
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



 
 

 
 

 

A HYBRID APPROACH FOR QUANTITATIVE 

EVALUATION OF RESIDUAL TORQUE OF 

LOOSE BOLTS IN BOLTED JOINTS USING 

PASSIVE AND ACTIVE ACOUSTO-

ULTRASONICS:  

THEORY, SIMULATION AND EXPERIMENTAL 

VALIDATION 
 

ZHEN ZHANG 

 

Ph.D 

 

The Hong Kong Polytechnic University                             

This programme is jointly offered by 

The Hong Kong Polytechnic University and  

Tongji University 

 

2018 



 
 

 
 

 

The Hong Kong Polytechnic University                             

Department of Mechanical Engineering 

Tongji University 

School of Aerospace Engineering and Applied Mechanics 

 

A Hybrid Approach for Quantitative Evaluation of 

Residual Torque of Loose Bolts in Bolted Joints 

Using Passive and Active Acousto-ultrasonics:  

Theory, Simulation and Experimental Validation 
 

Zhen ZHANG 

 

A Thesis Submitted in Partial Fulfillment of the Requirements  

for the Degree of Doctor of Philosophy 

 

 

June 2017 

 

 



CERTIFICATE OF ORIGINALITY 

I hereby declare that this thesis is my own work and that, to the best of my knowledge 

and belief, it reproduces no material previously published or written, nor material that 

has been accepted for the award of any other degree or diploma, except where due 

acknowledgment has been made in the text. 

 (Signature) 

ZHANG      Zhen          (Name of student) 





 
 

i 
 

ABSTRACT 

 

 

Bolted joints are one of the most common elements to assemble structural components 

for engineering assets. To sustain structural integrity, cut down maintenance cost, and 

extend service lives of bolted structures, it is highly desirable to characterize bolt 

loosening in engineering structures as accurately as possible when the bolt loosening 

is still at its embryo stage. To serve the task of detection of bolt loosening, a diversity 

of nondestructive evaluation (NDE) and structural health monitoring (SHM) 

approaches have been well developed, based on the use of linear and nonlinear 

features of acousto-ultrasonics.  

 

In this Ph.D. study, theoretical analyses are firstly conducted to correlate the 

linear/nonlinear features of acoustic waves to the residual torque of a loose joint, 

which facilitates understanding of the detection philosophy of bolt loosening. 

Subsequently, bolt loosening-related linear/nonlinear indices are established using the 

linear and nonlinear features of acousto-ultrasonics. Specifically, for the linear passive 

acoustic method using acoustic emission (AE), microcontact theory is used to derive 

a qualitative relationship between extracted AE parameters and contact conditions at 

the interface of a joint. In the active linear acoustic method using vibration modal 

parameters (VMP), resonant frequency and damping ratio are theoretically linked to 
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the tightening status of a joint. In the active acoustic method using wave energy 

dissipation (WED) of GUWs, a linear index is defined based on WED to identify the 

tightening condition of multi-type (e.g., single-lap, cross-lap and hybrid lap) bolted 

joints. Given the necessity of identifying early bolt loosening in the multi-type joints, 

three nonlinear indices are constructed theoretically using the magnitudes of SOH, 

TOH and modulated sidebands. 

 

To validate the theoretical development, the proposed indices using linear and 

nonlinear acoustic features, are comparatively adopted to detect bolt loosening in both 

aluminum-aluminum (Al-Al) and composite-composite (C-C) bolted joints.   

 

Two detection strategies-the active and passive linear feature-based methods are 

firstly adopted to evaluate the tightening status of the joints. In the passive method, 

intrinsic mode functions (IMFs) of acoustic emission (AE) signals, are used to 

evaluate the tightening condition of the joints quantitatively. Experimental results 

reveal that vibration loosening of composite joints results in an increase in the energy 

ratios of high-frequency IMFs, on which basis the detectability of the AE-based 

evaluation is further improved, making it possible to evaluate the tightening condition 

of a bolted joint under vibration fatigue. In the active method regarding bolt loosening 

identification using vibration modal parameters, damping ratio is found more sensitive 

to bolt loosening compared to resonant frequency. However, these two parameters are 

not capable of evaluating the residual torque of a loose joint at the early stage. In the 

acoustic method using linear propagating features of GUWs, the defined WED-based 

linear index is comparatively employed to evaluate the residual torque in three types 
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of Al-Al joints. As the applied torque increases, such a linear index is found to increase 

in a single-lap joint while decrease in a cross-lap joint. The defined WED-based linear 

index fails to predict the residual torque of hybrid-lap and composite bolted joints. 

The detectability of this linear acoustic method in bolt loosening is improved by 

minimizing the effect of boundary reflection, but still in a limited range. 

 

To circumvent the deficiency of the use of linear signal features of GUWs, nonlinear 

acoustic features, including SOH, TOH and sidebands, are recalled. The independence 

of the CAN-based nonlinear indices regarding the excitation intensities and their 

efficiencies in bolt loosening detection including the early stage are investigated 

through experiments in both Al-Al and C-C bolted joints. To observe that the 

sensitivity of the nonlinear index constructed from magnitudes of modulated 

sidebands persists throughout the whole torque range from fully fastened to fully loose. 

Moreover, the detectability of such a nonlinear index is found to be independent of 

joint configurations and joining materials, showing enhanced applicability regarding 

bolt loosening evaluation compared to the linear index. Nevertheless, nonlinear 

indices constructed from magnitudes of SOH and TOH, are found only capable of 

evaluating the residual torque of joints when the applied torque exceeds certain values.  

 

Last, for facilitating an enhanced comprehending of generation mechanisms for 

modulated sidebands and of quantitative dependence of sideband magnitudes on the 

residual torque of the bolt, numerical simulation of the VAM-based method regarding 

detecting bolt loosening in both Al-Al and C-C single-lap bolted joints is 

comparatively conducted. Numerical results obtained from the modified contact 
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model is found highly consistent with those of experimental data. Based on this, the 

occurrence and increase in response magnitudes of modulated sidebands due to 

deterioration of bolt loosening are theoretically attributed to a decrease in the linear 

contact stiffness along with an increase in the nonlinear contact stiffness.  

 

Conclusively, through theoretical modeling, numerical simulation, and experimental 

investigations, a series of SHM techniques for identifying bolt loosening in multi-type 

bolted joints are developed in this thesis based on linear and nonlinear attributes of 

acousto-ultrasonics. The presented study provides a reliable theoretical foundation, 

relying on which numerical analysis can be accurately conducted to facilitate the tasks 

of bolt loosening characterization in a variety of bolted structures. 
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Introduction 

 

 

 

1.1. Research Background and Motivations 

Bolted joints are ubiquitous in engineering assets, playing a critical role in transferring 

loads among interconnecting components. The past decades have witnessed an 

escalation of using bolted joints as a basic building block in complex engineering 

structures. To meet the demand for design and maintenance, multi-type bolted joints, 

including cross-lap [1, 2] and single-lap [3], are widely employed to assemble 

different functional components in the engineering structures. For instance, 

approximately 3 million fasteners are adopted to assemble more than 130,000 unique 

engineered parts in a Boeing 777 airplane [4]. Composite material has been used as a 

new generation of advanced material in varied industrial fields, such as aerospace, 

automobile and marine engineering, thanks to its various advantageous properties, 

including the high strength- and stiffness-to-weight ratio, excellent resistance to 
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fatigue and shock, and satisfactory designability [5]. Addressing these merits, there 

has been an increased preference in assembling composite structural components 

through bolted joints [6], so as to streamline manufacturing and enhance structural 

load-carry capability. 

 

Components consisting of metallic and composite materials are assembled together 

using bolts by the compressive force (the tightening force) produced in the joining 

materials and by the tensile forces (the bolt axis force) generated due to the elongation 

of the bolt under external applied torques. The above two forces fastening the 

components together are generally termed as a pretension force. The process in which 

a decrease occurring in the pretension force due to some certain reason is what so- 

called bolt loosening. Specially, self-loosening can be described as a gradual loss of 

the pretension force in a bolted joint under a transverse cyclic load [7].  

 

Throughout the service life of a bolted joint, a wide array of diatheses, including 

mainly cyclic loads, inappropriate manipulation and structural ageing, can initiate and 

accelerate the process of bolt loosening. The progressive accumulation of bolt 

loosening can considerably downgrade structural integrity and durability, potentially 

resulting in bloody loss of life and immense monetary wastage if not duly detected [8-

11]. To put it into a perspective, approximately 20% of failure cases of mechanical 

systems each year worldwide are reported to be caused by the self-loosening of 

threaded bolts or fasteners. Besides, over 10% of the lifetime of a mechanical system 

is associated with the detection and rectification of bolt loosening or related risks [12]. 

Every third week, a dropped object incident caused by bolt failures occurs on Oil & 
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Gas installations on the Norwegian Continental Shelf, and 25% of these bolted 

structures are required to be re-tightened every year [13]. In the United States, wheel 

detachments cause about 20 reported accidents per week and approximately 50% of 

these failures are found to be caused by loose nuts of wheels. A further survey among 

the automobile service managers indicated that 23 % of all service problems were 

attributed to loose fasteners/bolts, with even 12 % of new cars being found to contain 

loose fasteners/bolts. In 1991, a Continental Express Embraer 120 break up in flight 

and all 14 people aboard were killed. 47 missing fasteners along the horizontal 

stabilizer were found to be the reason. In the subsequent inspection, 25 % of 767 

model airplanes which had flown more than 25,000 hours were found to have loose 

or missing fasteners [14]. The train derailing in February 2007 near Lambrigg was 

reported as a direct consequence of a loose nut of wheel [15]. In July 2013, a metal 

moved to the middle of the track, caused by a loose connector, preventing the rolling 

stock from passing through, caused France's worst rail crash [16].  

 

A joint would not lose all the pretension force immediately but with a complicated 

loosening process manifested as a time-dependent behavior [17]. At the first step, a 

slow loss of pretension force occurs and vibration gradually increases the degree of 

bolt loosening through wearing and hammering at the contact interfaces. At the second 

step, once friction forces between the contact surfaces drop below a critical level, 

caused by the loss in the pretension force and surface damage, the nut starts to back 

off, followed by a relative motion between the nut and bolt. Generally speaking, there 

exist two main types of relative motion during the process of bolt loosening of a joint: 

one is the relative motion between the nut and bolt, and the other is the one between 
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the fasteners (i.e., nut/bolt) and joining material. Three factors can be responsible for 

the occurrence of relative motion in a bolted joint [18-21]: 

1. Plastic deformation of threads: 

A variety of experimental investigation and finite element (FE) analysis have been 

conducted to investigate the mechanisms of self-loosening of a bolted joint at an early 

stage [7]. The FE results indicate that the occurrence of local cyclic plasticity near the 

roots of threads can lead to cyclic strain ratcheting. The localized cyclic plastic 

deformation results in a redistribution of stresses in the bolt, and consequently causes 

a decrease in the pretension force over loading cycles. 

 

2. Interfacial slip induced by dynamic loading: vibration, torsion and impact: 

Vibration-induced loosening of a bolted joint can be attributed to a reduction in 

interfacial friction [22], which results in slip behavior at the interface between the nut 

thread and bolt head. When a joint is subject to a dynamic loading, during which force 

transform between assembled components implemented by grip friction, the relative 

motion between thread flanks and other contact surfaces may exceed the restriction of 

the friction force between the assembles. The resultant transverse slip at the contact 

interface drives the bolt to undergo a pendulum movement. Once the magnitude of 

such movement is large enough, slip of the nut or bolt head occurs. This leads the joint 

to be free of friction in the circumferential direction and accelerates the process of bolt 

loosening. 

 

Similarly, loosening of threaded fasteners subject to dynamic loads is reported to 

result from the occurrence of slip [23]. Localized slip at the contact interfaces is 
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concluded to be responsible for loosening of the fasteners. The minimum shear load, 

which is required to initiate loosening of fasteners, is significantly lower than that 

required to cause complete slip of thread head.  

 

Along the same line of thinking, self-loosening of a bolt can also be attributed to 

microslip occurring at the contact surfaces between the curvic, thread and bolt head 

[24]. When a joint is subject to cyclic transverse load, rotation of the nut is caused by 

localized slip without complete slip at the contact interface between the bolt head and 

thread surface. However, the curvic surface undergoes complete slip under all external 

loads. The microslip occurring at the contact interfaces is identified to be responsible 

for self-loosening of a curvic coupling joint.  

 

3. Creep and stress relaxation caused by viscoelasticity of joining materials: 

For a bolted composite joint, besides the above two causes, viscoelasticity of polymer 

should be taken into account when considering the mechanisms of its bolt loosening. 

Generation of the pretension force in a bolted composite joint is distinct from that in 

a metallic joint and it is related to the properties in the thickness direction [25, 26]. 

Due to a lack of reinforcement, polymer matrix, which possesses with viscoelastic 

behaviors, governs the structural response of a composite joint in the thickness 

direction. Therefore, composites often exhibit creep and relaxation behaviors (i.e., 

viscoelastic behaviors) in the thickness direction even at room temperature. From the 

comparison of preload relaxation between steel and composite joints in a duration of 

30 h, about 1/3 of preload relaxation in a composite bolted joint is reported to be 

caused by viscoelastic behaviors of the polymer matrix. This behavior is magnified 
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when a composite structure with bolted joints is exposed to high level of moisture 

and/or temperature. For instance, the creep behavior of bolted composite structures in 

an aircraft caused by aerodynamic heating usually leads to excessive deformation and 

creep rupture during the intended lifetime of the joints. Relaxation of clamping force 

in a double-lap graphite/epoxy bolted joint at different steady-state temperatures and 

moisture conditions for a 100-day duration reveals that the rate of relaxation increases 

for the joint under high temperature and moisture [27]. Bolt loosening of a composite 

joint under high temperature is a comprehensive consequence of creep of the gasket 

and joining materials along with the flange materials [28]. Therefore, determination of 

allowable bearing strength of a composite joint entails considering the effect of 

viscoelasticity in the thickness direction of composites, especially for the joints 

designed for a long-term use.  

 

The various failures caused by bolt loosening, and especially those in critical load-

bearing joints [29, 30], have posed an impending need for periodic inspection and 

continuous surveillance of leftover torque of bolts. Timely inspection and effectual 

monitoring, not only during installation of bolts or fasteners but also throughout their 

intended service life, is needed urgently to secure the integrity of the joints, and to 

drive down the risk of drastic system failure. However, the prevailing inspection and 

monitoring techniques nowadays to serve this purpose are still restricted by visual, 

tapping inspection and retightening, which are usually conducted at regularly 

scheduled intervals. During the visual and tapping inspection, to interrupt the regular 

operation of the system temporarily, or in some cases to remove the bolted 

components is usually required. Such interruption or removal processes are usually 
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labor-intensive and time-consuming. In addition, due to the usage of large amount of 

bolts in engineering structures, retightening process of all the employed bolts requires 

a frequent periodic maintenance and always involves in a vast number of maintenance 

personnel, introducing exorbitant cost. On top of this, such a maintenance philosophy 

is fairly dependent on the experience and knowledge of the maintenance personnel 

and prone to human error. 

 

In this backdrop, efforts have been cast in developing reliable and cost-friendly 

methods to detect bolt loosening using nondestructive evaluation (NDE) and structural 

health monitoring (SHM) technique. To prevent catastrophic structural failure, NDE 

methods have been widely employed on a routine schedule to detect damage in 

engineering structures. In conjunction with the use of multi-functional advanced 

transducers, the detection philosophy of most NDE methods is based on comparison 

of signal characteristics extracted from captured signals, whereby to establish a 

quantitative relation between changes in signals and occurrence and severity of 

damage. Nevertheless, as mentioned earlier, most NDE-based approaches are 

intended to be conducted on the routine schedule, disregarding progressive 

deterioration and changes in working condition of the detected structure (i.e., non-

condition-based). For instance, the separation of the vertical stabilizer from Flight TS 

961 in 2005 occurred only five days after its latest routine A-check, while the next 

major C-check was scheduled for one year later [31]. Therefore, non-conditioned-

based NDE methods are not effectual enough to avoid potential structural failure 

which may occur without a timely warning.  

 



 
The Hong Kong Polytechnic University     Ph.D. Thesis 

 

8 
 

To circumvent the limitation of traditional NDE methods, condition-based NDE 

technique was first proposed at early 1990s. By taking into account actual operational 

conditions and structural aging, it attempts to provide a more robust solution to 

structural damage detection. With this, maintenance schedules can be updated over 

time to secure the most efficient inspection. With development and breakthroughs in 

signal processing, sensor technology and informatics, SHM technique, aimed at 

implementing an on-line damage detection strategy without terminating normal 

service of a civil, aerospace and mechanical engineering structure, has been proposed 

and widely studied. Generally, an SHM system consists of a sensor network including 

both actuators and sensors, a data acquisition system, and a data processing unit. It is 

noteworthy that a SHM technique aims to achieve real-time and condition-based 

monitoring of the overall integrity of the structures during their normal operation, with 

the superiority of entailing no operational disruption. It has been demonstrated that an 

effectual SHM system may reduce the overall maintenance cost of an aircraft by over 

30% [32]. To best serve the purpose of SHM, transducers (i.e., actuators and sensors) 

should be capable of being permanently embedded in or mounted on the monitored 

structure.  

 

A SHM problem is concluded as a statistical pattern recognition paradigm, which 

contains four main process [33]: (1) operational evaluation, (2) data acquisition, 

fusion and cleansing, (3) feature extraction and information condensation, and (4) 

statistical model development for feature recognition. At a sophisticated level, SHM 

should be hierarchically conducted, with increasing levels of difficulty [34]: (1) 

qualitatively indicate the occurrence of damage; (2) quantitatively identify the 
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position of damage; (3) quantitatively estimate the severity of damage; and (4) predict 

residual life of the monitored structure. 

 

During monitoring of an extreme event, such as an earthquake or a fast propagating 

crack, SHM is intended to provide real-time and reliable information about the current 

performance and to predict the subsequent integrity of the structure. For long-term 

SHM in particular, its output information should be timely updated regarding the 

durability of the monitored structure including material aging, damage accumulation 

caused by an external loading and operational environment [35].  

 

Towards the detection of loosening of bolts in jointed structures, both the passive and 

active acoustic methods using linear features of GUWs and vibration signals based on 

SHM and NDE techniques, have been developed and deployed by exploring the 

changes in signal features between the benchmark signal (from healthy condition) and 

the inspected signal (from current condition). As a representative passive linear 

acoustic method, acoustic emission (AE) is reportedly sensitive to microscopic events 

presenting in a material, with a widespread application in monitoring engineering 

structures [36]. The sensors are not required to be arranged closed to the exact location 

of the source when using the AE technique, which facilitates the development of a 

remote SHM system. This outperforms most NDE techniques, for instance pulse-echo 

ultrasonics, radiography, or eddy current, which all require 100% volumetric scanning 

for damage detection [36]. Therefore, AE method is more effectual than these 

traditional NDE techniques in terms of inspection time and preparation, resulting in 

cost savings. In an active linear acoustic method, wave signal features such as the 
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delay in time-of-flight (TOF), wave energy attenuation (WED) and mode conversion 

can be exploited to the detection of bolt loosening. These signal features, to a certain 

extent, show linear correlation with damage parameters, and are therefore referred to 

as linear features of acousto-ultrasonics in this study. However, at an embryo stage, 

bolt loosening is similar with micro-scale cracks and can hardly induce phenomenal 

changes in linear signal features. One can increase the frequency of incident GUWs to 

reach a higher sensitivity. But this will introduce additional complexity in the 

appearance of signals due to dispersive properties of GUWs at high frequencies. 

Moreover, GUWs propagating in composite structures exhibit complex dispersion 

behaviors and serious attenuation effect, which leads to further increased difficulty in 

signal acquisition involving additionally tedious tasks in frequency selection and 

signal processing, etc. To overcome above deficiencies and achieve an effectual 

detection, there has been an increased preference to adopt nonlinear acoustic 

approaches, based on the generation of high-order harmonics (HOH) and modulated 

sidebands. Motivated by this, to reap respective merits and in the meantime 

circumvent demerits of each method using linear and nonlinear features of acousto-

ultrasonics, the present study is dedicated to developing a reliable SHM system for the 

evaluation of tightening status of bolted structures with a combined use of linear and 

nonlinear acoustic methods.  

 

At this moment, the accuracy of current NDE and SHM technique regarding bolt 

loosening detection at an early stage is limited, mainly due to a lack of investigation 

of generation mechanisms of linear and nonlinear wave features caused by asperity 

contacts in the mating parts of joints. In this study, the reliance of linear and nonlinear 
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wave features of acousto-ultrasonics on the asperity contacts in the micro perspective 

at contact surfaces in bolted joints is investigated. On this basis, a quantitative 

evaluation of residual torque of loose joints with different joint configurations and 

joining materials, using linear and nonlinear features of acousto-ultrasonics, is 

proposed in this thesis, featuring a multi-scale analysis with both theoretical and 

experimental studies. The objectives of this thesis can be concluded as 

• Study interaction mechanisms between acousto-ultrasonics and rough contact 

surfaces of joints; 

• Compare performance of linear and nonlinear features of acousto-ultrasonics 

in continuous monitoring of bolt loosening; 

• Develop effective methods for early bolt loosening detection for multi-type 

joints and propose solutions to bolt loosening detection in real engineering 

structures. 

 

1.2. Scope of the Thesis 

In this Ph.D. thesis, a monitoring framework for detecting bolt loosening in a bolted 

joint, regardless of the material properties and joint configurations of the joint, is 

developed theoretically and experimentally, with a hybrid use of linear and nonlinear 

acoustic methods. To facilitate a better comprehending of the detection philosophy of 

bolt loosening, residual torque of a loose joint is theoretically correlated with the linear 

and nonlinear features of GUWs and vibration signals. Subsequently, bolt loosening-

related linear/nonlinear indices are established using the linear and nonlinear features 

of acousto-ultrasonics. To validate the theoretical development, the proposed indices, 
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using linear and nonlinear features of acousto-ultrasonics, are comparatively adopted 

to detect bolt loosening in both aluminum-aluminum (Al-Al) and composite-

composite (C-C) bolted joints with different joint configurations.   

