measure the tangential displacement 75 

of the joint specimen at the moving end. However, the motion of the specimen at the fixed end was 76 

considered negligible assuming high rigidity at that location. The tangential friction force was 77 
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 99 

The paper is organized as follows. Section 2 describes the developed test apparatus and introduces 100 

the measurement method of hysteresis loops in detail. Section 3 analyses the repeatability of test 101 

results and the effect of bolt preload, and excitation amplitude on measured hysteresis loops and 102 

contact parameters. Section 4 models the contact between the bolted joint to simulate the tangential 103 

force/relative displacement relationship. Results from the numerical simulation are validated with the 104 

measured data. Section 5 highlights the accuracy and reliability of the test apparatus. 105 

 106 
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2 Experimental apparatus 107 

2.1 Description of the test apparatus 108 

An overall view of the rig is depicted in Fig. 1. A leaf spring (7) is clamped between two C-shaped 109 

half-frames (5) and (12) by tightening two bolts (1). The two half-frames are machined from a 110 

monolithic steel block and make up the frame of the rig. The frame forms an O-shaped closed gate so 111 

that all the internal forces are self-balanced. A piezoelectric actuator (17) is connected to the left side 112 

of the leaf spring. The actuator displaces the leaf spring with an oscillating motion that is transmitted 113 

to a moving specimen (15). The moving specimen is connected to the right side of the leaf spring 114 

with two M6 bolts (8). A fixed specimen (10) is attached to one end of the load cell (13). The other 115 

end of the load cell is borne by the right support of the frame. The contact surfaces of the moving and 116 

fixed specimens are brought into contact with a M6 bolt (14). A force washer (9) is used to measure 117 

the bolt preload and to monitor its variation in real-time. The relative displacement between the fixed 118 

and moving specimens is measured using a laser vibrometer, as shown in Fig. 2. The contact surfaces 119 

and the axis of the load cell are carefully aligned so that the load cell measures the tangential contact 120 

force with great accuracy. The test apparatus is placed on an optical vibration isolation table to 121 

reduce the effects of external vibrations on the measurements. Specimens can be assembled without 122 

disassembling the excitation system, which greatly reduces the overall assembly time (no more than 123 

20 minutes). 124 
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 125 

Fig. 1. Sketch of the developed test apparatus and main components. 126 

 127 

Fig. 2. Photograph of the test apparatus and details of the measuring system. 128 

 129 

The fretting test apparatus consists of three subassemblies, namely the excitation system, the 130 

measurement system and the specimens, that are described in the following. 131 
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 132 

2.2 Excitation system 133 

The excitation system consists of a piezoelectric actuator (17), driven by a signal generator and a 134 

power amplifier. The piezoelectric actuator (PSt150/14/100VS20, Coremorrow Inc.) is preloaded. 135 

The piezoelectric actuator is closed-loop controlled by a servo controller (E-509.x1, Physik 136 

Instrument Inc.) through an integrated position feedback sensor. In the fretting rig the controlled 137 

variable should be the relative displacement between the contact surfaces but this closed-loop control 138 

has not been implemented yet. The actuator was driven using its calibration curve that gives the 139 

relationship between the displacement of the actuator and the input voltage. Piezoelectric actuators 140 

cannot be loaded with shear forces that could lead to a premature failure. Therefore, an uncoupling 141 

system has been devised. This uncoupling system consists of two adapters (4) and (6) placed at both 142 

ends of the actuator, as shown in Fig. 3. A steel sphere (16) is located between the adapter (4) and the 143 

leaf spring, while another steel sphere is located between the adapter (6) and the knob (3). Both 144 

spheres are embedded in spherical grooves. The point contact transmits normal load, but it cannot 145 

transmit shear or bending loads. A preload is applied by screwing the knob to avoid losing contact 146 

between the spheres and their counterparts. The magnitude of this preload does not affect the 147 

measured results.  148 

 149 

Fig. 3. Scheme for protecting the piezoelectric actuator. 150 
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 151 

If the actuator is displaced along the transverse direction the contact angle between the sphere and the 152 

groove changes and gives a counter-reaction. This counter-reaction, that is opposite to the 153 

displacement, is enough to keep the piezoelectric in the right position if the transverse displacement is 154 

small. The leaf spring, see Fig. 4, drives the longitudinal motion and minimizes the transverse 155 

displacement. To avoid resonances the leaf spring was designed so that its natural frequencies are 156 

higher than the operating frequency of the rig. However, the leaf spring cannot be too stiff, because 157 

in that case the actuator is not able to displace the moving specimen up to the gross-slip regime. 158 

Therefore, the leaf spring was designed with a stiffness equal to 5% of the actuator stiffness (40 159 

kN/mm) and with a first natural frequency of about 215 Hz. The overall resonance of the rig is far 160 

from the nominal operating frequency (25 Hz) and the leaf spring is soft enough to allow the 161 

piezoelectric actuator to displace the moving specimens up to gross-slip regime. 162 

 163 

Fig. 4. Sketch of the leaf spring and schematic of the front and back sides. 164 

2.3 Measurement system 165 

A dynamic load cell (1061V2, Dytran Instruments Inc., full-scale ±2224 N with 2.25 mV/N 166 

sensitivity) measures the tangential friction force. A force washer (KMR/20 kN for M6 bolt, HBM 167 

Inc., 1.7 mV/V sensitivity) measures the bolt preload. A DC power supply (GPD-3303S, GW Instek 168 

Inc.) feeds the force washer with 2.5 V DC voltage. A high-precision 5.5-digit digital multimeter 169 




















