 

The chapters are organized in the order of theoretical interpretation and experimental 

validation. A brief literature review on acousto-ultrasonics for detection of bolt 

loosening is presented in Chapter 2. Firstly, for the passive linear acoustic method, 

the mechanism of generation of AE and its current applications are introduced. 

Subsequently, in the active linear acoustic method, a variety of linear signal features 

extracted from GUWs and vibration signals for damage detection, including bolt 

loosening, are introduced. Emphasis is placed on the nonlinear features, especially 

HOH and modulated sidebands of acousto-ultrasonics, for the identification of small-

scale damage, such as early-stage fatigue cracks and bolt loosening. The comparison 

of sensitivity between linear and nonlinear feature-based methods facilitates the 

understanding of advantage of the latter one in terms of under-sized damage detection, 

including early bolt loosening. 

 

Chapter 3 presents theoretical fundamentals for both linear and nonlinear acoustic 

methods. For the linear passive acoustic method, Hertzian contact theory is used to 

derive a qualitative relationship between AE parameters and contact condition of 

asperities at the interface of a joint. The effect of sliding speed, contact pressure and 

surface properties on the generation of AE signals is presented and discussed. For the 

linear active acoustic methods, firstly vibration modal parameters (VMP) typified by 

resonant frequency and damping ratio of a joint are theoretically linked to its residual 
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torque. Subsequently, linear wave features of GUWs, i.e., WED, is associated with the 

residual torque of a loose bolt using an analytical model also relying on the Hertzian 

contact theory. As the counterpart of linear features of acousto-ultrasonics, contact acoustic 

nonlinearity (CAN) engendered at the joining interface is firstly interrogated, and the 

contact stiffnesses (including both linear and nonlinear components) are described in 

terms of a Tayler series, on which basis nonlinear indices are constructed to associate 

nonlinear spectral features (i.e., magnitudes of HOH and modulated sidebands) with 

the residual torque. 

 

To validate the theoretical prediction in Chapter 3, a series of case studies are 

presented in Chapter 4 using both passive and active linear acousto-ultrasonics. In the 

passive linear acoustic method, intrinsic mode functions (IMFs) of AE signals, obtained 

by Empirical Mode Decomposition (EMD), are used to characterize contact behaviors 

in a bolted composite joint under different torques when subject to flexural vibration. 

Composite-composite (C-C) friction related IMFs are used to investigate the effect of 

applied torque on contact behaviors at the C-C interface. Subsequently, vibration 

loosening of bolted composite joints under different torques is monitored using the 

EMD-processed signal characteristics of AE signal. In the active linear acoustic 

method using vibration modal parameters, resonance frequency and damping ratio are 

comparably adopted to characterize residual torque of a joint. In the method using 

linear features of GUWs, the sensitivity of WED to bolt loosening is verified by 

identifying residual torque of loose bolts in both Al-Al and C-C bolted joints. For the 

Al-Al bolted joints, the dependence of WED on joint configurations, namely single-lap, 

cross-lap and hybrid-lap joints are presented. 
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The detection of bolt loosening in both Al-Al and C-C bolted joints, using HOH and 

modulated sidebands residing on CAN, are comparably presented in Chapter 5. The 

theoretically defined damage (bolt loosening)-related nonlinear indices are verified by 

detecting bolt loosening in both bolted joints. To compare the detectability of CAN-

based nonlinear feature-based methods with that of WED-based linear feature-based 

method in terms of sensitivity to early bolt loosening, and the dependence on joint 

configurations and joining materials, nonlinear indices developed from the 

magnitudes of HOH and modulated sidebands are comparatively adopted to evaluate 

bolt loosening in the same joints as introduced in Chapter 4.  

 

Chapter 6 introduces the method enhancement of CAN-based nonlinear feature-based 

method relying on modulated sidebands through numerical simulation, to facilitate a 

better comprehending regarding generation mechanism of modulated sidebands and 

their quantitative dependence on residual torque of a loose bolt. Finite element (FE) 

models of both Al-Al and C-C single-lap bolted joints are developed and utilized to 

calculate structural dynamic responses including both linear and nonlinear signatures. 

The effectiveness and accuracy of the modified model of contact stiffnesses proposed 

in Chapter 3 are then examined by numerical analysis, where finally, by using the 

experimental data as reference. 

 

Finally, Chapter 7 serves as the conclusion of the thesis where recommendations for 

future research are also given. 
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State of the Art of Methods for Evaluating 

Bolt Loosening: From Linear to Nonlinear 

 

 

 

2.1. Introduction 

Acousto-ultrasonics, a combination of ultrasonic characterization and AE 

methodology, has attracted a great deal of attention over the years to develop a 

diversity of NDE and SHM techniques for monitoring the structural integrity [37], 

including evaluating bolt loosening.  

 

Conventional NDE and SHM are based on the linear theory of acousto-ultrasonics, in 

which the changes in wave signals between the current condition and healthy 

condition in terms of delay in time-of-flight (i.e., TOF), wave energy and mode 

conversion, are used. The occurrence and deterioration of damage leads to changes in 

the phase and/or amplitude of the captured signal, however concerned frequency of 
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the captured signal is still the same as the input signal. Since such techniques are based 

on signal features which show, to some degree, linear correlations with changes in 

material properties caused by possible damage, they are often termed as linear 

acoustic techniques. These linear techniques have been proven sensitive to gross 

defects or open cracks, but lack of detectability to micro cracks or material 

degradation [37, 38]. The difficulty in extracting unremarkable signal changes from 

acquired signals has created a bottleneck for the detection philosophy with the use of 

linear acoustic features.  

 

Alternative techniques to overcome the mentioned deficiencies of linear feature-based 

methods are so-called nonlinear acousto-ultrasonics methods, in which the occurrence 

and severity of damage are often correlated to signal characteristics at frequencies 

distinct from that of the input signal. Without loss of generality, these nonlinear 

techniques are resided on such a premise that acousto-ultrasonics, when propagating 

in an elastic medium, can be distorted by both the inherent nonlinearity of material 

and contact-acoustic-nonlinearity (i.e., CAN) induced by the “breathing” motion 

pattern at the contact interface of a crack or a loose joint. As a result, nonlinear features 

such as high-order harmonics (i.e., HOH) and modulated sidebands are generated and 

can be associated with health condition of the monitored structure.  

 

In this chapter, both the passive and active linear acoustic approaches along with CAN-

based nonlinear acoustic methods are comparatively introduced for damage detection 

including bolt loosening evaluation in the followings. 
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2.2. Linear Methods: Using Linear Signal Features 

Over past decades, a great deal of effort has been directed to develop NDE and SHM 

methods for monitoring engineering structures using acousto-ultrasonics, due to the 

excellent properties of guided ultrasonic wave (i.e., GUWs), for instance fast 

propagation and acceptable attenuation upon propagating a long distance. Amongst 

them, Lamb waves (one typical type of GUWs) have been attracting particular 

attention of researchers, which propagate inside thin plate- or shell-like structures, of 

which thickness is on the same order of wavelength. Lamb waves can be characterized 

into two modes, namely antisymmetric and symmetric modes.  

 
(a) 

 

 
(b) 

 
Figure 2.1 (a) Symmetric; and (b) antisymmetric modes of Lamb waves 
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Symmetric modes of Lamb waves feature a radial in-plane particle displacement, 

while antisymmetric modes undergo the mostly out-of-plane displacement, as shown 

in Figure 2.1. The difference in the particle motion patterns of these two modes 

creates possibilities of Lamb waves regarding identifying a particular type of damage 

in NDE and SHM applications using a specific mode, i.e., the symmetric or 

antisymmetric mode.  

 

However, the highly dispersive behaviors and multiple modes of Lamb waves (see 

Figure 2.2) lead to a complicated representation of Lamb waves in both time and 

frequency domain [39]. To facilitate meaningful and accurate signal interpretation for 

damage identification, excitation frequencies of Lamb waves should be prudentially 

selected to avoid inducing excessive higher-order modes, while ensuring an 

acceptable sensitivity (determined by wavelength) at the same time. 

 
 

(a) 
 

Figure 2.2 (a) Dispersion curves of phase velocities; and (b) wavenumber vs. 

frequency for an aluminum plate 
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(b) 

 
Figure 2.2 (continued) 

 

GUW (e.g., Lamb wave) -based SHM techniques can be conducted in either passive 

or active ways [40]. In the passive SHM techniques, the sensors, which measure 

temperature, deformation (indicated by strain and stress), and acoustic emission (AE) 

etc., are used to monitor the structure over time. Notably, passive SHM techniques, 

for example using characteristics of AE signals, only ‘listen’ to the structure but do 

not intend to interact with it. Distinct from passive sensors, active transducers used in 

an active SHM technique, such as lead zirconate titanate (i.e., PZT), fiber optic 

transducers and radiation transducers, are designed to interact directly with the 

monitored structure and identify the occurrence, extent, and intensity of structural 

damage [40]. In the active SHM technique, active transducers are used for measuring 

signals transmitted by the sensor with controllable frequencies that are reflected, 

refracted or scattered by the monitored structure, while in the passive SHM technique, 

passive sensors are designed to receive natural emissions produced by the monitored 

structure.  
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Generally speaking, GUW-based active linear acoustic method attempts to implement 

a local detection, which provides diagnosis information in the path between the 

actuator (to generate GUWs) and sensor (to capture GUWs), if neglect the boundary 

reflection used in some special cases. Vibration-based SHM techniques in which a 

global detection using modal parameters, such as resonant frequency, modal shape 

and damping ratio, is used to evaluate the state of the whole monitored structure. To 

overcome the limitations of conventional NDE techniques as mentioned in Chapter 1, 

passive linear feature-based method (i.e., AE-based) and active linear acoustic 

methods (i.e., GUW-based and vibration-based) are adopted in this thesis to achieve 

an on-line detection of bolt loosening. 

 

2.2.1. Passive Linear Philosophy 

Acoustic emission (AE) describes a rapid release of strain energy (manifested as 

transient elastic waves) caused by initiation and propagation of a crack or relative 

motion in the mating parts of a contact configuration such as a loose joint. AE signals 

are widely classified into two categories, namely primary and secondary AE [36]. The 

former is referred to as those generated from within the material of interest such as 

propagating cracks, while the latter contains all other emissions originating from 

external sources. A series of parameters defined from characteristics of AE signals 

(i.e., amplitude, energy, rise time, counts and duration, as displayed in Figure 2.3), 

are related to the severity of possible damage in the monitored structure to achieve an 

on-line passive detection.  
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Figure 2.3 Time presentation of a typical AE signal  

 

Generally speaking, there are three prevailing signal processing approaches that can 

be adopted for interpreting AE signals [41]:  

(i) classification using a single parameter, for instance amplitude, frequency or 

wavelet level;  

(ii) classification using combined parameters in conjunction with pattern 

recognition techniques; and  

(iii)  classification with respect to the extensional and flexural mode content. 

 

To achieve a quantitative evaluation of a monitored structure using AE signal 

characteristics, generation mechanism of AE signals and their relation with the 

occurrence and severity of structural damage must be firstly understood. For instance, 

the onset and growth of cracks in the material under fatigue is a complicated process. 
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Firstly, cracks initiate and propagate due to shearing force and followed by a tensional 

loading, during which AE generates with distinct signal characteristics [42]. A great 

amount of studies has been conducted to exhibit the efficiency of AE technique in 

identifying cracks using amplitude (i.e., energy)-based and frequency-based 

classification [36, 41, 43-46].  

 

Silversides et al. [46] developed an AE-based experimental methodology for detecting 

the onset and propagation of delamination in carbon fiber reinforced plastics (CFRP), 

when the CFRP was subject to a fatigue loading. Pattern recognition technique was 

employed, during a crack opening and closing testing, to recognize AE signals emitted 

by the initiation and growth of cracks from those generated from environment noise. 

The AE-based method was proven to be capable of indicating damage accumulation 

prior to observable crack propagation, showing a high sensitivity to tiny cracks. 

Furthermore, the distribution and intensity of AE signal energy was quantitatively 

correlated to the delamination length and growth rate of the cracks. Similarly, 

Bourchak et al. [43] adopted the AE method to monitor the state of CFRP subject to 

static and fatigue loadings. A good correlation between AE energy and structural 

damage was demonstrated by the related results obtained from ultrasonic C-scanning 

and microscopic inspection. Results from this study indicated AE energy can be used 

as a damage parameter to provide effectual failure criteria for composites under 

fatigue to avoid potential drastic failures. With development of transducers, 

piezoelectric sensors were able to be embedded in sandwich composites to detect  

damage-related AE activities when the composites were subject to three-point bending 

[45]. AE signals captured by embedded sensors revealed the failure mechanisms of 
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the sandwich composites: the core damage firstly occurred followed by resin cracking, 

subsequently interfacial debonding between skin and core, and finally fibers breaking. 

Compared with the sensors mounted on the surface, the embedded one showed a much 

higher sensitivity to damage and exhibited great potential as a useful tool for SHM in 

sandwich composites. 

 

On the other hand, using the frequency-based analysis of AE signals, classification of 

failure modes of CFRP in a series of standard tensile tests, including matrix cracking, 

fiber/matrix debonding, and fiber pull-out and fracture, was reported ending up with 

good results [41]. 

 

From above descriptions, it can be concluded that AE signals can provide details of 

physical processes (e.g., initiation and propagation of cracks) in the monitored 

structures. Along the same line of thinking, contact behaviors in a bolted joint can also 

be identified by characteristics of AE signals. When a joint is subject to a dynamic 

loading, the mating parts, of which surfaces are uneven with randomly distributed 

asperities in the micro perspective, undergo a slight relative motion.   

 

Prior to the application of AE technique in the detection of bolt loosening in 

engineering practice, endeavors have been cast in investigating the relation between 

AE characteristics and contact behaviors at an interface undergoing a relative motion 

using the primary testing configuration, as shown in Figure 2.4. 
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Figure 2.4 Schematic representation of experimental setups for generating friction-

related AE signals. 

 

Fan et al. [47] developed a theoretical model to study affecting factors of AE 

generation using elastic asperity contact of materials. Sliding speed and distance, 

number of asperities in contact, loads carried by asperities, and surface properties were 

identified to impart a direct influence on the energy of AE signals. The proposed 

model provided a theoretical foundation for a quantitative estimation of the contact 

load at an interface using AE signals and facilitated analysis of tribological process at 

contact interfaces. Asamene and Sundaresan [48] characterized AE signals generated 

from contact surfaces with a series of surface roughness, relative sliding velocities, 

and normal contact pressures. AE features were quantitatively linked to tribological 

conditions of the contact interface in the experiment, which showed a good agreement 

with numerical predictions. Moreover, characteristics of friction- and wear- related 
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AE signals were found distinct from those generated from occurrence and growth of 

fatigue cracks. To achieve a recognition of wear mechanisms using AE technique, 

Hase et al. [49] comparably investigated the features of AE signals generated from 

adhesive wear and abrasive wear. According to frequency analysis on the AE signals 

generated from these two types of wear, signals from the former presented a large 

peak in the high-frequency region, while those from the latter contained a series of 

peaks in the low-frequency region. Therefore, this study verified the application of 

AE technique in the recognition of different wear mechanisms. 

 

To conclude, the pressure applied on a contact interface can affect contact behaviors 

of the asperities on the surfaces, which can be indicated by characteristics of related 

AE signals. Therefore, it is feasible to identify tightening state of a bolted joint under 

a dynamic loading (i.e., flexural vibration) with the aid of signal analysis on the AE 

signals. Most failures of bolted joints were reported to be caused by metallurgical 

fatigue, under-tightening, over-tightening and irregular tightening of bolts [50]. If the 

applied preload is insufficient, all external loads are to be transferred by the bolt, 

which results in excessive fluctuating stress when the joint is subject to the dynamic 

loading. On the other hand, an excessive preload may produce an overlarge and 

noncyclic tensile load in the bolt, along with a high mean stress in the mating parts of 

the joint, which may exceed endurance limits of the joining materials [18, 50]. 

Therefore, an improper preload (i.e., too high or too low) potentially leads to a failure 

of a bolted joint.  
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To guarantee the performance of a bolted joint, it is critically important to develop 

cost-effective detection methods to characterize the contact conditions during 

assembly and further surveil the tightening condition throughout its service life. In 

order to serve these purposes, passive acoustic methods using characteristics of AE 

signals have been developed to identify bolt loosening in engineering structures with 

bolted joints. Alam et al. [51] simulated AE signals generated from a series of 

scenarios of fretting conditions in a bolted joint, such as surface roughness, sliding 

distances and velocities, and contact pressures. It has been revealed that AE signals 

with a longer duration can be produced when the bolt was loose. In addition, the 

amplitude and duration along with frequency distribution of AE signals generated 

from a smooth surface were different from those generated from rough surfaces. These 

findings have demonstrated the potential capability of AE technique in quantitative 

assessment of applied torque of a joint and in continuous monitoring of fatigue 

performance through an evaluation of fretting wear at contact interfaces of a bolted 

joint subject to a dynamic loading.   

 

However, currently limited studies are reported to achieve identification of bolt 

loosening using AE technique at a quantitative level. One possible reason is the 

limitation in the signal processing, typified by traditional frequency-based analysis 

(e.g., fast Fourier transform, FFT), which may result in false information when 

applied to process non-stationary or nonlinear mechanical fault signals (e.g., AE 

signal).  In this backdrop, empirical mode decomposition (i.e., EMD) for analyzing 

nonlinear and nonstationary signals was firstly proposed by Huang [52] and widely 

applied in various fields (e.g., damage detection [53], pattern recognition [54], system 
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identification [55]).  When an AE signal is processed with EMD, a series of completed 

and orthogonal “intrinsic mode functions” (IMFs) (i.e., components with 

instantaneous frequencies) are decomposed, which represent the natural oscillatory 

modes in the original signal and are determined by the characteristics of the signal 

itself. IMFs make it applicable to process nonlinear and non-stationary signals without 

the need for spurious harmonics.  Based on numerical analysis on a white noise [56], 

the frequency spectra of IMFs were found all identical and covering the same area, 

which proved the accuracy of EMD. Therefore, EMD is a time-based analysis method 

that extracts features in the vibratory response of a structure using a set of basic 

functions [57]. In conjunction with usage of Hilbert transform, Hilbert-Huang 

transform (HHT) spectrum of the signal provide accurate time-frequency signal 

characteristics and make it possible to monitor the tightening condition of bolted joint 

using AE signals in real practice. 

 

AE signals are nonstationary and nonlinear with unpredictable arrival times and 

waveforms. One common challenge existing in the processing of AE signals is to 

extract parameters with physical meanings and then to relate them with the state of 

the monitored structure, using time-based or frequency-based analysis [54]. Some 

case studies have reported the use of EMD-based characteristics of AE signals for 

damage detection, for example extracting natural features of fatigue cracks on rotating 

shafts [54]. As a representative example, Li and He [58] presented a methodology for 

fault detection of a rotational machine using EMD-processed AE signals. Compressed 

AE features were extracted and applied for fault detection, in which a threshold was 

used to recognize the damaged state from the healthy state of the machine. From the 
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comparison of performance between traditional and EMD-based frequency analysis 

on the gear fault detection, the latter one was found to be more sensitive to gear faults 

compared to the former one. 

 

To extend the application of EMD-processed AE signals from gear fault detection to 

bolt loosening identification, in this study, the effect of applied torque on interfacial 

contact behaviors and fatigue performance of a bolted composite joint under flexural 

vibration are studied using EMD-based characteristics of AE signals. The details will 

be presented in Chapter 4. 

 

2.2.2. Active Linear Philosophy 

Passive acoustic methods are developed to “listen” to the monitored structures and 

capture damage-related signals, while active acoustic methods are designed to interact 

with structures with prudentially selected excitations and provide online evaluation 

without interrupting the normal operation of the inspected structure. Vibration-based 

and GUW-based active linear acoustic methods using modal parameters and linear 

features of GUWs, respectively, are comparably introduced regarding detection of bolt 

loosening in this section. 

 

2.2.2.1 Using Vibration Modal Parameters 

As mentioned in Chapter 1, vibration-based linear active methods are adopted as a 

global method to identify health state of the entire monitored structure, using modal 

parameters such as natural frequency, frequency response function, mode shape and 

damping ratio [59]. The magnitude of changes in modal parameters is a function of 
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the severity and location of damage in a monitored structure. Based on this, the 

detection philosophy of vibration-based SHM is to measure the dynamic characteristic 

of a structure during its lifetime and then to relate them to the state of the structure 

[60]. Prior to the implement of detection, a baseline experiment should ideally be 

conducted before the occurrence of any damage when using such methods. The 

difference between results of all subsequent experiments and those of baseline 

experiment is used as a damage index to indicate the onset of structural damage, such 

as a crack or a loose joint. Moreover, the severity and location of structural damage 

can be further identified from the mismatch.  

 

A large number of examples have been reported regarding bolt loosening evaluation 

using the vibration-based methods. Representatively, Eun et al. [61] used an impact 

test (conducted by a hammer) to track loose bolts in a steel bolted structure. Frequency 

response functions in the vicinity of the first-order natural frequency were used to 

extract the proper orthogonal decomposition and orthogonal mode, which were then 

employed to evaluate the tightening condition of the joint.  Similarly, Razi et al. [62] 

developed a vibration-based SHM strategy for detecting bolt loosening in a bolted 

flange joint. Empirical mode decomposition (EMD) was applied to process the 

vibration signals and construct an energy-based damage indicator to identify the state 

of the bolted joint. Subsequently, the damage indicator, obtained from various 

scenarios, verified the accuracy of the proposed methodology for evaluating bolt 

loosening, through both numerical analysis and experimental investigation. He et al. 

[63] conducted the vibration-based SHM technique to identify the locations and 

degree of bolt loosening in a bolted connection by detecting changes in natural 
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frequencies. A trust-region search strategy was developed to improve the detection 

accuracy so that the reliability of such technique can be enhanced regardless of 

presentation of measurement noise. Caccese et al. [64] employed three different 

vibration-based techniques, namely low-frequency modal analysis, high-frequency 

transfer functions and transmittance functions, to detect bolt loosening in a hybrid 

(metal/composite) joint. From the comparison, transmittance function approach was 

found to exhibit the highest sensitivity to bolt loosening. 

 

The vibration-based linear method using modal parameters for bolt loosening 

evaluation is presented in detail in Chapter 4. In addition, the sensitivity of linear 

response of harmonic forces to bolt loosening is compared with that of nonlinear 

responses including high-order harmonics and modulated sidebands in Chapter 5.  

 

2.2.2.2 Using Linear Features of GUWs 

Distinct from vibration-based linear acoustic methods, which attempt to implement a 

global detection, GUW-based linear acoustic methods are usually intended to achieve 

a local detection grounding on exploring changes in linear features between the 

benchmark signal (captured from healthy condition) and the inspected signal 

(captured from current condition). 

 

For instance, a widely adopted linear feature of GUWs is time-of-flight (TOF), which 

is referred to as time takes for GUWs to travel a certain distance through a solid media. 

Rhee et al. [65] adopted TOF, which can indicate the geometric attenuations caused 

by structural damage such as a loose bolt, to detect bolt loosening using PZT sensors. 
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Efficiency of such linear features on the detection of bolt loosening in a certain range 

was validated through both experimental findings and numerical analysis. However, 

Wang et al. [66] concluded that stress-induced changes in the velocity of GUWs were 

quite slight, which led to an unobservable change in TOF and required a relative high 

sampling rate when collecting wave signals to achieve an effectual detection. In 

addition, both environmental noise and variation of material thickness had the 

potential to affect the accuracy of the measured TOF and made such detection 

philosophy challenging. To circumvent the mentioned deficiencies, Jhang et al. [67] 

measured TOF of GUWs precisely by using the phase detection method. Case studies 

were conducted to verify the efficiency of the proposed method regarding bolt 

loosening evaluation for high-tension bolted joints. A linear relationship between TOF 

and axial stress on the bolt (indicating bolt loosening) was concluded and ultrasonic 

velocity was found to decrease with an increase in the applied torque. Therefore, the 

phase detection-based TOF method exhibited considerable efficiency in evaluating 

bolt loosening. 

 

Wave energy is another prevailing linear feature of GUWs adopted to identify damage 

in structures [1-3, 68, 69], for example a crack or a loose bolted joint. Advanced signal 

processing techniques, such as time reversal and frequency impedance methods are 

usually adopted to extract the wave energy of GUWs. In the time reversal method, the 

captured original signals are firstly reversed in the time domain and subsequently re-

emitted as an excitation signal to obtain the time reversal focused signals.  In 

conjunction with the use of the time reversal method [70], wave energy-based method 

has been widely studied for active detection of bolted structures. Wang et al. [71] 
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investigated the relationship between peak amplitude of wave signals, processed with 

the time reversal-based method, and tightening state of a joint.  It was reported that in 

a certain range the peak amplitude increased with an augment in the applied torque 

until reaching a saturation. Using an analogous detection philosophy, Ruan et al. [72] 

obtained a cross-correlation between the loose state and the baseline healthy state of 

a joint using the peak amplitude of time reversal signals. The efficiency of the 

proposed method was verified by detecting bolt loosening in both a joint with a single 

bolt and a large bolted structure with a series of bolts. The correlation process was 

implemented online without any additional post offline analyses. Yet another wave 

energy-based SHM method, i.e., frequency impedance technique, has also attracted 

vast attention thanks to its potential for applications in engineering practice [73-75]. 

In such technique, electrical impedance of the actuator and sensor, which indicates 

the mechanical impedance of the monitored structure, is used to identify changes in 

structural properties caused by damage (e.g., a crack or a loose bolted joint) [3, 68, 73, 

74, 76].  Ritdumrongkul et al. [68] presented the application of impedance-based 

technique combined with numerical analysis for quantitative detection of bolt 

loosening. The bolted joint bonded with lead zirconate titanates (PZTs) was modeled 

using spectral element method, which made it possible to quantitatively correlate the 

degree of bolt loosening to the change in the structural impedance. The results 

demonstrated the potential of such method in quantitatively identifying bolt loosening 

in real-world structures. 

 

However, a high dependence of wave energy on joint configurations regarding bolt 

loosening evaluation is reported in [77], which introduces additional difficulty in 
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identifying the leftover torque of a loose bolt using the wave energy-based method if 

the joint configurations are unknown beforehand. Yang and Chang [1, 2] studied wave 

energy of GUWs when interacting with a cross-lap bolted joint in a composite thermal 

protection. In a certain range of applied torque, the transmitted energy of GUWs upon 

passing through the bolt was reported to decrease with an augment in the residual 

torque of a loose joint. Estebana and Rogers [3] adopted a similar principle to 

investigate wave energy of probing waves at a higher frequency upon traversing a 

loose bolt in a single-lap aluminum bolted joint. An increase in wave energy was 

observed with an increase in the residual torque was observed, which is contradicting 

the conclusion from [1, 2]. One possible reason behind is that distinct 

types/configurations of joints were concerned in these two studies, i.e., a cross-lap 

joint in [1, 2] and a single-lap joint in [3], as a result an opposite trend of changes of 

wave energy was reported. Therefore, the mechanisms regarding changes of wave 

energy of GUWs when interacting with loose joints with different joint configurations 

should be further studied to facilitate its application in real practice. 

 

To conclude, variation of velocity of GUWs caused by a loose bolt is at a small extent 

so that a precise measurement of such velocity (i.e., delay in TOF) is at the risk in the 

TOF-based method. In the impedance-based SHM method, the selection of excitation 

frequency plays a critical role in determining the sensitivity of detection, due to that 

an improper frequency range may provide false damage alarms [73]. In addition, for 

a wave attenuation-based method, the frequency of an incident wave has to be 

sufficiently high, so as to reach a small wavelength and guarantee the detection 

sensitivity and accuracy and this, however, may introduce additional complexity in 
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signal processing, due to the dispersive and multimodal properties of GUWs at higher 

frequencies. Moreover, GUWs propagating in composite structures exhibit a much 

complex dispersion behavior and a serious attenuation effect. This leads to a further 

increased difficulty in signal acquisition involving additional tedious tasks in 

frequency selection and signal processing, when such a method is applied to detect 

bolt loosening in a bolted composite joint. On top of this, bolt loosening at an early 

stage, like the small-scale damage, is not anticipated to induce evident changes in 

above linear features to be extracted from GUWs.  

 

The detection of bolt loosening in both metallic and composite bolted joints using the 

wave-energy-dissipation (WED)-based linear method is described in Chapter 4. The 

mentioned limitations of such a method on the detection of early bolt loosening in 

multi-type metallic bolted joints (i.e., single-lap, cross-lap and hybrid-lap) are to be 

presented in detail. 

 

2.3. Nonlinear Methods: Using Nonlinear Signal 

Features 

As mentioned in Section 2.2, linear features, under most circumstances, fail to identify 

small-scale damage. Motivated by this, there has been increased preference in using 

nonlinear properties of acousto-ultrasonic waves for detecting the small-scale damage, 

such as generation of HOH and modulated sidebands [78-92]. These nonlinear 

features are introduced by the interaction, termed as contact acoustic nonlinearity 

(CAN), between acoustic waves and contact interfaces of a crack or a loose joint. 
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When acoustic waves pass through the contact interface, the ‘‘breathing’’ motion 

pattern between the two surfaces in contact closes the interface during wave 

compression, while opens the interface in wave tension. As a result, in an ideal case 

only waves in compression can pass through the interface, as shown in Figure 2.5. 

The asymmetry in the contact restoring forces causes the stiffness parametric 

modulation, which imposes an additional localized nonlinearity (i.e., CAN [81, 83, 

93]) to acoustic waves propagating in the medium. Consequently, the magnitudes of 

HOH and modulated sidebands, generated from CAN, can be quantitatively correlated 

to the severity of structural damage. 

 

It is commonly accepted that the sensitivity of nonlinear features of acoustic waves to 

structural damage (e.g., a crack and a loose bolt) is far greater than that of linear 

features (e.g., WED and TOF) [94, 95]. Motivated by this, increasing efforts have been 

directed to exploit the application of such nonlinear features to identify small-scale 

damage (e.g., a tiny crack or a loose bolt at its early stage) [93, 96-111].  The current 

nonlinear acoustic features can be classified into four main categories: HOH 

generation, subharmonics generation, nonlinear resonance, modulated sidebands 

generation [109]. By such detection principles, it is feasible to predict the behavior of 

a nonlinear contact configuration as a loose bolt at an early stage, which is 

undetectable by conventional linear techniques. HOH generation and modulated 

sidebands generation are to be comparatively investigated for bolt loosening 

evaluation in this Ph.D. thesis. 
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Figure 2.5 CAN generated by the interaction between acoustic waves and a contact 

interface 

 

2.3.1. High-order Harmonic Generation 

When acoustic waves, generated from a source with a centered frequency, interact 

with a contact interface in the process of propagation, a series of harmonic waves (e.g., 

high-order and sub-harmonics) are generated due to “breathing” effect of the interface 

(i.e., CAN). Specifically, high-order harmonics (HOH), including second-order 

harmonics (SOH) and third-order harmonics (TOH), are referred to as frequency 

components at integer multiples of the excitation frequency, while sub-harmonics are 

nonlinear components with the half frequency of the excitation or alike.   
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Amongst the mentioned nonlinear features, SOH and TOH were widely adopted for 

applications of SHM. In most reported studies, nonlinear acoustic methods, using 

these two nonlinear features of GUWs and vibration signals, have been applied to 

detect fatigue crack or loose bolts in both metallic and composite structures [79-81, 

83, 85-92].  

 

(1) GUW-based  

Matlack and Kim et al. [112] provided a comprehensive summary of theoretical 

models that correlate the microstructural contributions to the nonlinear parameter 

defined from SOH of GUWs and introduced details of different measurements and 

analysis techniques for SOH. As representative results, Kim and Jhang [113] proposed 

a cumulative nonlinear parameter to develop a one-to-one correspondence between 

the nonlinear parameter and  the thermal degradation of aluminum alloy over the aging 

time. Seo et al. [114] demonstrated that the variation in the acoustic nonlinearity can 

indicate the aging level of aluminum alloy upon heat-treated for different durations. 

Ren et al. [115] developed a new relationship between the second-order and third-

order nonlinear parameters for the evaluation of material degradation. Deng and Pei 

[98] theoretically analyzed the feasibility of nonlinear features (SOH) of GUWs for 

evaluating accumulated fatigue damage in an aluminum plate. Nonlinear features of 

GUWs upon interacting with the plate under varied numbers of fatigue cycles were 

comparably recorded in the experiment. Both theoretical analysis and experimental 

investigation showed the high sensitivity of SOH of GUWs to the occurrence and 

accumulation of fatigue damage in an aluminum plate. Amura et al. [99] predicted 

crack growth and residual life of metals under fatigue comparably using linear and 



 
The Hong Kong Polytechnic University     Ph.D. Thesis 

 

38 
 

nonlinear acoustic methods. The third-order harmonic (i.e., TOH) was presented 

without a need to measure two crack conditions to evaluate the absolute residual 

fatigue life of the metals. A nonlinear index, constructed from the magnitude of TOH, 

was found to be highly sensitive to crack propagation and the experimental results 

reached a good agreement with the theoretical prediction. Polimeno et al. [103] 

employed the presence and magnitude of HOH to indicate the occurrence and severity 

of barely visible damage in carbon/epoxy composites after subject to a low-velocity 

impact. Such a method was proven accurate in identifying the presence and degree of 

damage and showed the potential for both NDT and SHM applications. Mattei [79] 

presented a strong interaction between nonlinear features of acoustic waves and micro 

damage in a CFRP specimen under a four-point bending fatigue, prior to the 

occurrence of observable debonding or delamination. Harmonic imaging method, 

constructed from SOH magnitude normalized by fundamental magnitude, exhibited a 

higher sensitivity than C-scan when applied to detect micro-damage in the CFRP 

specimen at the early stage of fatigue.  

 

The last two decades have witnessed an increasing research interest in the applications 

of nonlinear features of GUWs in the detection of micro-cracks. However, current 

understanding and modeling of physical mechanisms of CAN, presented by bi-linear 

stiffness, hysteresis, and contact non-classical dissipation [116], is fairly limited. Rare 

related studies were proven to solve this problem with widely accepted results. Hong 

et al. [83] developed a modeling technique for investigating nonlinear interaction of 

ultrasonic waves with a fatigue crack combining an experimental validation. The 

results showed a satisfactory agreement between the numerical analysis and 
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experimental investigation, which proved that the proposed approach was capable of 

simulating CAN introduced by a fatigue crack. This study facilitated a further 

development of SHM with an ability to identify micro damage and continuously 

monitor its growth. 

 

With proven efficiency of detecting fatigue crack at the early stage, the HOH-based 

nonlinear methods were extended to the evaluation of early bolt loosening. Amerini 

et al. [102] developed a theoretical model to predict the pressure-dependent nonlinear 

stiffness of the contact interface of a joint. The theoretically proposed prediction of 

SOH generation at the contact interface agreed well with the experimental 

investigation, which showed the potential of SOH to be used as an integrity indicator 

to assess the state of a bolted joint. Shui et al. [88] adopted an acoustic nonlinearity 

parameter, developed from the magnitude of SOH, to evaluate the degradation of an 

epoxy/resin adhesive joint. The measured acoustic nonlinearity parameter was found 

to increase with an augment in fatigue cycles of the joint, which was further 

interpreted by an analytical model. The SOH-based nonlinear method was concluded 

to be efficient in evaluating adhesive strength of adhesive joints. Similarly, Yan et al. 

[82] presented detection of kissing bonds in an adhesive joint using nonlinear HOH 

features of ultrasonic waves. It was found that the adhesive joint showed a high degree 

of nonlinearity even when subject to a small compressive load.  Shen et al. [107] 

presented HOH-based nonlinear methods for SHM of bolted lap joints both 

numerically and experimentally. The CAN generating at the contact interface of a 

loose joint when interacting with GUWs, served as an indicator to evaluate the 

tightening status of the bolt. Contact finite element models were proposed to 
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investigate the nonlinear contact behavior of the lap joint with experimental 

verifications. A monotonic relation between the applied torque and the magnitude of 

HOH was proposed by the numerical simulation. However, the experimental 

investigation failed to reproduce such relation at the late stage of bolt loosening, which 

called for more studies to discover the possible reason.  

 

(2) Vibration-based  

The occurrence of damage (a crack or a loose bolt) was reported not only to introduce 

detectable CAN in GUWs, but also to induce generation of HOH (due to CAN) in the 

low-frequency vibration [111]. With the development of HOH-based methods using 

GUWs, HOH of low-frequency vibration have also been extensively studied for 

possible applications in SHM for structural damage.   

 

Pugno et al. [117] reported that occurrence of multiple breathing cracks induces 

nonlinear dynamic responses (i.e., HOH) of a beam, of which the response magnitude  

was seriously dependent on the severity, number, and location of the cracks. Therefore, 

the occurrence and evolution of HOH can be used as an indicator for damage detection. 

Bovsunovsky and Surace [118] developed harmonics-based nonlinear methods to 

detect damage using magnitudes of both sub-harmonics and HOH. The sensitivity of 

such nonlinear feature-based methods was reported to be much higher than those of 

linear feature-based methods based on measuring changes in natural frequencies and 

mode shapes. Therefore, the occurrence and magnitude of sub-harmonics and HOH 

can indicate the presence and severity of a crack even at a very early stage. Didenkulov 

et al. proposed two HOH-based nonlinear methods to locate a crack in a beam, based 
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on interaction between vibration and the crack [111], using a single pulse of relative 

high-frequency vibration and long series of pulse of low-frequency vibration, 

respectively. Both methods were proven effective for location and identification of 

the crack. Amerini et al. [102] extended the application of SOH-based nonlinear 

method from crack detection to identifying bolt loosening of a joint, using a nonlinear 

damage-related index developed from magnitudes of fundamental mode and SOH. 

The comparison between the theoretical prediction and experimental investigation 

showed the defined nonlinear index was a promising tool to evaluate the loosening 

state of a bolt including its early stage in the application of both passive and active 

SHM. 

 

To conclude, the presence of “breathing” behavior at the contact interface of a crack 

or a loose joint introduces detectable CAN into GUWs or vibration signals. As a result, 

the generation and magnitude of HOH, arising from CAN, is capable of indicating the 

occurrence and severity of damage in the monitored structure. The theoretical 

interpretation of mechanisms of HOH generation in a loose joint is to be described in 

detail in Chapter 3, supported by experimental validation in Chapter 5 through 

detecting bolt loosening in multi-type of bolt joints. 

 

2.3.2. Modulated Sideband Generation 

Wave modulation-based technique is another prevailing nonlinear acoustic method 

for damage detection. In this approach, two distinct excitations, namely a low-

frequency pumping vibration and another high-frequency probing wave, are 

introduced in a structure simultaneously. Considering a bolted joint and provided all 
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the bolts are fully fastened in the joint, the acquired signal spectrum of the mixed 

excitation exhibits two major power concentrations at the two frequencies at which 

the pumping vibration and probing wave are excited, respectively; or otherwise in the 

scenario with loose bolts, additional frequency components around the probing signal 

components are expected to be present in the spectrum – termed as the left sideband 

(if lower than the frequency of the probing signal) or right sideband (if higher than the 

frequency of the probing signal) [119-126], as shown in Figure 2.6. Consequently, 

the magnitudes of sidebands can be used to indicate the severity of the monitored 

structure [94, 95, 127-137]. 

 

Figure 2.6 Schematic interpretation of VAM-based method 

 

To maximize the vibro-acoustic interaction between the mixed excitation and 

structural damage (i.e., a crack or a loose joint), frequencies of the pumping vibration 

and probing wave should be selected prudentially to meet the binding conditions (i.e., 

synchronism, simultaneous arrival, non-zero power flux and nonlinear resonance 

conditions) for generation of modulated sidebands [100]. In addition, Solodov et al. 
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[132] reported that local defect resonance (LDR) of a structure can be used to magnify 

the nonlinear interaction between the damage and acoustic waves. Compared with 

other nonlinear feature-based methods, for example those by exploring the changes in 

second-order harmonic generation, the acoustic wave-modulation detection 

philosophy can, by properly selecting the frequency of a mixed excitation, minimize 

the influence of the nonlinearity contributed by other sources rather than the bolt 

loosening, such as measurement apparatus and material itself. Thus, the information 

on bolt loosening can be duly manifested by the acquired CAN, reducing the 

dependence on advanced signal processing. 

 

Impact modulation (IM) and vibro-acoustic modulation (VAM) are the two major 

implementation modalities of acoustic wave-modulation, both of which have been 

demonstrated effective in characterizing various types of structural damage and 

fatigue cracks in particular [92, 127, 128, 136]. An IM method relies on the use of an 

impact excitation to generate signals under the natural vibration modes of an inspected 

structure. Representatively, Meyer and Adams [136] extended the application of IM 

to the identification of bolt loosening in an aluminum joint, and experimental data 

showed reasonable consistency with theoretical results. However, in an IM method, 

the signals captured under natural modes excited by an impact force are usually 

vulnerable to the contamination of measurement noise and uncertainties, leading to 

inaccurate identification results. On the other hand, a VAM method adopts stable 

vibration signals generated by a harmonic excitation with a much lower level of 

measurement noise involved, and therefore the nonlinear responses (i.e., sidebands) 

can be manifested explicitly in signal spectra.  
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The wave modulation-based method has been applied to detect fatigue crack and 

impact damage in both metallic and composite material. Sohn et al. [133] adopted 

nonlinear wave modulation method to identify fatigue cracks in a metallic plate with 

a complex geometry configuration. The excitation frequencies of pumping and 

probing waves were selected by sweeping these two wave signals via PZT wafers over 

certain frequency ranges. The proposed wave modulation method successfully 

evaluated the occurrence and growth of fatigue cracks in the specimen. Aymerich et 

al. [126] adopted the VAM method to detect damage in composite laminates upon 

subject to a low-velocity impact. The pumping vibration and probing wave, excited at 

resonant frequencies of the plate, were introduced by a shaker and a low-profile PZT 

transducer, respectively. Magnitudes of sidebands were found able to quantitatively 

indicate the severity of impact damage. Similarly, Klepka et al. [127, 128, 131] 

presented damage detection in a composite sandwich panel using the VAM method 

but adopted non-contact laser vibrometry for ultrasonic sensing. The experimental 

results showed the sensitivity of modulated sidebands to the undersized impact 

damage in the composite chiral sandwich panel. 

 

The application of VAM method has been extended from crack identification to bolt 

loosening detection in bolted metallic structures with the premise that both contain 

contact interfaces exhibiting similar “breathing” behavior when the interfaces interact 

with acoustic waves. Zhou et al. [120] investigated the detectability of VAM method 

to early bolt loosening with both theoretical analysis and experimental validation. The 

damage (bolt loosening)- related indicator was defined from the modulated 

components (i.e., intrinsic mode functions, IMFs) processed by EMD. The results 
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showed that the proposed nonlinear index accurately indicated bolt loosening even 

including its embryo stage. Amerini and Meo [138] adopted both linear and nonlinear 

feature-based methods to identify the state of a bolted structure using first-order 

acoustic moment (i.e., a linear index), SOH and modulated sidebands (i.e., nonlinear 

indices). A good agreement between the analytical prediction and experimental results 

was presented. In addition, the fully tightened state of a bolted joint can be clearly 

identified by the occurrence of plateau region in the nonlinear indices.  However, 

quantitative comparison of sensitivity between linear and nonlinear feature-based 

methods to bolt loosening was not involved in this study.  

 

To summarize, VAM-based nonlinear method has been successfully developed for the 

detection of fatigue cracks and impact damage in both metallic and composite 

structures. Some scholars even extended its application to detect bolt loosening in 

metallic structures. It is important to notice that most existing studies in bolt loosening 

identification based on nonlinear dynamic responses (i.e., generation of sidebands) 

were conducted relying on empirical knowledge, whereas theoretical investigations 

regarding of mechanisms of nonlinear feature generation such as HOH and modulated 

sidebands are far from sufficient. In this backdrop, the development of numerical 

studies is crucial in facilitating actual bolt loosening identification in different joints, 

which, however, is hampered to a large extent.  

 

The theoretical modeling of CAN in a loose joint will be presented in Chapter 3, where 

the magnitudes of modulated sidebands are theoretically correlated with the degree of 

residual torque of a loose bolt. To verify the theoretical prediction, experimental 



 
The Hong Kong Polytechnic University     Ph.D. Thesis 

 

46 
 

investigation of detecting bolt loosening in multiple types of bolted joints using the 

VAM-based method will be presented in Chapter 5. Especially, a numerical study, 

where finite element (FE) models of both Al-Al and C-C single-lap bolted joints are 

proposed and utilized to calculate structural dynamic responses including both linear 

and nonlinear signatures, is described in Chapter 6 to facilitate a better understanding 

of mechanisms of generation of modulated sidebands and their quantitative relation 

with the degree of bolt loosening. 

 

2.4. Summary 

In this chapter, the prevailing methods on the detection of bolt loosening are briefly 

reviewed. Using linear features of GUWs, passive AE method is reported to exhibit its 

efficiency in qualitative detection of sudden changes (e.g., the occurrence and 

propagation of a crack) in a structure and fretting wear between contact surfaces. 

However, quantitative identification of bolt loosening using AE technique is rarely 

presented, due to the limitation existing in the current signal processing. EMD method, 

which is capable of processing non-stationary or nonlinear mechanical fault signals 

(e.g., AE signal), is found as a promising tool to characterize AE signals generated 

from contact surfaces in a bolted joint under vibration. In the active acoustic method 

using vibration modal parameters, resonant frequency and damping ratio in the 

application of damage detection with respect to cracks and loose bolts are presented. 

However, such methods can be only used to detect gross damage, for instance a visible 

crack or bolt loosening at a serious stage. In the active acoustic method using linear 

features of GUWs, TOF and wave energy are discussed as two representative 
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parameters employed for the detection of a crack and bolt loosening. Due to the 

wavelength-dependent sensitivity of these two parameters, excitation frequency of 

probing GUWs is usually increased to obtain a reduced wavelength. Consequently, 

this introduces the presence of multiple modes of GUWs and resultant complicate 

signal appearance, caused by multi-modal and complex dispersion characteristics of 

GUWs at high frequencies. Therefore, when applied to identify micro damage 

(including early bolt loosening) in a structure, GUW-based linear active acoustic 

method may compromise its efficacy. Realizing the limitation of linear acoustic 

techniques in the detection of early bolt loosening, nonlinear acoustic features 

introduced by CAN, including generation of HOH and modulated sidebands are 

introduced in parallel. In the HOH-based nonlinear methods, SOH of GUWs and 

vibration signals have been successfully employed to quantitatively evaluate fatigue 

cracks or impact damage. Whereas, TOH of acoustic waves is seldom reported being 

adopted to indicate the structure damage. In addition, when employing HOH of GUWs 

to conduct the detection, nonlinearity from the experimental devices (e.g., signal 

generator and PZT) should be carefully treated to obtain the direct damage-related 

nonlinearity. Noticing successful applications of VAM-based method in detecting 

undersize cracks, in this study emphases are placed on the prevailing use of nonlinear 

modulated sidebands. Efforts are directed to extend its application from crack 

identification to quantitative evaluation of early bolt loosening in both Al-Al and C-C 

bolted joints with different joint configurations. Both theoretical analysis and 

experimental investigations are conducted to facilitate the understanding of 

mechanisms of generation of modulated sidebands along with its dependence on 

residual torque of a loose bolt.  
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Theoretical Fundamentals: From Linear to 

Nonlinear 

 

 

 

3.1. Introduction 

As mentioned in previous two chapters, linear and nonlinear features of acousto-

ultrasonics have emerged as promising tools in the applications of SHM for on-line 

and continuous detection of structural damage, which is difficult to fulfil by 

conventional off-line NDT techniques. In Chapter 2, a variety of literatures regarding 

usage of linear and nonlinear features of GUWs and vibration for damage 

identification are reviewed. Current research strengths in these fields are found 

restricted to the implementation of experimental investigation. There exist very 

limited studies concerning the development of theoretical analysis or numerical 

simulation to reveal the mechanism of generation of nonlinear features of acousto-

ultrasonics when interacting with a loose joint. 
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Generally speaking, a paramount challenge in the theoretical modeling of the 

interaction between acousto-ultrasonics and a loose joint (i.e., contact interfaces in the 

mating parts) is to develop a quantitative relation between the contact condition at the 

interface from the microscopic-perspective and signal features of acousto-ultrasonics 

in the frequency domain. In this chapter: 

 

(1) for the passive acoustic method, an acoustic emission (AE) model involving in 

elastic asperity contacts is introduced to derive factors affecting the energy of AE 

signals. In particular, the effect of pressure (induced by applied torque) on the 

contact condition of the interface (i.e., the mating parts of a joint) undergone a 

slight relative motion is discussed; 

 

(2)  for the modal parameter-based linear acoustic method, resonant frequency and 

damping ratio are theoretically correlated to the applied torque of a joint. For the 

wave-energy-dissipation (WED)-based active acoustic method using linear 

features of GUWs, an analytical model residing on Hertzian contact theory is 

established, whereby WED is quantitatively linked to the residual torque of a loose 

bolt. In addition, the reliance of WED on the joint configurations (i.e., lap types) 

is presented to facilitate a better comprehending of limitations of such linear 

feature-based method in evaluating tightening condition of bolted structures with 

multi-type joint configurations; 

 

(3)  for the nonlinear acoustic methods using HOH and modulated sidebands, the 

loose bolt is considered as damage taking nonlinear behaviors. CAN, engendered 
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at the interface of a loose joint, is characterized by establishing a modified 

theoretical model with pressure-dependent contact stiffness including both linear 

and nonlinear parts. Subsequently, the nonlinear contact stiffness is linked to 

nonlinear spectral features (i.e., HOH and modulated sidebands) of the response 

of a loose joint using a single-degree-of-freedom system. Based on this, a 

qualitative relation between applied torque of the joint and nonlinear features of 

acousto-ultrasonics is developed theoretically. 

 

3.2. Linear Feature-based Methods 

The surfaces of the assemblies (i.e., joining materials) of a joint are rough and cratered 

with randomly distributed asperities from a microscopic perspective. When the bolt is 

fastened to introduce clamping force on these two assemblies, the interface between 

them features a partial contact, as illustrated schematically in Figure 3.1.  

 

 

Figure 3.1 Rough surfaces in contact  

 

The loads carried by asperities on the surfaces, which are introduced by applying a 

torque on the bolt, have a direct influence on the contact condition of the interface. 

When a bolted joint is subject to vibration, a relative motion between the two contact 

surfaces consequently produces AE signals arising from contacts of asperities at the 

X0 
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interface. Therefore, characteristics of AE signals can be related to the contact 

condition of the interface, and further indicate the applied torque once the related 

mechanism of AE generation is ascertained. Along the same line of thinking, in the 

vibration-based linear acoustic method, contacts of asperities at the interface which 

determine the local stiffness and energy dissipation, are quantitatively associated with 

modal parameters of a joint, including the natural (resonant) frequency and damping 

ratio. On the other hand, in the active linear acoustic method, when GUWs interact 

with contact interfaces of a joint, WED of GUWs is also decided by contact condition 

(i.e., asperity contacts) of the interfaces and can be further correlated to the tightening 

condition of the joint. Based on these, detection philosophy for both passive and active 

linear acoustic methods using linear features of GUWs and vibration are presented in 

what follows. 

 

3.2.1. Passive Philosophy 

Provided two assemblies of a joint come into contact, due to surface roughness (i.e., 

manifested as randomly distributed asperities with different sizes), the real contact 

area at the interface only takes a small portion of the nominal contact area. The loads 

induced by applied torque on the bolt is mainly carried by asperities with larger 

heights on the contact surfaces of the composite assemblies. When a relative motion 

between the two contact surfaces occurs due to an external load such as vibration and 

shock, contacts of asperities release energy through varied contact behaviors including 

collision, friction, and wear. The energy release rate ( AEU ) of AE signals generated 

from asperity contacts at the interface can be given as [47, 139]  

0.5,AEU NWV    (3.1) 
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where W  signifies the normal load applied on the asperities, V  is the sliding velocity,  

and   and N  denote Hertzian curvature and total number of asperities in contact, 

respectively. It can be seen that the surface properties (typified by  , N ), applied 

torque (represented by W ) and external dynamic load (reflected by V ) jointly 

influence the energy generation of AE signals. From Equation (3.1), it can also be 

predicted that characteristics of AE signals are associated with the contact traits of the 

interfaces with different surface properties in a bolted joint. When the applied torque 

on the bolt increases, a larger pressure is introduced to the contact surfaces and 

consequently more asperities come into contact, leading to an increase in N . Whereas 

interfacial friction increases due to the augment in the contact pressure, as a result, a 

decrease in the sliding velocity V  of two contact surfaces occurs. These two resultant 

outcomes, due to the increase of applied torque, lead to a contradicting change in the 

energy of AE signals.  

 

In practice, the mechanisms of generation of AE signals in a bolted joint subject to 

vibration are complex due to the existence of multi-source and varied affecting factors. 

In a bolted composite joint, there exists a series of contact interfaces (e.g., metal-

composite contacts between metallic fasteners and composite beams and composite-

composite contacts between composite beams, as shown in Figure 3.2 (a)), of which 

surfaces are rough with randomly distributed asperities. For instance, the 

microstructure of the surface of the composite specimen was obtained by scanning 

electron microscopy (SEM) and displayed in Figure 3.2 (b). To observe that asperities 

of different sizes distribute on the nominally flat surface. In practice, asperity contacts 

present at both the M-C and C-C interfaces in the joint introducing acoustic emission 
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(AE) signals with specific signal characteristics, when the joint is subject to the 

dynamic loading.  

 

(a) 

 

(b) 

Figure 3.2 (a) M-C and C-C contacts in a bolted composite joint; (b) asperities on 

the composite surface obtained by SEM 

 

Consequently, captured AE signals contain mixed features arising from asperity 

contacts at these two interfaces with distinct surface properties. From the above 

analysis, it can be argued that energy-based methods have the potential to recognize 

AE signals generated from contact interfaces with different applied torques. In 

addition, due to different surface properties of these two materials, e.g., metal and 
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composite, AE signals produced by contacts of asperities with different sizes on the 

two surfaces exhibit different time durations (i.e., with different centered frequencies). 

Therefore, in conjunction with energy-based methods, frequency-based pattern 

recognition can be used to characterize AE signals from these two contact interfaces. 

 

However, even at the single-type contact interface, different contact behaviors 

produce between asperities in different sizes, as shown in Figure 3.3. Take the C-C 

interface as an example, three representative types of asperity contacts are discussed 

to facilitate the understanding of generation mechanisms of AE signals in a bolted 

composite joint and the influence of residual torque on the signal characteristics. 

 

Figure 3.3 Different contact modes of asperities at the C-C interface of a composite 

joint 

 

When the bolt of a joint is fastened, the largest asperities ( Mode  ) on the surfaces 

firstly come into contact and undergo intensive deformation, the moderate asperities 

( Mode  ) are in a weak contact and slight gaps exists between the smallest asperities 
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( Mode   ). Once a relative motion between the contact surfaces presents, sliding 

friction occurs between both the Mode   and Mode   asperities but with different 

contact durations, which are determined by the real contact area of the asperities. The 

Mode   asperities carry a larger contact force and consequently a higher degree of 

deformation presents, leading to a larger real contact area. As a result, AE signals with 

a longer duration (i.e., a lower centered frequency) are generated. Conversely, shorter-

duration AE signals (i.e., with a higher centered frequency) generate from the contacts 

between the Mode   asperities. If sliding distance of the two surfaces exceeds the gap 

between the Mode   asperities, Mode   asperities on one contact surface attempt 

to slide past those on the opposite surface, which results in the collision contact 

behavior and generates AE signals with the shortest duration. Based on these, 

frequency-based analysis should be capable of characterizing AE signals generated 

from asperities with different sizes.  

 

Meanwhile when the bolt is tightened with augmenting torques, higher pressure is 

induced at the interface and consequently sliding friction at different stages present 

between the contact asperities, as shown in Figure 3.4. With an increase in the applied 

torque, the elastic and plastic friction occurs sequentially. Once the asperities are 

overloaded, the wear produces consequently at the contact interface. To conclude, the 

contacts between the three types of asperities naturally generate AE signals with 

distinct characteristics in terms of time durations and centered frequencies. Upon the 

occurrence of bolt loosening in a bolted composite joint, a reduce in contact area 

between asperities, caused by the decrease in contact pressure, results in more 

frequency components with higher centered frequencies in the AE signals. 
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Figure 3.4 Different contact stages of asperities at the C-C interface of a composite 

joint under increasing applied torques 

 

From above descriptions, it can be inferred that with energy-based and frequency-

based analysis, characteristics of AE signals can be quantitatively linked to the applied 

torque on the bolt of a joint, which is to be presented in detail in Chapter 4. 

 

3.2.2. Active Philosophy 

The detection philosophy of bolt loosening using vibration modal parameters and 

wave energy dissipation (WED) of GUWs are presented in this section. 

 

3.2.2.1 Modal Parameters-based 

As mentioned in Section 3.2.1, asperity contacts occur at the interface of a joint when 

an external load introduces a relative motion between the two contact surfaces. 

Contact behaviors between asperities in the mating parts of a joint dissipate parts of 
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energy induced by the external load and generate AE signals, which also lead to 

changes in the structural modal parameters, for instance resonant frequency and 

damping ratio.  

 

To interrogate the effect of applied torque on the vibration modal parameters of a 

bolted composite joint, a single-degree-of-freedom system is developed based on 

viscoelastic modal and vibration theory (see Figure 3.5).  

 

Figure 3.5 Simplified model of a bolted composite joint 

 

where JK  and BK  are the stiffness of the joining composite material and contact 

interface, respectively. eqK  denotes the equivalent stiffness of the bolted joint. MC  

and FC  represent material internal damping and interface friction damping, 

respectively. Similarly, eqC  signifies the equivalent damping of the joint. It is 

noteworthy that MC  and JK  remain constant regardless of changes in the applied 
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torque on the bolt, while FC  and BK  are determined by contact condition of 

asperities at the interface and subject to functions of applied torque, which can be 

expressed as 

(T)FC f  and (T).BK G  (3.2) 

In engineering practice, it is challenging to directly measure the contact stiffness or 

damping of a joint. The alternative solution is to obtain modal parameters (i.e., 

resonance frequency and damping ratio), which have quantitative relations with BK  

and FC , respectively. The correlation between the equivalent damping eqC  of a joint 

and the damping ratio   obtained from the modal testing on the joint can be written 

as  

,eq

c

C
C

   (3.3) 

where cC  is the critical damping of the joint (a constant) and 

 .eq M FC C C   (3.4) 

 

The dependence of resonant frequency and response magnitude of a joint on the 

contact condition at the interface (determined by applied torque) is derived in what 

follows. 

 

The equation of motion of the joint subject to a harmonic force ( sin( )F t ) can be 

written as: 

sin( ),eq eqMx C x K x F t    (3.5) 

where 
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.B J
eq

B J

K KK
K K




 (3.6) 

Solve Equation (3.5) to obtain the resonant frequency f  as 

21 1 .
2

eqK
f

M



   (3.7) 

Then, the response magnitude A  of the joint under the harmonic excitation can be 

deduced as 

2

2 2 2(1 ) (2 )
r FA

Mr r


 
， (3.8) 

where  

eq

2 eq

C
K M

   and .
eq

Mr
K

  (3.9) 

From the above analysis, it can be concluded that contact stiffness and damping at the 

interface, subject to an applied torque on the bolt, influence the modal parameters (i.e., 

damping ratio and resonance frequency) of a joint. In addition, according to 

Equations (3.2) and (3.8), it can also be predicted that the response magnitude of a 

joint subject to a harmonic excitation is determined by   and r , which are associated 

with the applied torque. The detection of bolt loosening using modal parameters and 

response amplitude are presented in Chapters 4 and 5, respectively. In particular, in 

Chapter 5, the sensitivity of linear response magnitude of pumping vibration and 

probing wave to the residual torque remained on the loose bolt will be comparatively 

presented with those of nonlinear harmonics of pumping vibration. 
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3.2.2.2 WED-based 

In the active acoustic method using linear features of acoustic waves, i.e., wave-

energy-dissipation (WED) of GUWs, two lead zirconate titanate (PZT) wafers are 

usually pasted on the two sides of the bolt, as shown in Figure 3.6. One is used as an 

actuator to generate GUWs interacting with the mating parts of the joint, and the other 

studies as a sensor to capture wave signals, of which the energy is adopted to construct 

a linear index to indicate the residual torque of the bolt. Due to difference in the joint 

configurations (i.e., lap types) between the single-lap and cross-lap bolted joints as 

shown in Figure 3.6, GUWs captured in these two joints propagate along different 

paths. In the single-lap joint, GUWs traverse the interface from one beam to another 

beam, therefore the energy of captured GUWs is termed as leak energy. While in the 

cross-lap bolted joint, GUWs pass through the interface propagating in only one beam, 

of which energy is named as transmitted energy in what follows. A simplified 

theoretical model, as shown in Figure 3.6, is employed to correlate these two energies 

to the degree of applied torque. 

 

Provided the bolt is fastened, the relation between the preload P of the bolt and the 

torque T applied on the bolt can be described, in an elastic regime, as [140] 

,TP
d

  (3.10) 

where d signifies the bolt diameter and   a thread coefficient subject to the friction 

between the nut and bolt. As mentioned, the surfaces of two assemblies of the joint 

are rough, as shown in Figure 3.6. The preload relaxation of a bolt (a reduction occurs 

in the applied torque), can result in the decrease in the pressure at the contact interface 
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and consequently the real contact area. To theoretically derive a qualitative relation 

between the residual torque and the real contact area, a simplified model for both 

single-lap and cross-lap bolted joints consisting of two joining components (Assembly 

I and II) is developed as exhibited in Figure 3.6. Within a small amount of real contact 

area at the interface, the simplified model assumes that the two interacting assemblies 

consist of uniformed spherical asperities on the contact surfaces, with radii of R1 and 

R2, respectively. 

 

 

Figure 3.6 Simplified models of single-lap and cross-lap bolted joints 
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To simplify the solution, a model of the two spheres with the two radii in contact 

interacting with incident GUWs is recalled to derive the relation between applied 

torque of the bolt and leak/transmitted energy of GUWs upon traversing the bolt. 

According to Hertzian contact theory, the radius r of the real contact area when two 

spheres come in contact is expressed, as [141] 

1/3 1/31 2
1 2

1 2

3[ ( ) ] ,
4

R Rr P
R R

   


 (3.11) 

where 

2
1

1
1

1
E






  and 

2
2

2
2

1
E






 ， (3.12) 

where E signifies the Young’s modulus and ν is the Poisson’s ratio, where components 

with subscripts 1 for Assembly I and those with subscripts 2 for Assembly II. The real 

contact area S can subsequently be obtained by  

2 5/2 2/3 2/31 2
1 2

1 2

3=[ ( ) ] .
4

R RS r P
R R

    


 (3.13) 

At a given preload P, the total deformation (δ) of these two spheres (in the direction 

of P) in an elastic region, can be calculated by [141] 

2 2 1/3 2/31 2
1 2

1 2

9[ ( ) ] .
16

R R P
R R

   


   (3.14) 

Therefore, the distance L  between the centers of two spheres is yielded as 

1 2 .L R R     (3.15) 

Equation (3.15) indicates the dependence of the contact stiffness at the interface on 

L and P, which infers the extent to which the interface resists deformation when 

subject to a contact force. 
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Now consider incident GUWs (simplified as a harmonic wave in Figure 3.6) 

interacting with the above joint. Upon traversing the mating parts of the joint, the 

incident GUWs in Assembly I are divided into four kinds of components: 

(i) the waves to be dissipated, due to friction at the contact interface (i.e., 

evanescent waves decaying quickly); 

(ii) the waves to be reflected by the interface and subsequently propagate in 

Assembly I but in an opposite direction compared to incident wave; 

(iii) the waves to continue propagating in Assembly I in the same direction as 

incident wave after transmitting the bolt, and carry wave energy transmitted in I ; 

and 

(iv) the remaining GUWs to be leaked to Assembly II via the interface, carrying 

wave energy leak , and then continue the propagation in Assembly II. 

It should be pointed out that transmitted in I  and leak  are the wave energy of captured 

signals for the single-lap and cross-lap bolted joint in engineering practice, 

respectively, as shown in Figure 3.6. Equation (3.13) indicates that the real contact 

area S  is proportional to P2/3. With an assumption that the amount of leak energy of 

GUWs is proportional to S  and it has   

2/3 2/3.leak S P T     (3.16) 

From Equation (3.16), it is axiomatic that leak  tends to increase with an augment in 

applied torque T  , and meanwhile transmitted in I   decreases given the incident energy 

remains constant. Based on these, leak  and transmitted in I   can serve as two damage 

indices for quantitative detection of bolt loosening for the single-lap and cross-lap 

bolted joints, respectively. The efficiencies of these two linear indices in evaluating 
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bolt loosening are to be validated by identifying the residual torque of both Al-Al and 

C-C bolted joints in Chapter 4. 

 

3.3. Nonlinear Feature-based Methods 

It has been demonstrated that the sensitivity of nonlinear feature-based methods in the 

identification of under-sized damage including early bolt loosening is usually higher 

compared to linear feature-based approaches [37]. Realizing limitations of linear 

features of acousto-ultrasonics to bolt loosening at an early stage, endeavors have been 

cast to develop nonlinear acoustic methods residing on contact-acoustic-nonlinearity 

(CAN) at the contact interface of a loose joint to achieve an effectual monitoring. 

However, at this moment, the understanding of mechanisms associated with nonlinear 

interaction between acoustic waves and damage (e.g., a crack or a loose joint) in the 

physical sense is still limited without an ideal model gaining a wide acceptance [38].  

 

Motivated by this, to facilitate a better comprehending of detection philosophy of 

nonlinear acoustic methods, the theoretical modeling of CAN and its dependence on 

applied torque in a loose joint is studied and detailed in this section.  

 

3.3.1. Modeling of CAN in a Loose Joint 

As introduced in Section 2.3, when interacting with acoustic waves, the interface of a 

crack or a loose joint opens and closes if it undergoes certain extent of tension and 

compression, respectively. The contact stiffness of the interface under compression is 

higher than that under a tensile stress due to the fact that the latter is accompanied by 
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weakening of the contact interface. In addition, the closing/opening behaviors at the 

interface of a joint are often involved in friction, clapping and kissing, thermo-

elasticity, and varied other nonlinear wave-interaction effects, which make it 

challenging to perfectly model CAN of the contact interface. Generally, the one-

dimensional (1-D) constitutive relation between the strain (  ) the stress (  ) 

considering first-order (  ) and second-order ( ) classical nonlinearity along with 

hysteric nonlinearity ( ), which are adopted to model nonlinear dynamic response of 

a structure, can be given as [94, 95] 

/ ( , ) ,H NK d      (3.17) 

where   is strain rate and K denotes the hysteretic and nonlinear stiffness which can 

be given as 

 2
/ 1( , ) 1 [ ( )] ,H NK K (t)sign               (3.18) 

where 1K  signifies the linear stiffness, t is the time and  

1, 0
( ) .

1, 0
sign







 

 
 (3.19) 

 

When different sources of nonlinearities are considered, distinct nonlinear features are 

presented in the theoretical frequency spectra, as shown in Figure 3.7(a)-(d). From 

Figure 3.7(a)-(d), it can be concluded that in the theoretical modeling when only the 

linear contact stiffness at the interface is considered, no harmonics occur in the 

corresponding frequency spectrum.  
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With the use of first-order classical nonlinearity (i.e.,   in Equation (3.18)), every 

high-order harmonic presents. When taking into account the second-order classical 

nonlinearity (i.e.,   in Equation (3.18)) or hysteretic nonlinearity (i.e.,   in 

Equation (3.18)), only the odd harmonics can be modeled. In addition, for VAM-

based method, when   is involved, sidebands occur at the frequency of probing wave 

plus and minus the integrate times of frequencies of pumping vibration. Otherwise, 

when other nonlinearities are considered, the sidebands only present at the frequency 

of probing wave plus and minus the even times of frequencies of pumping vibration 

[137]. Therefore, the selection of proper type of nonlinearity plays a critical role in 

modeling CAN at the contact interface of a loose joint. 

 

Figure 3.7 Frequency spectra of structural responses involved in varies types of 

nonlinearity: (a) linear stiffness; (b) first-order classical nonlinearity; (c) second-

order classical nonlinearity; and (d) hysteretic nonlinearity  
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From the experimental observation (to be presented in Chapter 5), both even and odd 

high-order harmonics (HOH) of pumping vibration are found in the related spectra. 

Besides, the modulated sidebands occur at the frequency of probing wave plus and 

minus the integrate times of frequencies of pumping vibration. Physically, the 

application of the first-order classical nonlinearity introduces a softening effect when 

the relative motion between the two contact surfaces of a joint is positive (i.e., to open 

the interface) and a stiffening effect when the relative displacement is negative (i.e., 

to close the interface). Combining the experimental observation and physical 

interpretation of nonlinearities in distinct types, the first-order classical nonlinearity 

will be used for the theoretical modeling in the followings.  

 

In the absence of acoustic waves, the two contact surfaces of a joint are assumed to 

be at an equilibrium gap distance X0, as shown in Figure 3.1. The gap distance X will 

change periodically with a variation of X  when acoustic waves passing through, 

which leads to a slight change in the pressure XP  applied on the contact surfaces, 

induced by applied torque. Subsequently the contact pressure XP  can be expressed by 

its Taylor series expansion near the X = X0 up to its second-order term to obtain the 

first-order classical nonlinearity [90] as 

2
0 1 2( ) .X 0P P X + X P K X K X        (3.20) 

 

Then stiffness of the contact surface can be written as [90] 

 
0

1 ,m m

X X

dPK CP T
dX 

      (3.21) 
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0

2
2 2 1 2 1

2 2

1 0.5 ,
2

m m

X X

d PK mC P T
dX

 



    (3.22) 

where 1K  is the linear stiffness and 2K  the nonlinear stiffness of the contact interface. 

C  and m  are associated with the surface properties of the material in contact. It is 

noteworthy that the value of m  should not be more than 0.5, so in most cases, 1K  

increases while 2K  decreases with increasing pressure. Based on this model, contact 

stiffness at the interface, including linear and nonlinear parts, is related to the applied 

torque of the bolt. In the following section, the contact stiffness is quantitatively linked 

to the nonlinear responses (i.e., HOH and modulated sidebands) of a loose joint. 

 

3.3.2. CAN-based Bolt Loosening-related Nonlinear Indices 

As mentioned in Chapter 2, nonlinear responses including HOH and modulated 

sidebands are two direct consequences of CAN at the contact interface due to a crack 

or a loose joint. In the previous section, CAN in a loose joint has been modeled and 

quantitatively linked to the degree of the residual torque of the bolt. In this section, 

the nonlinear responses (i.e., HOH and sidebands) of a loose joint are theoretically 

correlated with the residual torque by using the nonlinear stiffness derived in the 

previous section. Furthermore, the nonlinear damage (bolt loosening)-related indices 

for the evaluation of bolt loosening will be constructed from the nonlinear responses. 

 

3.3.2.1 HOH-based 

A single-degree-of-freedom system, as shown schematically in Figure 3.8, is 

considered to link the nonlinear contact stiffness to the nonlinear harmonic responses 
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of a loose joint when subject to a harmonic force (with an equivalent force cosF t ). 

 

The equation of motion of the joint can be defined as 

2
1 2 cos ,Mx K x K x F t       (3.23) 

where   signifies the excitation frequency of the harmonic force. M donates the mass 

and t is the time. The term with 2K  represents a nonlinear perturbation in which   is 

a small quantity to scale the perturbation to be minute. According to the perturbation 

theory [142], to obtain the nonlinear responses of SOH and TOH, the solution to 

Equation (3.23) takes the form as following 

2
1 2 3,x x x x       (3.24) 

where 1x  represents the linear response, 2x  denotes the SOH response, and 3x  

contains the TOH response of the bolted joint.  

 

Substituting Equations (3.24) to (3.23) and forcing the coefficients of  -related 

terms to be identical on the left and right sides of the equation, one has 

1 1 1+ cos ,M x K x F t  (3.25) 

2
2 1 2 2 1+ ,M x K x K x  (3.26) 

3 1 3 2 1 2+ 2 .M x K x K x x  (3.27) 

Further, neglecting the transient component, the linear and nonlinear responses can be 

obtained as 

1 12
1

cos cos ,Fx t B t
K M

 


 


 (3.28) 
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22
2 12

1

0.5 cos 2 ,
4
Kx B t

K M






 (3.29) 

2 2
3 32 2

3 1 12 2 2 2
1 1 1 1

cos3 cos .
2( 9 )( 4 ) 2( 4 )( )

K Kx B t B t
K M K M K M K M

 
   

 
   

 (3.30) 

 

 

Figure 3.8 Simplified model of a joint subject to one harmonic force  

 

In Equations (3.28) and (3.30), those terms involving   concern the linear response 

of the joint in the fundamental mode and the terms 2  and 3  in Equations (3.29) 

and (3.30) regulate characteristics of SOH and TOH, respectively. Considering the 

nonlinear responses are much weaker compared to the linear one, which leads to 
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3 1x x , the magnitude of the linear ( LFA ) can be expressed as 

2
32
1 12 2 2

1 1 12( 4 )( )LF
K FA B B

K M K M K M  
  

  
 (3.31) 

Then magnitudes of SOH ( ) and TOH ( ) responses can be written as  

22
2

1

0.5 ,
4SOH LF
KA A

K M



 (3.32) 

2
32

2 2
1 1

0.5 .
( 9 )( 4 )TOH LF

KA A
K M K M 


 

 (3.33) 

 

From Equations (3.32) and (3.33), it can be noted that the magnitude of nonlinear 

responses (i.e., SOH and TOH) is proportional to the nonlinear contact stiffness 2K , 

which is dependent on the contact properties (i.e., C  and m) at the contact interface, 

along with the residual torque T   applied on the bolt. Subsequently, two nonlinear 

indices theory
SOH  and theory

TOH , making use of the magnitude of SOH and TOH, 

respectively, are defined to indicate the residual torque T , as 

2
2 2

1

0.5 ,
4

theory SOH
SOH

LF

A K
A K M




 


 (3.34) 

2 2
3 2 2

1 1

0.5 .
4 9

theory TOH
TOH

LF

A K K
A K M K M


 

 
 

 (3.35) 

 

3.3.2.2 VAM-based 

In the VAM-based method, the loose joint is subject to a mixed excitation from a low-

frequency pumping vibration (with an equivalent force 1 1cosF t  ) and a high-

frequency probing wave (with an equivalent force 2 2cosF t ), which are independent 

SOHA TOHA
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of each other, as exhibited in Figure 3.9. 

 

Figure 3.9  Simplified model of a joint subject to two harmonic forces  

 

The equation of motion of the joint can be described as 

2
1 2 1 1 2 2cos cos ,Mx K x K x F t F t       (3.36) 

where 1   and 2   are the frequencies of the pumping vibration and probing wave, 

respectively.  

 

Using the analogous method based on perturbation theory, the solution to Equation 

(3.36) takes the following form  

1 ,Nx x x    (3.37) 
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1x   represents the linear dynamic responses of the joint to the mixed excitation at 

frequencies of 1   (pumping vibration) and 2  (probing wave). Nx   signifies the 

nonlinear responses of the joint, as manifested as a series of sidebands and second-

order harmonics. 

 

Substituting Equations (3.37) to (3.36) to and forcing the coefficients of  -related 

terms to be identical on the left and right sides of the equation, one then has 

1 1 1 1 1 2 2+ cos cos ,Mx K x F t F t    (3.38) 

2
1 2 1+ .N NMx K x K x  (3.39) 

 

Further, upon neglecting the transient components which are independent of the 

magnitudes of the linear and nonlinear responses, 1x  can be obtained as 

1 1 1 2 2cos cos ,x G t G t    (3.40) 

where 1
1 2

1 1

FG
K M




 and 2
2 2

1 2

FG
K M




. Solving Equation (3.39) yields 

2 ,N sidebandsx x x   (3.41) 

where 

1 2 1 2
2 1 2 2 1 22 2

1 1 2 1 1 2

cos( ) cos( ) ,
( ) ( )sidebands

G G G Gx K t K t
K M K M

   
   

   
   

 (3.42) 

2 2
1 2

2 2 1 2 22 2
1 1 1 2

0.5 0.5cos(2 ) cos(2 ).
4 4
G Gx K t K t

K M K M
 

 
 

 
 (3.43) 

In Equation (3.42), the terms 1 2( )   and 1 2( )   jointly regulate characteristics 
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of the sidebands in the spectrum, and in Equation (3.43), those terms involving 12  

and 22  concern the SOH responses of the joint subject to the pumping vibration and 

probing wave, respectively. 

 

From Equation (3.42), it can be noted that the magnitude of a sideband in the 

spectrum is proportional linearly to the nonlinear contact stiffness 2K  , which is 

dependent on the contact properties at the contact interface under the mixed excitation, 

as well as the residual torque T  of the bolt. Consequently, based on Equation (3.42), 

another nonlinear index, theory
VAM , embracing the magnitudes of the left ( LA ), right ( RA ) 

sidebands, probing wave ( HFA  ) and pumping vibration ( LFA  ) in the spectrum is 

defined in this study, as 

2 2
2 2

1 1 2 1 1 2

( ) 0.5 0.5 .
2 ( ) ( )

theory L R
VAM

HF LF

A A K K
A A K M K M


   


  

   
  (3.44) 

 

It is noteworthy that the above derivations are not restricted by joint configurations, 

and therefore these nonlinear indices are applicable to any joint type, outperforming 

linear index with a high dependence on joint type.  

 

Integrating the defined linear and nonlinear indices, an inspection framework is 

further developed for detecting bolt loosening and evaluating the residual torque of 

loose bolts in both Al-Al and C-C bolted joints in Chapters 4 and 5, respectively. 
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3.4. Summary 

To facilitate an understanding of detection philosophy of bolt loosening using linear 

and nonlinear features of acousto-ultrasonics, dedicated modeling for deriving both 

linear and nonlinear damage (bolt loosening)-related indices is established in this 

chapter.  

 

For the passive linear acoustic method, the affecting factors (i.e., the normal load, 

number of asperities in contact, surface properties and sliding velocity of the contact 

surfaces) of AE generation are theoretically defined. The energy-based and frequency-

based analyses are predicted capable of characterizing AE signals generated from 

different contact interfaces (i.e., C-C and M-C contact), and further link the signal 

characteristics to the degree of applied torque. For the active linear acoustic method 

using vibration modal parameters, resonant frequency and damping ratio are proven 

being able to indicate the tightening state of a joint. For the active acoustic method 

using linear features of GUWs, based on Hertzian contact theory, a linear index, 

developed from WED, is quantitatively linked to the residual torque of the bolt. 

However, such an index is found with a high dependence on the joint configurations 

(lap types). 

 

Given the necessity of evaluating small-scale (i.e., early bolt loosening) damage, using 

nonlinear features (i.e., HOH and modulated sidebands) of acoustic waves, a 

theoretical model to describe CAN, which is associated with the interaction between 

the contact interface of a loose joint and the acoustic waves, is presented. With a 
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single-degree-freedom system, nonlinear responses, i.e., HOH and modulated 

sidebands, of a bolted joint subject to one harmonic excitation and two mixed 

excitations (i.e., low-frequency pumping vibration and high-frequency probing wave) 

are theoretically correlated with the nonlinear contact stiffness (determined by applied 

torque). Based on this, three nonlinear indices (i.e., SOH-based, TOH-based and VAM-

based) are constructed from the magnitude of SOH, TOH and modulated sidebands 

for the evaluation of residual torque of loose bolts regardless of joint type. 

 

Up to this point, both the linear and nonlinear features are theoretically related to the 

residual torque of loose joints, next two chapters (Chapter 4 and 5) will focus on 

experimental validation of the proposed linear and nonlinear indices, respectively. In 

particular, the limitations of WED-based linear index on the detection of bolt 

loosening in multi-type of bolted joints are exhibited in Chapter 4, and the advantages 

of nonlinear indices in detecting early bolt loosening in both Al-Al and C-C bolted 

joints are comparably presented in Chapter 5. 
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Implementation of Methods Using Linear 

Features of Acousto-ultrasonics  

 

 

 

4.1. Introduction 

In Chapter 3, based on a contact theory, the generation of AE signals is physically 

linked to the contacts of asperities at the interface of a joint. From the theoretical 

derivation, amplitude (energy)-based and frequency-based analyses are predicted 

capable of characterizing AE signals generated at different contact interfaces (i.e., C-

C and M-C interfaces) and further indicating the tightening state of a joint. As a global 

linear acoustic method, modal parameters, including resonant frequency and damping 

ratio, are found able to identify the health state of a bolted joint. As a local linear 

acoustic method, WED of GUWs, when interacting with the contact interface of a joint, 

is correlated to the residual torque of the loose bolt using an analytical model residing 

on Hertzian contact theory.  
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In this chapter, the proposed linear indices, constructed from extracted AE signal 

characteristics, vibration modal parameters and WED of GUWs, respectively, are 

verified by a series of case studies. In particular, the intrinsic mode functions (IMFs) 

of acoustic emission (AE) signals, extracted from signals using an empirical mode 

decomposition (EMD), are used to characterize the contact conditions (e.g., sliding 

friction or collision) of asperities in the mating parts of bolted composite joints 

undergone flexural vibration, whereby to evaluate the tightening condition of the 

joints quantitatively. Specifically, the sliding friction-related IMFs, generated in the 

mating parts of the two joining composite components (i.e., composite-composite 

contact, termed as C-C contact for short) are ascertained from those generated from 

the contacts between the joining composite components and the metallic fasteners (i.e., 

metal-composite contact, termed as M-C contact for short), via a Hilbert-Huang 

transform (HHT). Subsequently, the C-C contact-related IMFs are linked to the 

contact behaviors of asperities at the joining interface, reflecting quantitatively the 

degree of the residual torque of the bolted joints. The fatigue performance of the joints 

is further evaluated according to the changes in the energy ratios of the C-C contact-

related IMFs. Resonant frequency and damping ratio obtained from modal testing are 

comparatively adopted to present their dependence on the residual torque of a bolted 

composite joint. Finally, detection of bolt loosening in both Al-Al and C-C bolted 

joints using WED of GUWs is introduced. Three types of Al-Al bolted joints, namely 

single-lap, cross-lap and hybrid-lap, are comparably used to exhibit the dependence 

of WED-based method on the joint configurations (i.e., lap types). Furthermore, to 

investigate the influence of boundary reflection on the sensitivity of WED-based 

method to bolt loosening, the transmitted energy of first-arrival wave packet of GUWs, 
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calculated by Hilbert Transform (HT), is intercepted and comparably applied to assess 

the residual torque of a loose bolt in the cross-lap Al-Al bolted joint. In addition, the 

performance of WED-based method in the evaluation of loose bolts in both single-lap 

Al-Al and C-C bolted joints is compared with the limitations of such a linear index 

when applied to detect bolted structures consisting of high-attenuation materials (i.e., 

composite materials).  

 

This chapter emphasizes on improvements of conventional linear acoustic methods in 

aspect of signal processing and interpreting. Time domain and frequency domain 

along with time-frequency methods are comparatively adopted to process both GUWs 

and vibration signals. 

 

4.2. Passive Linear Method: AE-based 

Empirical mode decomposition (EMD), which has been widely studied and used in 

various fields (e.g., damage detection, pattern recognition and system identification) 

demonstrating a high-frequency resolution, is introduced and further employed to 

extract characteristics of AE signals for the detection of bolt loosening in the 

followings. 

 

4.2.1. Empirical Mode Decomposition 

When a signal is processed with EMD, a set of complete and almost orthogonal 

components (i.e., IMFs) can be obtained from the signal, each of which represents a 

natural oscillatory mode of the original signal, and is determined by characteristics of 
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the signal itself. To facilitate a better understanding of procedure of EMD method, its 

flowchart is exhibited in Figure 4.1. 

 

Figure 4.1 Flowchart of EMD 

 

To conduct EMD on a signal X(t) , the upper and lower envelops of the signal are first 

obtained by connecting local maxima and minima using a cubic spline function, 

respectively, as schematically illustrated in Figure 4.2. 
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Figure 4.2 Sifting process of EMD 

 

The mean of the upper and lower envelopes is then obtained and signified as 11m , and 

the first “Proto-Intrinsic Mode Function”, 11h  is defined as  

11 11( ) .X t m h   (4.1) 

In the subsequent processes, 11h  is treated as a new original signal and 12m  is obtained 

by averaging the upper and lower envelopes of 11h . Then the second “Proto-Intrinsic 

Mode Function” 12h  is obtained as 

11 12 12.h m h   (4.2) 

The above process (i.e., sifting process) is repeated k   times until 1kh   becomes the 

first IMF 1c  , which satisfies two conditions: (1) in the whole data set, the number of 
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extrema and the number of zero crossings must either equal or differ at most by one; 

and (2) at any point, the mean value of the envelope fitted by the local maxima and 

the envelope fitted by the local minima is zero [52].  

1 1 .kc h  (4.3) 

According to the above description of the generation mechanisms of AE signals, the 

first IMF ( 1c ) is deduced to be associated with asperity contacts with the shortest 

contact duration (i.e., the highest centered frequency).  

 

Then difference between X(t)  and 1c  is defined as the first residue 1r  

1 1( ) c .X t r   (4.4) 

The sifting process is repeated until all IMFs of the original signal are obtained. 

1 2 2c ,r r   (4.5) 

… 

-1 c .n n nr r   (4.6) 

The decomposition process is terminated until the residue nr  becomes a constant, a 

monotonic function, or a function with only one maximum and one minimum.  

 

Finally, the signal X(t)  can be expressed with the sum of decomposed IMFs and the 

residue as  

1
( ) .

n

j n
j

X t c r


   (4.7) 
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It is noteworthy that the decomposed IMFs with decreasing centered frequencies are 

usually physically meaningful, which will be used to recognize contact behaviors of 

asperities at the interface in the following case studies.  

 

4.2.2. Case Study I: Effect of Applied Torque on Contact Behaviors 

of a Joint 

In this section, EMD-extracted characteristics of AE signals are used to evaluate the 

applied torque of a bolted joint consisting of two composite beams assembled by an 

M6 bolt. The beam specimens were cut from a composite laminated T700/7901 

carbon-fiber-reinforced epoxy, obtained using hot pressing with a stacking sequence 

[90, 0, 90, 0]s. Specimens were 1mm thick and 30 mm wide. Three sets of 

experimental setups were used to capture AE signals generated from contacts of 

asperities at the single-type interface (i.e., C-C contact in two assembled composite 

beams as displayed in Figure 4.3 (a) and M-C contact in a bolted beam as shown in 

Figure 4.3 (b)) and mixing-type contact interfaces (including both C-C and M-C 

interfaces in a bolted composite joint as exhibited in Figure 4.3 (c)). Insulation tape 

was used on the tip of the free end of different specimens to adjust the structural mass 

and further keep their resonant frequencies consistent. 

 

In Figure 4.3 (a), two composite beams, with lengths of 100 mm and 190 mm, 

respectively, were assembled with an overlap length of 20 mm by using insulation 

tape. One end of the beam was secured to the moving element (i.e., excitation part) of 

a vibration table (ES-3-150) with an M8 bolt. Sealant was used to avoid AE source 

from contacts between the M8 bolt and other components.  The specimens were 
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excited using a vertical force with a displacement of 0.6 mm at a frequency of 22.3 

Hz through the sinusoidal motion of the moving element, and were monitored with an 

acceleration sensor. A four-channel SAEU2S AE system (Soundwel Co.) was 

employed to capture AE signals generated from the two assembled composite beams 

(i.e., C-C contact) subject to vibration in a short time (i.e., 8 seconds), using an SR 

150M sensor with a wide resonant frequency range between 10 and 160 kHz, as 

displayed in Figure 4.4. The AE signals were recorded at a sampling frequency of 2 

MHz. A threshold of 40 dB was used to avoid involvement of environment noise in 

the captured signals.  

 

In Figure 4.3 (b), an intact beam with a length of 270 mm was drilled to bear a thread 

hole and assembled with an M6 bolt. The M6 bolt was tightened from 1 to 9 N∙m, 

with an increasing step of 1 N∙m, so as to collect AE signals generated from the M-C 

contact (i.e., contact between the metallic fasteners and the composite beam) in each 

scenario. The AE signals were collected when the specimens were under the same 

excitation condition as those shown in Figure 4.3 (a).  

 

In Figure 4.3 (c), the same beams as those shown in Figure 4.3 (a) were assembled 

with an M6 bolt to form a bolted composite joint. To remove the sharp asperities on 

the rough surface and minimize thread gap between the nut and bolt, pre-loading was 

repeated before the experiment. Then, the joint was tightened from 1 to 9 N∙m and 

excited under each torque in a short time (i.e., 8 seconds) to obtain the AE signals 

generated from the mixing-type contact (including both C-C and M-C contacts).  
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(a) 

 
 
 

 

 
(b) 

 
 

Figure 4.3 Experimental set-ups for collecting AE signals (a) in two beams 

assembled by insulation tape; (b) in a bolted beam; (c) in a bolted joint 
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(c) 
 

Figure 4.3 (continued) 

 

 

Figure 4.4  Resonant frequency range of the AE sensor 

 

This study is dedicated to investigating the contact behaviors between joining 

materials (i.e., C-C contact) in a bolted composite joint under vibration. To achieve  

quantitative monitoring of bolt torque using the AE signals generated from the C-C 
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and M-C contacts, their unique characteristics and quantitative dependence on the 

applied torque must be firstly understood. The AE signals generated at the single-type 

contact interface (i.e., C-C contact as shown in Figure 4.3 (a) and M-C contact as 

shown in Figure 4.3 (b)) are processed with HHT and the decomposed IMFs are 

comparably studied to ascertain their distinct characteristics in this section. 

 

The original AE signal (the average of 300 signals) and its first four IMFs, generated 

from the C-C contact between the two composite beams assembled by insulation tape 

are displayed in Figure 4.5 and 4.6, respectively.  The first four IMFs in Figure 4.6 

are observed to possess increasing periods. 

 

 

 

Figure 4.5  Time presentation of the original AE signal captured from the two beams 

assembled by insulation tape 

 

C-C 
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(a) 
 

 

 
 

(b) 
 
 

Figure 4.6  Time presentations of first four IMFs of the AE signal in Figure 4.5: (a) 

C1; (b) C2; (c) C3; and (d) C4 
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(c) 

 

 
(d) 

 
Figure 4.6 (continued) 

 

Time frequency analysis on the original signal was comparably conducted by using 

short-time Fourier transform and Hilbert-Huang transform and the corresponding 

spectra are displayed in Figure 4.7 (a) and (b), respectively. A higher time-frequency 

resolution is observed in the HHT spectrum presented with normalized energy 
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compared to the former one. In addition, the main energy of the AE signal is observed 

to distribute in the frequency range between 20 and 200 kHz.  

 
(a) 

 
(b) 

 
Figure 4.7  (a) Short-time Fourier transform; and (b) Hilbert-Huang transform 

spectra of the signal in Figure 4.5 

 

Figure 4.8 (a) and (b) show the time-presentation of the original AE signal (the 

average of 300 signals) and its first IMF generated from the bolted beam (i.e., M-C 

contact) under 1 and 7 N∙m, respectively. Noted that T
iC  denotes the thi IMF of the AE 
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signals generated from specimens under a torque of T. From the comparison regarding 

signal envelopes in the time domain, a high similarity can be found between the 

original signal and its first IMF, which means the first IMF dominates the energy of 

the original signal.     

 
(a) 

 

 
(b) 

 
Figure 4.8  Time presentations of the original AE signal and its first IMF captured 

from the bolted beam under (a) 1 N∙m; and (b) 7 N∙m 
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The HHT spectra presented with normalized energy of the two signals in Figure 4.8 

(a) and (b) are comparatively shown in Figure 4.9 (a) and (b).  

 

 
 

(a) 
 

 

(b) 

Figure 4.9  Hilbert-Huang transform spectra of the AE signals (a) in Figure 4.8 (a); 

(b) in Figure 4.8 (b); and (c) marginal spectra of the AE signals captured from the 

bolted beam under different torques 
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(c) 
 

Figure 4.9 (continued) 
 

To observe the main frequency components of the AE signals generated from the M-

C contact distribute between 10 and 40 kHz, regardless of the applied torque. Marginal 

spectra of the AE signals captured from the bolted beam under different torques are 

shown in Figure 4.9 (c), in which the energy ratio of low-frequency components 

(below 25 kHz) becomes larger with the increase of applied torque. This phenomenon 

is consistent with previous analysis in terms of the influence of applied torque on the 

asperity contacts and resultant AE signal characteristics. To be more specially, a high 

pressure increases the contact area of asperities and consequently more IMFs with 

longer durations (i.e., low centered frequencies) occurs. It is noteworthy that when the 

bolt was tightened to 8 N∙m or more, no AE signals were captured. This is because 

that no obvious relative motion at the M-C interface occurs when the applied torque 

reaches 8 N∙m, which introduces a high pressure at the interface between the metallic 
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washer and the composite beam (i.e., M-C interface). It also indicates that AE source 

from the contacts between the M8 bolt and other components was circumvented.  

 

Comparing the AE signals generated from the M-C contact to those generated from 

the C-C contact, it is found that the M-C contact generates the AE signals dominating 

the frequency range between 10 and 40 kHz, while the AE signals induced by the C-

C contact mainly distribute between 20 and 200 kHz. The difference in roughness and 

hardness between metal and resin is responsible for the diversity of their frequency 

distribution. Therefore, the first three IMFs with centered frequencies higher than 40 

kHz, decomposed from the AE signals produced by the C-C contact, are identified and 

can be further used to indicate contact conditions of a bolted composite joint. 

 

In order to identify asperity contacts in a bolted composite joint undergone vibration 

using the HHT-based characteristics of AE signals, the bolted joint, shown in Figure 

4.3 (c), was tightened with increasing torques and vibrated with a displacement of 0.6 

mm at 22.3 Hz, which is closed to its first-order resonant frequency (i.e., 22.0 Hz). 

The typical amplitude distribution of the AE signals recorded during vibration is 

shown in Figure 4.10 (a), and Figure 4.10 (b) is the averaged results of three repeated 

tests. 

 

To observe that in Figure 4.10 (a) when the applied torque is 3 N∙m, the amplitude of 

the AE signals distributes over a wide range, which indicates uncontrolled contact 

behaviors in the bolted joint, due to a lack of sufficient pressure on the contact surfaces. 

Similar phenomena present when the torque is 1 and 2 N∙m, which are not to be 
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discussed in detail. When the applied torque continues increasing, the amplitude of 

the AE signals reaches a steady value, especially for the joint under 7 N∙m.  

 

(a) 

 

 

(b) 

Figure 4.10  (a) Typical amplitude distribution; and (b) averaged amplitude of the 

AE signals captured from the bolted joint under different torques in three tests 
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From the averaged results as displayed in Figure 4.10 (b), a monotonic decrease in 

the signal amplitude is observed until the applied torque reaches 7 N∙m. After then, it 

increases slightly until 9 N∙m. Damage caused by fretting wear on the composite 

surface below the outer border of the washer was found in the further observation. 

Therefore, AE signals induced by the surface damage are inferred to cause the increase 

of signal amplitude (i.e., gross energy) after the torque exceeds 7 N∙m. To conclude, 

with usage of gross energy of AE signals, the detectable range regarding bolt loosening 

is limited from 4 to 7 N∙m. 

 

The AE signals (averages of 300 signals) generated in the bolted joint under 3, 7 and 

9 N∙m were further processed with HHT and their IMFs ( T
iC ) in time-domain are 

shown in Figure 4.11, 4.12 and 4.13, respectively.  

 
(a) 

 
Figure 4.11 Time presentations of the first three IMFs of the AE signal acquired 

from the bolted joint under 3 N∙m: (a) C3 
1 ; (b) C3 

2 ; and (c) C3 
3  
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(b) 

 

(c) 

Figure 4.11 (continued) 

 

In Figure 4.11, the first three IMFs (i.e., 3
1C , 3

2C  and 3
3C ) decomposed from the AE 

signal generated from the bolted joint under a torque of 3 N∙m, are found to be similar 

with 1C , 2C  and 3C   in Figure 4.6. In addition, from further observation on the 
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results from joint under 7 and 9 N∙m, the periods of the IMFs are observed to increase 

when the joint was applied with augmenting torques.  

 

(a) 

 

(b) 

Figure 4.12 Time presentations of the first two IMFs of the AE signal acquired from 

the bolted joint under 7 N∙m: (a) C7 
1 ; and (b) C7 

2  
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(a) 

 

 

 

(b) 

Figure 4.13 Time presentations of the first two IMFs of the AE signal acquired from 

the bolted joint under 9 N∙m: (a) C9 
1 ; and (b) C9 

2  
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To investigate energy shift in the signals generated from the joint under increasing 

torques, HHT spectra of the signals (first four IMFs) are comparably displayed in 

Figure 4.14. The first three IMFs are observed to possess main frequency components 

higher than 40 kHz and show a high sensitivity to changes in the applied torque. The 

energy ratios of these high-frequency IMFs (indicated by the normalized energy) 

decrease with the increasing torque applied on the joint, which is similar with results 

in the bolted beam. Through the comparison with signals generated from the C-C and 

M-C contacts in terms of HHT spectra, the first three IMFs of the signals captured 

from the bolted composite joint are inferred to be produced by the C-C contact. 

 

 

(a) 

Figure 4.14 Hilbert-Huang transform spectra of the AE signals from the joint under 

(a)3 N∙m; (b) 5 N∙m; (c) 7 N∙m; and (d) 9 N∙m 
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(b) 

 

 

(c) 

Figure 4.14 (continued) 

 



 
The Hong Kong Polytechnic University     Ph.D. Thesis 

 

102 
 

 

(d) 

Figure 4.14 (continued) 

 

To achieve a quantitative analysis, energy ratio ( jR ) of each IMF jc  is calculated 

using the following equation 

1
(c ) / ( ) 100%

n

j j j
j

R E E c


  , (4.8) 

where (c )jE  is the equivalent energy of IMF jc , obtained by accumulating the 

squares of signal amplitudes of  jc   in the time domain. The energy ratios of first three 

IMFs and their summation ( 1-3R ) along with the ratio of residual IMFs ( ResidualR ) are 

obtained and displayed in Figure 4.15.  
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Figure 4.15 Energy ratios of IMF components decomposed from the AE signals 

from joints under different torques 

 

2R  and 3R  are found to decrease when the torque applied on the bolt increases from 

4 to 9 N∙m, while an observable increase presents in 1R  when the torque increases to 

9 N∙m, which is inferred to be correlated to the surface damage as mentioned above. 

With usage of ResidualR  and 1-3R , changes of bolt torque in the range between 4 and 9 N∙m 

can be detected. The HHT-processed characteristics of signal show a better sensitivity 

to early bolt loosening compared to amplitude-dependent technology as shown in 

Figure 4.10. 

 

4.2.3. Case Study II: Effect of Applied Torque on Fatigue 

Performance of Joints 

From previous analysis, it can be concluded that the decrease in bolt torque results in 

a reduce in the interfacial pressure and an augment in the sliding distance between 
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contact surface. As a consequence, more asperities with relative small sizes feature 

weak contacts and produce more high-frequency IMFs in the AE signals. To validate 

the efficiency of proposed AE method in the continuous monitoring of bolt loosening, 

in this section, four bolted composite joints (see Figure 4.16) under 3, 5, 7 and 9 N∙m 

are fatigued for 2 hours simultaneously and monitored by using the HHT-based 

characteristics of AE signals.  

 

Figure 4.16 Experimental set-ups for collecting AE signals in four bolted joints 

under fatigue 

 

During the vibration fatigue, the AE signals and compressive strain of the bolt 

(indicating the residual torque), are continuously registered in the AE device and strain 

indicator, respectively. The accumulated energy of the original AE signals generated 

in the four joints and the changes in the compressive strain of the bolts are plotted 

over time in Figure 4.17 (a) and (b), respectively. The slope of the energy curves 

represents energy release rate of asperity contacts, which can be used to indicate the 

stability of the bolted joints under fatigue. From Figure 4.17(a), it can be found that 

the AE signals generated in the bolted joint under 3 N∙m exhibit most frequent changes 

in the energy release rate. While the AE signals generated in the bolted joint under 7 
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N∙m exhibit a relative low energy release rate, which indicates a stable contact 

condition of the bolted joint under this torque. However, cumulative energies of the 

AE signals from the joints under torques of 7 N∙m and 9 N∙m are similar during the 

fatigue process and such similarity also occurs in the curves for the joints under 

torques of 3 N∙m and 5 N∙m in the first fatigue hour. 

 
(a) 

 

 
(b) 

Figure 4.17 (a) Cumulative energy of the AE signals captured from the bolted joints 

under fatigue; and (b) reductions in the compressive strain of related bolts 
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In Figure 4.17 (b), the degree of bolt loosening, evaluated by the decrease in the 

compressive strain, is found to decrease with an increase in the applied torque when 

it is not larger than 7 N∙m. From the comparison between Figure 4.17 (a) and (b), the 

released energy of the AE signals, to some extent, is found to be capable of 

qualitatively detecting the state of a bolted joint under vibration fatigue, but not 

capable of identifying the influence of applied torque on the fatigue process of bolted 

joints under vibration. 

 

To further quantitatively detect tightening condition of the bolted joints under different 

torques when subject to vibration fatigue using the AE technology, HHT-processed 

AE signals regarding time-frequency characteristics are to be discussed in what 

follows. HHT spectra of the AE signals (average of 300 signals) from the joints under 

3 N∙m and 7 N∙m over fatigue are comparatively shown in Figure 4.18 (a)-(d).  

 
(a) 

Figure 4.18 Hilbert-Huang spectra of the AE signals from the joint under 3 N∙m 

before (a) and after (b) fatigue; from the joint under 7 N∙m before (c) and after (d) 

fatigue 
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(b) 

 

 

(c) 

 

Figure 4.18 (continued) 
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(d) 

Figure 4.18 (continued) 

 

To observe that C-C contact-related (i.e., high-frequency) IMFs become stronger and 

distribute in a wider time range after fatigue.  

 

The evolution of energy ratios of first three IMF components of the AE signals 

generated from the bolted joints under different torques over fatigue is exhibited in 

Table 4. 1. For the joints under 3, 5 and 7 N∙m, the energy ratios of residual IMFs 

decrease with some fluctuations over fatigue time, which indicates the high-frequency 

IMFs become more intensive after fatigue and is consistent with results as shown in 

Figure 4.18. While for the joint under 9 N∙m, the energy ratio of residual IMFs firstly 

decreases in the first hour and after then it increases. 
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Table 4. 1 Evolution of energy ratios of IMF components decomposed from the AE 

signals from the bolted joints under different torques over fatigue (unit: %) 

 
3 N∙m 5 N∙m 

Time/h R1 R2 R3 RResidual R1 R2 R3 RResidual 
0 23.68 15.44 06.32 54.56 12.07 5.44 4.96 77.53 

0.5 11.11 10.78 09.72 68.39 11.00 6.66 4.63 77.71 
1.0 26.41 17.06 11.93 44.60 15.11 9.32 9.44 66.13 
1.5 28.93 20.95 16.33 33.79 11.13 0.94 8.14 79.79 
2.0 29.54 19.80 14.06 36.60 16.34 9.77 6.61 67.28 

7 N∙m 9 N∙m 
Time/h R1 R2 R3 RResidual R1 R2 R3 RResidual 

0 14.69 8.77 5.33 71.21 12.31 6.85 2.22 78.62 
0.5 9.89 6.22 4.28 79.61 11.81 8.07 6.31 73.81 
1.0 9.49 4.33 2.78 83.40 14.29 9.71 6.59 69.41 
1.5 10.82 3.81 1.53 83.84 10.60 8.07 6.55 74.78 
2.0 10.68 9.13 9.03 71.16 9.73 4.01 3.05 83.21 

 

Upon further comparison between variation of compressive strain of the bolts and 

changes in the energy ratios of residual IMFs, as shown in Table 4. 2, a considerable 

consistency in between can be concluded.  

 

Table 4. 2 Variation of compressive strain (Δε, unit: με) and energy ratios of 

residual components (ΔRResidual, unit: %) over fatigue 

 

3 N∙m 5 N∙m 
Time/h Δε ΔRResidual Δε ΔRResidual 

0 0 0 0 0 
0.5 -3.72 13.83 -1.48 0.18 
1.0 -2.34 -9.96 -1.27 -11.4 
1.5 -5.4 -20.77 -2.2 2.26 
2.0 -5.36 -17.96 -3.02 -10.25 

7 N∙m 9 N∙m 
Time/h Δε ΔRResidual Δε ΔRResidual 

0 0 0 0 0 
0.5 0.74 8.4 -0.56 -4.81 
1.0 0.41 12.19 -1 -9.21 
1.5 -0.69 12.63 -0.01 -3.84 
2.0 -0.88 -0.05 0.98 4.59 
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As representative results, tightening torque of the joint under 9 N∙m decreases in the 

first 1.5 h and increases after then.  Such a change trend presents in the energy ratio 

of residual IMFs. Therefore, the HHT-based characteristics of AE signals outperform 

the amplitude (energy)-based AE method in the continuous evaluation of tightening 

condition of the bolted composite joints under vibration fatigue. 

 

To conclude, evaluation of tightening condition of bolted composite joints subject to 

vibration is attempted by directly analyzing the asperity contacts at the C-C interface 

using the HHT-based characteristics of AE signals in this study.  The following 

conclusions can be drawn according to the experimental findings. 

 

(1) HHT shows a higher time-frequency resolution when processing bolt 

loosening-induced AE signals, which possess non-stationary characteristics, 

compared to STFT; 

 

(2) AE signals induced by asperity contacts at different contact interfaces (i.e., C-

C and M-C contacts) in bolted composite joints can be discriminated by 

comparing the time-presentation envelopes and the time-frequency 

distribution of the IMFs in the HHT spectrum; 

 

(3) The gross energy of AE signals shows a considerable sensitivity to changes in 

the residual torque of a bolted composite joint in a limited range. Such method 

fails to quantitatively detect the tightening condition of joints under vibration 

fatigue. With usage of HHT-based signal characteristics, energy ratios of high-
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frequency IMFs induced by the C-C contact achieve an enhanced sensitivity to 

the decrease in bolt torque. Bolt loosening results in increases in the energy-ratios 

of the C-C contact-related IMFs. Based on this, vibration loosening of bolted 

composite joints under different torques is quantitatively correlated to the 

increase of energy ratios of C-C contact related IMFs. On this basis, continuous 

evaluation of bolted composite joints under vibration fatigue is achieved by the 

HHT-processed characteristics of AE signals. 

 

4.3. Active Linear Method: Modal Parameters-based 

In this section, vibration modal parameters, including both resonant frequency and 

damping ratio are comparatively adopted to evaluate the residual torque of the bolted 

composite joint. The beam specimens were cut from sheets of laminated T700/7901 

carbon-fiber-reinforced epoxy, obtained using hot pressing with a stacking sequence 

[90, 0]4s. Specimens were 2 mm thick and 30 mm wide. A beam with a length of 50 

mm was assembled with another beam with lengths of 70, 100, 150 mm to form three 

types of bolted joints, termed as L70, L100 and L150, respectively. The setup as 

shown in Figure 4.19, used to obtain modal parameters of the joint under different 

torques, consists of test specimens, fixtures, a displacement sensor (Donghua 5E106) 

and a dynamic strain indicator (Donghua 5923N). The joint was clamped vertically 

with one end fixed (i.e., the beam with a length of 50 mm) by the fixtures. During the 

modal test, impact forces were applied at different points of the specimen and the 

displacement meter was used to measure the displacement response at a sampling 

frequency of 10 kHz.  
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Figure 4.19 Experimental setups of impact testing for bolted composite joints 

 

A typical displacement response of a specimen subject to an impact force is shown in 

Figure 4.20 and damping ratio (  ) of the specimen is calculated by fitting the 

envelope of free decay curve with the following equation 

2 .ty Ae   (4.9) 

On the other hand, resonant frequency of the specimen is ascertained in the frequency 

spectrum obtained by applying FFT on the displacement response, as shown in Figure 

4.21. For three types of joints, a torque of 13 N∙m guarantees a full tightness of the 

bolt. Making reference to the state of full tightness, a series of 13 scenarios was 

considered, with the residual torque remained on the bolt varying from 1 (fully 

loosened) to 13 N∙m (fully tightened) at an increment of 1 N∙m. Under each scenario, 

signal acquisition was repeated three times and averaged to minimize operational 
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errors and measurement uncertainties. 

 
 

Figure 4.20 Free decay curve regarding response displacement of a joint subject to 
an impact force 

 
 

 

Figure 4.21 Typical frequency response function of a joint subject to an impact 

force 
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For the sake of avoiding involvement of air damping, which is linearly dependent on 

the excitation magnitude, damping ratio of the three joints subject to varied excitation 

intensity are obtained, as shown in Figure 4.22, 4.24 and 4.26, respectively. 

Subsequently, the intercept of the curve, which represents damping ratio of a joint 

measured from  a“zero” excitation magnitude, is taken as damping ratio of the joint 

in this thesis.   

 

 

Figure 4.22 Dependence of damping ratio of the joint (L150) on the excitation 

intensity 

 

From the results in terms of damping ratio and resonant frequency of the three types 

of joints under increasing torques, as displayed in Figure 4.23, 4.25 and 4.27, 

respectively, it can be concluded that in a certain torque range damping ratio increases 

while resonant frequency decreases with an augment in the applied torque. Take the 

L150 joint as a representative result, damping ratio decreases starting at 1 N∙m until 

the applied torque reaches 11 N∙m, after which it presents an increasing trend. 
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Whereas, resonant frequency increases starting from 1 N∙m until a preload of 9 N∙m 

is reached, after which it stabilizes with increase in preload. This implies that pressure 

applied on the joining material induced by a torque of 9 N∙m is close to or exceeds the 

compressive yield strength of connecting material in the thickness direction. 

 
(a) 

 

 
(b) 

Figure 4.23 Reliance of modal parameters of the joint (L150) on the applied 

torque:(a) resonant frequency; and (b) damping ratio 
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Figure 4.24 Dependence of damping ratio of the joint (L100) on the excitation 

intensity 

 

 

(a) 

Figure 4.25 Reliance of modal parameters of the joint (L100) on the applied 

torque:(a) resonant frequency; and (b) damping ratio 
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(b) 

Figure 4.25 (continued) 

 

 

Figure 4.26 Dependence of damping ratio of the joint (L70) on the excitation 

intensity 
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(a) 

 

(b) 

Figure 4.27 Reliance of modal parameters of the joint (L70) on the applied 

torque:(a) resonant frequency; and (b) damping ratio 

 

To sum up that damping ratio is found more sensitive to preload changes in 

comparison to resonant frequency. However, such a method using damping ratio is 
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not capable of evaluating the early bolt loosening with a satisfactory stability, which 

is critically important to avoid drastic failure of bolted structures in real practice. 

 

4.4. Active Linear Method: WED-based 

In this section, WED-based method using linear features of GUWs is comparably 

employed to characterize bolt loosening for both Al-Al and C-C bolted joints. The 

dependence of WED-based method on joint configurations will be presented through 

comparisons of performance with respect to bolt loosening evaluation in multi-type 

Al-Al joints, namely single-lap, cross-lap and hybrid-lap. In addition, limitation of this 

method in the application of identifying loose bolts in the composite structures with 

bolted joints are to be discussed through observations on the detectability in both 

single-lap Al-Al and C-C bolted joints. 

 

4.4.1. Case Study I: Detection of Bolt Loosening in Multi-type Al-Al 

Bolted Joints 

In Chapter 3, WED of GUWs is quantitatively linked to the residual torque of a loose 

bolt as 

2/3
leak T   and 2/3.transmitted in I T    (4.10) 

The proposed inspection framework is validated experimentally in this section. Three 

types of Al-Al bolted joints, including a single-lap (Type I), a cross-lap (Type II) and 

a hybrid (comprising both single- and cross- laps) (Type III) bolted aluminum alloy 

joints, were considered, as shown in Figure 28. (a)-(c), respectively. In particular, the 

hybrid joint (Type III) was aimed at testifying the performance of such linear acoustic 
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method towards multi-type joints. Dimensions of each joint are indicated in Figure 

4.28 (a)-(c). The right end of each joint was fixed to form a cantilever. M6 bolts were 

used in all the three connections. The experimental set-ups for the three types of joints 

are photographed in Figure 4.29 (a)-(c), respectively.  

 

 

 

 
 

(a) 
 
 
 
 
 
 
 

Figure 4.28 Specimen configurations for WED-based linear method: (a) single-lap 

(Type I); (b) cross-lap (Type II); and (c) hybrid-lap (Type III) 
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(b) 
 

 

 
 

(c) 
 

Figure 4.28 Specimen configurations for WED-based linear method: (a) single-lap 

(Type I); (b) cross-lap (Type II); and (c) hybrid-lap (Type III)(continued) 

 

Two PZT wafers were surface-mounted on each joint, 112.5 mm from the bolt, one 

serving as the actuator (PZT1) and the other as the sensor (PZT2). A 14-cycle Hanning 

window-modulated sinusoidal tone-burst signal at a central frequency of 310 kHz was 

generated using a signal generator (NI® PXIe-1071), amplified with a high-frequency 

power amplifier (Ciprian® US-TXP-3) to 200 V (peek-to-peak), and then applied on 

PZT1, to introduce GUWs into the joint. At the frequency of 310 kHz, GUWs with a 

strongest response magnitude were excited, which was subsequently chosen as the 

excitation frequency. Wave propagation, upon traversing the bolt, was monitored by 
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PZT2 using an oscilloscope (Agilent® DSO9064A) at a sampling frequency of 20 

MHz. Captured GUWs were averaged 64 times to remove random measurement noise. 

        

(a)                                                                        (b) 

 

 

(c) 

Figure 4.29 Photographed experimental set-ups for WED-based linear method: (a) 

single-lap (Type I); (b) cross-lap (Type II); and (c) hybrid-lap (Type III) 

 

FFT was performed on captured signals, to ascertain distribution of wave energy in 
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the frequency domain. As representative results, Figure 4.30 (a) shows a raw signal 

captured from Type I joint, when T  was 1 N∙m under which the bolt was fully loose, 

and Figure 4.30 (b) is the FFT-processed spectrum of the signal in (a). 

 
(a) 

 

    
(b) 

 
 

Figure 4.30 (a) Acquired GUWs upon traversing the matting part of the single-lap 

bolted joint; and (b) spectrum of the signal shown in (a) 
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A wide range of the energy distribution can be observed in the spectrum which can be 

attributed to the dispersive and multi-modal traits of GUWs propagating in the joint. 

The majority of the wave energy is observed to be in a range from 270 to 350 kHz. 

 

To establish leak  and transmitted in I  (i.e., the linear index based on WED), the power 

spectral density (PSD) of each signal in the spectrum (denoted by ( )W f ), where f

signifies frequency) was integrated within a frequency range [ 1f , 2f ] over which the 

signal possesses the majority of its energy (in this case, 1 270f kHz   and 

2 350f kHz  as mentioned in the above), as 

2

1
( ) ,leak

f

f
W f df    (for single-lap joint) (4.11) 

or 

2

1
( ) .transmitted in I

f

f
W f df   (for cross-lap joint) (4.12) 

Taking into account the yielding strength of the selected aluminum alloy and the 

allowable tensile load of the bolt, it was calculated that a torque (T ) of 13 N∙m, at 

which a compressive stress of about 300 MPa would be applied on the bolt, guarantees 

a full tightening of the bolt. Based on this, a series of scenarios were considered in 

experiment, with the residual torque T  varying from 1 (full loosening) to 13 N∙m (full 

tightening) with a step of 1 N∙m. Note that in Type III (hybrid joint), the torque values 

applied on both bolts were identical for the convenience of discussion. 

 

For Type I joint, the obtained correlation between the linear index (i.e., leak  defined 

by Equation (4.11)) and the degree of bolt loosening (represented by T ) is shown in 
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Figure 4.31(a), from which it is noticed that the linear index leak  increases 

drastically when T  augmenting from 1 (full loosening) to 3 N∙m, followed with a 

moderate increase until T  reaches 7 N∙m and then a saturation afterwards. Such a 

monotonic relationship can be attributable to the fact a tighter bolting naturally leads 

to a greater interfacial area at the interface, and consequently a greater amount of leak 

of incident wave energy from Assembly I to II that is then captured by PZT2; when T 

continues the increase to 7 N∙m afterwards, no further increase in the real contact area 

could be created, echoing the observed saturation of the index beyond 7 N∙m. This 

experimental observation well matches the tendency in the variation of transmitted 

wave energy as predicted theoretically by Equation (4.10). 

 

 

 

(a) 

 

Figure 4.31 Linear index vs. residual torque T for different joints: (a) single-lap;(b) 

cross-lap; and (c) hybrid-lap 
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(b) 

 

 

 (c) 

Figure 4.31（continued） 

 

For Type II joint, an opposite tendency in the linear index ( transmitted in I  defined by 
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Equation (4.12) subject to T , is found, shown in Figure 4.31 (b). This observation 

is also coincident with the theoretical prediction in Equation (4.10) It is interesting 

to note that the results in Figure 4.31 (a) and (b) indeed corroborate, respectively, the 

conclusions drawn from previous studies [1, 2] and [3] as detailed Chapter 2, in which 

an opposite trend in variation of WED had been observed for different types of joints. 

 

For Type III joint, the trend of the linear index is displayed in Figure 4.31 (c), 

revealing a non-monotonic change which fluctuates against T . This is a consequence 

of the mixture of the variation of leak  in the single-lap joint (Type I) and the 

variation of transmitted in I  in the cross-lap joint (Type II), which are contrary to one 

another. 

 

Conclusion can thus be drawn that evaluation of bolt loosening, purely based on the 

WED-based linear method, may present good results only if a single type of joint is 

involved; it may not show consistent prediction provided multi-type joints are 

concerned – highlighting a bottleneck of the linear approach. In addition, it can be 

found that the linear index shows the best sensitivity to the bolt loosening in a limited 

range. For example, for Type I, this range is from 7 N∙m down to 1 N∙m (reflected as 

the steepest slope of the index in this range), and from 4 N∙m down to 1 N∙m for the 

cross-lap joint. To further extend its detectability, some improvements in WED-based 

method for the detection of bolt loosening, by using first-arrival wave packet of GUWs 

to avoid boundary reflection, are presented in what follows. 

 

To fully understand the energy dissipation of GUWs when traversing the mating parts 
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of a joint, the intact beam firstly went through a threaded hole drilling, and then was 

attached with two mass blocks to form a cross-lap bolted joint. These three statuses 

were comparably studied, as shown in Figure 4.32.  

 

 
(a) 

 
 

 
(b) 

 
 

 
(c) 

 
Figure 4.32 Specimen configurations for improved WED-based linear method: (a) 

an intact beam; (b) a beam with a thread hole; and (c) a cross-lap bolted joint 

 

To reduce the complexity of signal appearance, low-frequency GUWs were selected 

to analyze their interaction with the mating parts of a joint [143]. Therefore, first-

arrival wave packet of GUWs was selected for analysis of interaction with the cross-

lap bolted joint under different applied torques.  

 

HT was performed on captured signals to obtain the energy envelope of the signal. For 
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an arbitrary time series Y(t), the HT is defined as [143]  

'
'

'

1 ( )( ) .Y tH t dt
t t






  (4.13) 

Then analytic signal Z(t), of which the real part is the original signal Y(t) and the 

imaginary part is its HT H(t), can be constructed as  

( )( ) ( ) ( ) ( ) .i tZ t Y t iH t e t e     (4.14) 

The envelope e(t) and instantaneous phase ( )t  can be written as   

2 2( ) ( ) ( )e t Y t H t  and  ( )( ) arctan .
( )

H tt
Y t

   (4.15) 

Using Equation (4.15), the transmitted energy was calculated by integrating the 

energy envelope in the time domain with different intervals, to ascertain the effect of 

boundary reflection. As representative results, the energy envelope of a complete 

signal traversing the mating parts of the cross-lap joint under a torque of 7 N∙m (see 

Figure 4.33 (a)) was obtained and shown in Figure 4.33 (b) 

 
(a) 

 
Figure 4.33 (a) Acquired GUWs upon traversing the mating part of the cross-lap 

bolted joint under 7 N∙m and (b) energy envelope of the signal shown in (a) 
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(b) 

Figure 4.33 (continued) 

 

It can be found that the energy envelope obtained by HT agrees well with the envelope 

of the original signal in the time domain. In addition, strong reflection can be observed 

in Figure 4.33 (b). To avoid the effect of boundary reflection, proper time interval 

was intercepted to integrate the equivalent transmitted energy using the first-arrival 

wave packet of GUWs, through the comparative experiments on the three statuses in 

Figure 4.32 (a)-(c). 

 

In Figure 4.34 (a)-(c), it is found that the first-arrival wave packet of GUWs, mainly 

distribute between 40 and 80 s . From Figure 4.34 (a), the energy of transmitted 

GUWs is found to decrease upon the drilling of the thread hole, which scatters the 

incident wave. After the beam was attached with the two mass blocks with increasing 

torques, the transmitted energy of first-arrival wave packet of GUWs continues 

decreasing (see Figure 4.34 (b)). The corresponding energy envelopes shown in 
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Figure 4.34 (c) clearly show the mentioned reduction in the energy of first-arrival 

wave packet of GUWs due to the presence of thread hole and the increase in applied 

torque. 

 
 

(a) 
 
 

 
 

(b) 
 

 
Figure 4.34 Acquired GUWs upon traversing (a) the beam; (b) the mating part of the 

cross-lap bolted joint; and (c) energy envelopes of the signals shown in (a) and (b) 
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(c) 
 

Figure 4.34 (continued) 

 

In addition, the second-arrival wave packet of GUWs almost disappears once the beam 

was drilled a hole, while first-arrival wave packet of GUWs just undergoes acceptable 

attenuation, which exhibits the potential of the latter in the application of identifying 

bolt loosening in the cross-lap bolt joint. 

 

To quantitatively link the energy of transmitted GUWs to the degree of the residual 

torque, the transmitted energy of GUWs traversing the bolt under different applied 

torques were quantified by integrating the related energy envelopes. The transmitted 

energy of the whole signal ( W
transimitted  ) and first-arrival wave packet of GUWs 

( S
transimitted ) in the time range 40-80 s , were comparably calculated using the same 

experimental data, and are shown in Figure 4.35 (a) and (b), respectively. The solid 

points and the curve denote the experimental data and the averaged results of three 

repeated experiments, respectively.  



 
Chapter 4-Implementation Using Linear Acoustic Methods 

 
 

133 
 

 
 

(a) 
 

 
 

(b) 
 

Figure 4.35 Linear index vs. residual torque T for the cross-lap bolted joint (a) 

original WED-based linear method; and (b) improved WED-based linear method 

 

In Figure 4.35 (a), it can be observed that W
transimitted  decreases drastically from 1 N∙m 

to 4 N∙m, then it stabilizes with some fluctuations before the torque reaches 9 N∙m, 
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subsequently it increases slightly until 13 N∙m. On the other hand, S
transimitted  decreases 

drastically from 1 to 4 N∙m and subsequently reduces slightly until the preload reaches 

7 N∙m, over which it stabilizes despite the increase in the applied torque. Such a 

monotonic trend can be attributed to the fact that a stronger clamping force results in 

a larger interfacial area at the interface, and consequently a greater amount of incident 

wave leaks from beam I to attached components. Over the torque of 7 N∙m, the contact 

area undergoes little change, due to the occurrence of plastic deformation of contact 

surfaces, regardless of the further increase in the applied torque [1]. As a result, the 

energy of GUWs passing through the mating parts of the joint remains stable. From 

the comparison between Figure 4.35 (a) and (b), it can be concluded that boundary 

reflection introduces unexpected fluctuations in the data and limits the detection range. 

 

4.4.2. Case Study II: Detection of Bolt Loosening in Single-lap C-C 

Bolted Joint 

The proposed WED-based method is comparably adopted to evaluate the residual 

torque of a single-lap bolted composite joint in this section. The specimen 

configuration (same as that of the single-lap Al-Al bolted joint except the thickness) 

and arrangement of transducers (same as that of the Al-Al joint) are shown in Figure 

4.36 (a). The photographic illustration of the setups is comparatively exhibited in 

Figure 4.36 (b).  
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(a) 
 

 
(b) 

 
Figure 4.36 (a) Schematic; and (b) photographic illustrations of the experimental 

set-ups of WED-based method for the single-lap C-C joint 

 

After a series of trails, a 7-cycle Hanning window-modulated sinusoidal tone-burst 

signal at a central frequency of 270 kHz with an amplified voltage of 200 V (peek-to-

peak) was used to generate GUWs to interact with the joint. The time presentation and 

frequency spectrum of the excitation signal are shown in Figure 4.37 (a) and (b), 

respectively. The C-C joint was tightened (same as Al-Al joint) with increasing torques 

from 1 to 13 N∙m and tested in each scenario. Wave signals were captured at a 

sampling frequency of 20 MHz and averaged 64 times to remove random 

measurement noise. 
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(a) 

 

(b) 

Figure 4.37 (a) Time presentation; and (b) corresponding frequency spectrum of the 

excitation signal  

 

The typical time presentation of captured GUWs in the C-C joint under 7 N∙m is shown 

in Figure 4.38 (a), which exhibits a more severe attenuation compared to that 



 
Chapter 4-Implementation Using Linear Acoustic Methods 

 
 

137 
 

propagating in the Al-Al joint as shown in Figure 4.33 (a).  

 

(a) 

 

 

(b) 

Figure 4.38 (a) Time presentation of captured GUWs from the joint under 7 N∙m; 

(b) the dependence of (b) frequency spectra; and (c) leak energy of the captured 

GUWs on the applied torque 
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(c) 

 
Figure 4.38 (continued) 

 

To ascertain the distribution of wave energy in the frequency domain, frequency 

spectra of GUWs passing through the mating parts of the joint under different torques 

were obtained and exhibited in Figure 4.38 (b). A similar wide range of the energy 

distribution presents in the spectra with the majority of the wave energy distributed in 

the range from 270 to 320 kHz. Therefore, leak energy of captured GUWs was 

integrated according to Equation (4.11) within the range from 200 to 320 kHz.  

 

The averaged results are shown Figure 4.38 (c). From the observations in Figure 4.38 

(c), it can be concluded that leak energy augments drastically when the applied torque 

increases from 1 to 4 N∙m, followed by a moderate increase until 6 N∙m. A slight 

decrease occurs in the leak energy when the torque continues increasing to 9 N∙m. 

After then, the leak energy remains almost the same regardless of the increase in the 

applied torque. When the applied torque is larger than 6 N∙m, no further increase in 
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the real contact area in the mating parts of a joint can be created. In addition, serious 

stress concentration within the region of washer damages the surface of joint (polymer) 

and produces buckling of the washer, and consequently leads to a slight reduction in 

leak energy. To conclude, such method exhibits its efficiency to evaluate the residual 

torque in a limited range but not including early bolt loosening. 

 

4.5. Summary 

In this chapter, the efficiency of linear indices proposed in Chapter 3 in the detection 

of bolt loosening for both Al-Al and C-C bolted joints is validated by a series of case 

studies.  

 

In the passive acoustic method, IMFs of AE signals, obtained by EMD, are employed 

to characterize contact behaviors in a bolted composite joint under different torques. 

The C-C contact related IMFs are recognized from those with respect to the M-C 

contact by using frequency-based analysis. Based on micro contact theory, 

decomposed IMFs are linked to different contact behaviors of asperities with different 

sizes at the C-C interface and subsequently employed to indicate the degree of applied 

torque of the bolted joint. Gross energy of AE signals is capable of evaluating the 

residual torque of the joints within a limited range. Vibration loosening of composite 

joints was found to result in an increase in the energy ratios of C-C contact-related 

IMFs, on which basis the detectability of the AE-based non-destructive evaluation is 

further improved, making it possible to evaluate the tightening condition of a bolted 

joint when the joint undergoes vibration fatigue. This study provides a feasible method 
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to accurately evaluate the contact conditions of bolted composite joints during 

assembly and to continuously monitor the tightening condition throughout the service 

life of the joints using the AE technique. 

 

In the modal parameters-based method, resonant frequency and damping ratio are 

comparatively adopted to evaluate the residual torque of a bolted composite joint. 

From the comparison, damping ratio is found significantly more sensitive to preload 

changes in comparison to resonant frequency.  

 

In the WED-based linear method, three types of Al-Al bolted joints, namely single-lap, 

cross-lap and hybrid-lap are firstly tested to exhibit the dependence of such method 

on the joint configurations (i.e., lap types) of joints. To observe WED, indicated by 

leak energy and transmitted energy, presents a monotonic tendency, subject to the 

residual torque, for the single-lap and cross-lap joints, respectively.  However, such a 

monotonic tendency does not exist for this linear index (defined based on WED of 

GUWs) when applied to a hybrid-lap joint, showing its dependence on joint 

configuration of a joint. Subsequently, to investigate the influence of boundary 

reflection on the WED-based method, the transmitted energy of first-arrival wave 

packet of GUWs, calculated by HT, is intercepted and comparably applied to assess 

the residual torque of a loose bolt in the cross-lap Al-Al bolted joint. The modified 

WED-based method using the transmitted energy of first-arrival wave packet of 

GUWs successfully improves the stability of acquired data and extends its detectable 

range. In addition, the performance of WED-based method in the identification of bolt 

loosening in both single-lap Al-Al and C-C bolted joints are compared to show serious 
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attenuation of GUWs when propagating in composites. This may further limit the 

application of such method for the detection of bolt loosening in bolted composite 

structures. 

 

Some improvements in conventional linear feature-based methods in aspect of signal 

processing and interpreting are presented in this chapter. However, the detection of 

early bolt loosening is still hard to fulfill by these linear techniques. Next chapter will 

move to the application of CAN-based nonlinear acoustic methods in the detection of 

bolt loosening including its early stage.
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Implementation of Methods Using 

Nonlinear Features of Acousto-ultrasonics  

 

 

 

5.1. Introduction 

The preceding chapters have presented that both the theoretical analysis and 

experimental validation of the linear acoustic methods for the detection of bolt 

loosening in both aluminum-aluminum (Al-Al) and composite-composite (C-C) bolted 

joints. Such linear acoustic techniques are found not capable of achieving a 

satisfactory evaluation of early bolt loosening. With safety a paramount priority, 

reliability, integrity and durability criteria must be strictly met for bolted joints, and 

this entails early awareness of bolt loosening and continuous monitoring of bolt 

tightness. As opposed to the use of linear signal features, there has been an increased 

preference in exploiting nonlinear acoustic properties, represented by those using 

high-order harmonics (particularly the second-order harmonic (SOH)) or vibro-
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acoustic modulation (VAM). It is widely accepted that the sensitivity of nonlinear 

feature-based methods to undersized damage, including material degradation, micro 

cracks and early bolt loosening, is much higher than that of conventional linear 

feature-based methods. Thanks to endeavors from a vast of scholars, nonlinear 

acoustic methods have demonstrated their detectability of material degradation and 

early fatigue cracks. In Chapter 3, the magnitudes of nonlinear responses (i.e., HOH 

and modulated sidebands) have been theoretically linked with the residual torque of a 

loose joint regardless of joining materials and lap/joint configurations. Motivated by 

these, contact acoustic nonlinearity (CAN)-based nonlinear methods for the detection 

of early bolt loosening are presented using a variety of case studies in this chapter. 

Firstly, to verify the accuracy of the theoretical model proposed in Chapter 3, the 

reliance of defined nonlinear indices on the mixed excitation from a low-frequency 

pumping vibration and a high-frequency probing wave are presented in both Al-Al and 

C-C single-lap bolted joints. Subsequently, three nonlinear indices, defined from SOH, 

TOH and modulated sidebands, respectively, are comparatively adopted to evaluate 

the residual torque of loose bolts in both Al-Al and C-C bolted joints. To compare with 

the WED-based linear method, which exhibits a high dependence on lap/joint 

configurations, CAN-based nonlinear acoustic methods are employed for the three 

types of Al-Al bolted joints, namely single-lap, cross-lap and hybrid lap in the 

following case studies. 
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5.2. Dependence of Nonlinear Indices on Excitations 

As derived in Section 3.3.2, the relation between the excitation force of the low-

frequency pumping vibration ( LFF ) and induced linear structural response ( LFA ) can 

be written as  

.LF LFA F  (5.1) 

Similarly, the dependence of response magnitude of the high-frequency probing wave 

( HFA ) on the intensity of its input force ( HFF ) can be given as  

.HF HFA F  (5.2) 

The reliance of nonlinear responses, namely SOH ( SOHA ) and TOH ( TOHA ) on the 

linear responses can be further expressed as  

2 ,theory
SOH SOH LFA A  (5.3) 

3 .theory
TOH TOH LFA A  (5.4) 

When a joint is subject to the mixed excitation, the response magnitudes of left ( LSA ) 

and right ( RSA ) sidebands can be expressed with the response magnitudes of pumping 

vibration and probing wave, as  

.theory
LS RS VAM LF HFA or A A A  (5.5) 

 

Based on these, three nonlinear indices (i.e., SOH , TOH  and M
VAM ), defined in the 

unit of dB, using magnitudes of SOH, TOH and sidebands (LS, RS), respectively, are 

defined as 

2 ,SOH SOH LF     (5.6) 
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3 ,TOH TOH LF     (5.7) 

( ) / 2 ,M
VAM LS RS LF HF      (5.8) 

Here, 20log( )LFLF A and so on. The nonlinear index constructed from the sideband 

response was found being defined neglecting the influence of pumping vibration in 

some reported studies [77], as  

( ) / 2 .VAM LS RS HF     (5.9) 

To validate the accuracy of these four nonlinear damage (bolt loosening)-related 

indices, their independence on the intensity of excitations, predicted by the theoretical 

analysis, is presented for both Al-Al and C-C single-lap bolted joints in what follows.  

Two beam-like specimens were assembled by an M6 bolt, then clamped as a cantilever 

system. To indicate material properties, the aluminum and composites joints were 

hereinafter denoted by Al-Al and C-C joints, respectively. For Al-Al joint, the two 

joining aluminum components of the same geometric dimension of 245×30×2.8 mm3 

were assembled with a lap length of 20 mm (bolt was positioned in the middle of the 

lap area) and a clamped length of 10 mm. For C-C joint, the two composite joining 

components, both measuring 245×30×2.0 mm3, were assembled with the same lap and 

clamped length as those used in Al-Al joint. Particularly, the composite specimen is a 

zero-degree unidirectional laminate fabricated in accordance with a standard hot-press 

process. For both joints, a piezo stack actuator (PI®, P-885.11) was surface-mounted 

on each joint to generate high-frequency probing waves, while a shaker (B&K®, 

Model type: 4809) was used to introduce a point-force-like low-frequency pumping 

vibration to the joint. The stack actuator was 39.2 mm from the bolt and shaker was 

39.2 mm from the free end. Two sinusoidal signals at different frequencies were 
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generated by a waveform generator (HIOKI®, Model Type: 7075), to supply the stack 

actuator and the shaker, respectively. A power amplifier (B&K®, Model Type: 2706) 

intensified the pumping vibration. The response signal of the joint under the mixed 

excitation was captured with an accelerometer (B&K®, Model Type: 4393), 35.8 mm 

from the bolt, and saved using an oscilloscope (Agilent® DSO9064A) at a sampling 

frequency of 200 kHz. The schematic illustration of setups and surface properties of 

the composite specimen are displayed in Figure 5.1.  

 

 
(a) 

 
 

 

(b) 

Figure 5.1 (a) Specimen configurations of the Al-Al and C-C single-lap bolted joints 

for VAM-based nonlinear method; and (b) two rough surfaces in contact 
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5.2.1. Selections of Excitation Frequencies  

To enhance the intensity of CAN at the interface of a loose joint when it interacts with 

acoustic waves, excitation frequencies of pumping vibration were selected from the 

low-order natural frequencies, which were ascertained by an impact force (see Figure 

5.2 (a) and Figure 5.3 (a)).  Subsequently, the magnitudes of SOH in the response to 

the pumping vibration, under the identified natural frequencies of each joint, was 

obtained from the spectra. In Figure 5.2 (b), for the Al-Al joint, the natural frequency 

of 992 Hz was found to produces the SOH with the strongest magnitude, indicating a 

high degree of nonlinearity (i.e., CAN) in structural responses at this particular 

frequency. It is therefore 992 Hz was selected as the excitation frequency of pumping 

vibration for the Al-Al bolted joint. In an analogous manner, 758 Hz was selected for 

the C-C bolted joint as the excitation frequency of pumping vibration, as displayed in 

Figure 5.3 (b). To determine excitation frequencies of the probing wave, a white noise 

excitation was generated via the piezo stack actuator. The frequency responses of the 

joint were captured in a range between 9 and 16 kHz, and the frequency with the 

strongest response, termed as the strongest natural frequency (SNF) in this study, was 

ascertained. At SNF, CAN (i.e., response magnitudes of sidebands) reaches its local 

maximum. As shown in Figure 5.2 (c) and 5.3 (c), the identified frequencies at 14.24 

kHz for the Al-Al bolted joint and 14.99 kHz for the C-C bolted joint were selected as 

excitation frequencies of probing wave, respectively.  

 

Now that excitation frequencies of pumping vibration and probing wave are selected, 

the dependence of structural responses on the intensity of these two excitations is to 

be discussed in the following two sections. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5.2 Spectra of response of the single-lap Al-Al bolted joint (when T=1 N∙m): 

(a) under an impact force; (b) under a harmonic force; and (c) under white noise 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5.3 Spectra of response of the single-lap C-C bolted joint (when T=1 N∙m): 

(a) under an impact force; (b) under a harmonic force; and (c) under white noise 
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5.2.2. Al-Al Single-lap Bolted Joint 

For the single-lap Al-Al bolted joint under a torque of 5 N∙m, the input magnitude of 

pumping vibration varied from 3 to 13 V and meanwhile the input voltage of probing 

wave kept consistent at 10 V. The accordingly obtained linear (i.e., responses to low-

frequency pumping vibration (LF) and high-frequency probing wave (HF)) and 

nonlinear (i.e., SOH response of pumping vibration, TOH response of pumping 

vibration, left (LS) and right (RS) sidebands) structural responses are displayed in 

Figure 5.4 (a)-(d). 

 

From Figure 5.4 (a)-(d), it can be observed that no phenomenal nonlinear responses 

occur when the input magnitude for the pumping vibration is 3 V. When the input 

magnitude continues increasing, response magnitudes of LF and its harmonics (i.e., 

SOH and TOH) along with modulated sidebands (i.e., LS and RS) present and increase. 

While response magnitude of HF exhibits an independence on the input magnitude of 

pumping vibration. Subsequently, the input magnitude of probing wave was increased 

from 7 to 16 V and in the meanwhile the input magnitude of pumping vibration was 

set consistent at 10 V. The typical related linear and nonlinear structural responses are 

displayed in Figure 5.5 (a)-(c). To observe that the magnitudes of HF, LS and RS 

increase as the input magnitude of probing wave increasing, whereas the magnitude 

of LF remains almost unchanged. 

 

To quantitatively investigate the reliance of the linear and nonlinear structural 

responses on the input magnitudes of the two excitations, their relation in between is 

shown in Figure 5.6 (a) and (b). 
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(a) 

 

 

(b) 

Figure 5.4  Frequency spectra vs. intensity(voltage) of low-frequency pumping 

vibration for the single-lap Al-Al bolted joint: (a)3 V; (b)4 V; (c)10 V; and (d)13 V 
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(c) 

 

 

 

(d) 

 

Figure 5.4 (continued) 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 5.5 Frequency spectra vs. intensity (voltage) of high-frequency probing wave 

for the single-lap Al-Al bolted joint: (a)7 V; (b)10 V; and (c)16 V 
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(a) 

 

 

 

(b) 

Figure 5.6 Linear and nonlinear responses vs. magnitudes of (a) pumping vibration; 

and (b) probing wave for the Al-Al single-lap bolted joint (when T=5 N∙m)  



 
Chapter 5-Implementation Using Nonlinear Acoustic Methods 

 
 

155 
 

As it can be observed that LF and HF exhibit a linear dependence on the input 

magnitude (i.e., input force) of pumping vibration and probing wave, respectively, 

which agrees with the theoretical predictions by Equations (5.1) and (5.2). In the 

meanwhile, nonlinear responses (i.e., SOH, TOH, LS and RS) also increase linearly 

with an augment in the input magnitudes of pumping vibration and probing wave, 

which confirms the validity of Equations (5.3)- (5.5).  

 

To verify the rationality of the defined damage-related nonlinear indices in Equations 

(5.6)- (5.9), the dependence of SOH , TOH , M
VAM  and VAM  on the magnitudes of 

pumping vibration (LF) and probing wave (HF) is displayed in Figure 5.7 (a) and (b), 

respectively, where the scattered points are the experimental results and the solid lines 

are the fitting curves. From Figure 5.7 (a), it can be found that SOH  and M
VAM  are 

independent of the magnitude of LF, while VAM  shows a linear correlation with the 

magnitude of LF. The dependence of TOH response on LF magnitude can be divided 

into two stages. Before the response magnitude of LF reaches -22 dB, TOH  decreases 

with an increase in LF and after then it remains almost unchanged regardless of an 

augment in LF. In Figure 5.7 (b), a clear independence of all nonlinear indices on the 

intensity of HF presents. From above experimental observations, the accuracy of 

theoretical predictions in Equations (5.1)- (5.9) is verified. In addition, the utilization 

of VAM  for damage detection must reside on a premise that the response magnitude 

of LF remains the same during the testing. Besides, a proper intensity of LF should be 

secured to achieve an effectual detection when using TOH for SHM. 
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(a) 

 

 

(b) 

Figure 5.7 Different nonlinear indices vs. magnitudes of (a) pumping vibration; and 

(b) probing wave for the Al-Al single-lap bolted joint (when T= 5 N∙m) 
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5.2.3. C-C Single-lap Bolted Joint 

To study the effect of joining materials on the relation between the structural 

responses and the intensity of the two excitations, the above theoretical predictions 

are comparatively verified in a C-C single-lap bolted joint. 

 

During the testing, to study the influence of the intensity of pumping vibration on the 

structural responses, the input magnitude of probing wave was set consistent at 10 V 

and that of pumping vibration varied from 2 to 10 V. Subsequently, the input 

magnitude of probing wave increased from 10 to 20 V to investigate the related effect 

of probing wave. The typical frequency spectra of the joint subject to different input 

voltages of pumping vibration and probing wave are exhibited in Figure 5.8 and 5.9, 

respectively. Similar with the observations in the Al-Al single-lap bolted joint, the 

magnitudes of LF, SOH, TOH, LS and RS increase when the input magnitude of 

pumping vibration increasing, and the magnitudes of HF, LS and RS are observed to 

increase as input magnitude of probing wave increases. The quantitative dependence 

of structural responses (both linear and nonlinear parts) on the input magnitudes of 

pumping vibration and probing wave are shown in Figure 5.10 (a) and (b), 

respectively. A good agreement between theoretical predictions and experimental 

investigation is found. It is noteworthy that there exists a slight difference between LS 

and RS regarding the reliance on the intensity of pumping vibration. In addition, TOH 

exhibits a linear dependence on the intensity of pumping vibration only when the input 

magnitude reaches over 6.5 V. The mechanisms of these phenomena are not clear, but 

it may associate with varied sources of CAN at the interface of a loose joint, which is 

to be discussed later. 
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(a) 

 

 

 

(b) 

Figure 5.8 Frequency spectra vs. intensity (voltage) of low-frequency pumping 

vibration for the single-lap C-C bolted joint: (a)2 V; (b)5 V; (c)8 V; and (d)10 V 



 
Chapter 5-Implementation Using Nonlinear Acoustic Methods 

 
 

159 
 

 

(c) 

 

 

(d) 

Figure 5.8 (continued) 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5.9 Frequency spectra vs. intensity (voltage) of high-frequency probing wave 

for the single-lap C-C bolted joint: (a)10 V; (b)16 V; and (c)20 V  
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(a) 

 
 

 

 (b) 

 
Figure 5.10 Linear and nonlinear responses vs. magnitudes of (a) pumping 

vibration; and (b) probing wave for the C-C single-lap bolted joint (when T=5 N∙m) 
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The dependence of defined nonlinear indices in Equations (5.6)- (5.9), on the 

excitation magnitudes is displayed in Figure 5.11 (a) and (b). Similar with results of 

the Al-Al joint, a good consistency between theoretical analysis and experimental 

findings presents. 

 
(a) 

 

 
(b) 

 
Figure 5.11 Different nonlinear indices vs. magnitudes of (a) pumping vibration; 

and (b) probing wave for the C-C single-lap bolted joint (when T= 5 N∙m) 
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To verify their efficiencies in terms of bolt loosening evaluation, these four nonlinear 

indices will be comparably employed to identify the residual torque of loose bolts for 

both Al-Al and C-C bolted joints in the following sections.  

 

5.3. Case Study I: Detection of Bolt Loosening in 

Multi-type Al-Al Bolted Joints 

The proposed detection framework in Chapter 3 based on the defined nonlinear 

indices are validated by identifying bolt loosening in three types of Al-Al bolted joints, 

namely single-lap, cross-lap and hybrid-lap joints. 

 

5.3.1. Single-lap  

The same specimens of the Al-Al single-lap bolted joint with unchanged boundary 

conditions as those used in the WED-based linear method in Chapter 4 were recalled, 

as illustrated in Figure 5.12, to validate the CAN-based nonlinear approaches.  

 

Figure 5.12 Experimental setups for the Al-Al single-lap bolted joint using CAN-

based nonlinear methods  
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Similar with the scenarios adopted in the WED-based linear method, the applied 

torque on the bolt of the joint was increased from 1 to 13 N·m. Structural responses 

of the joint upon subject to the mixed excitation were captured at each scenario. As 

mentioned, the excitation frequencies of the pumping vibration and probing wave 

were selected as 992 Hz and 14.24 kHz, respectively. Note that the input magnitudes 

of two excitations were both set as 10 V for all the three types of Al-Al bolted joints. 

 

Frequency spectra of the joint under three representative torques are shown in Figure 

5.13 (a)-(c), to obverse the occurrence of strong nonlinear responses (i.e., SOH, TOH, 

LS and RS) when the bolt is fully loose (under 1 N∙m), while fairly weak nonlinear 

responses present when the bolt is fully fastened (under 13 N∙m). 

 
To put the analysis into a quantitative manner, correlation between the magnitudes of 

CAN-induced nonlinear responses (i.e., SOH, TOH, LS and RS) and the degree of bolt 

loosening is established and shown in Figure 5.14 (a). Whereby AS  is the averaged 

magnitude of left ( LSA )  right ( RSA ) sidebands defined as  

( ) / 2.LS RSAS A A   (5.10) 

In Figure 5.14 (a), a consistent, monotonic tendency for AS  can be clearly noted, 

which decreases rapidly when the applied torque T of bolt reaches 2 N∙m from the 

fully loose condition (T=1 N∙m) and after then a moderate decrease presents until the 

bolt is fully tightened (T=13 N∙m). In the meanwhile, nonlinear harmonics (i.e., SOH 

and TOH) decrease clearly with an increase in the applied torque once it reaches 

threshold values (5 N∙m for SOH and 4 N∙m for TOH). At the late stage of bolt 

loosening, when the applied torque is less than the mentioned threshold values, the 
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dependence of HOH on the residual torque of a loose joint is not clear. On the other 

hand, the magnitude of LF remains almost the same regardless of an increase in the 

applied torque. The magnitude of HF decreases slightly in the torque range between 

2 and 7 N∙m and keeps unchanged at the early stage of bolt loosening (when T is over 

7 N∙m). These experimental findings agree well with conclusions drawn in reported 

papers which are reviewed in Chapter 2. The linear acoustic features (i.e., response 

magnitudes of pumping vibration (LF) and probing wave (HF)) are not able to 

characterize undersized damage, including early bolt loosening, while nonlinear 

acoustic features such as SOH, TOH and sidebands show a high sensitivity to bolt 

loosening even at the early stage.  

 

Subsequently, the four nonlinear indices for the Al-Al single-lap bolted joint under 

different applied torques were obtained, using Equations (5.6)- (5.9), respectively, 

and displayed in Figure 5.14 (b). At the early stage of bolt loosening, when T is no 

less than 5 N∙m, these four nonlinear indices show a similar dependence on the applied 

torque.  At the late stage, HOH-based nonlinear methods fail to identify the state of 

the loose bolt, during which nonlinear indices developed from the magnitudes of HOH 

show an unclear dependence on the residual torque remained on the bolt. It should be 

pointed out that the similarity in the change trends between VAM  and M
VAM  is due to 

that LF response changes slightly subject to different degrees of bolt loosening. From 

the comparison, it can be concluded that the VAM-based method using modulated 

sidebands shows the best detectability of bolt loosening with an excellent sensitivity 

through the whole detection range.  
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(a) 

 

 
(b) 

 

 
(c) 

Figure 5.13 Spectra of the Al-Al single-lap joint with different degrees of residual 

torque remained on the bolt when the joint is subject to a mixed excitation: (a) 1 

N∙m (fully tightened); (b) 5 N∙m (intermediately tightened); and (c) 13 N∙m (fully 

loosened) 
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(a) 

 

 

 

(b) 

Figure 5.14 (a) Linear and nonlinear responses vs. residual torque; and (b) nonlinear 

indices vs. residual torque T for the Al-Al single-lap bolted joint 
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5.3.2. Cross-lap  

The efficiency of the proposed nonlinear indices is further validated by detecting bolt 

loosening in the Al-Al cross-lap bolt joint. The experimental setup and specimen 

configurations are shown in Figure 5.15 (a) and (b), respectively. 

 

(a) 

 
(b) 

 
Figure 5.15 (a) Experimental setups; and (b) specimen configurations for the Al-Al 

cross-lap bolted joint using CAN-based nonlinear methods 

 

The excitation frequencies of pumping vibration and probing wave for the Al-Al cross-

lap bolted joints were selected following the similar principles with those for the Al-

Al single-lap bolted joint according to the related spectral responses as shown in 

Figure 5.16 (a)-(c). After then, 860 Hz and 14.77 kHz were selected as the excitation 

frequencies of pumping vibration and probing wave, respectively. 
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Upon conducting tests on the cross-lap bolted joint, three typical frequency spectra 

are displayed in Figure 5.17 (a)-(c), for the joint with torques of 1, 5 and 13 N∙m 

remained on the bolt. The nonlinear responses are observed to decrease with an 

increase in the applied torque. It is noteworthy that even at the fully tightened state of 

the joint (with a leftover torque of 13 N∙m on the bolt) strong responses of SOH and 

TOH present, which indicates a high degree of CAN in the joint. From the comparison 

of excitation conditions between the Al-Al single-lap and cross-lap bolted joints, the 

intensity of pumping vibration (indicated by the response magnitude of LF) is found 

almost the same for these two joints. Therefore, the difference in the degree of CAN 

between them is caused by the diversity of natural frequencies selected for the 

pumping vibration and difference of joint configurations. To quantitatively identify 

the severity of bolt loosening using the nonlinear features, the reliance of linear 

responses and CAN-induced nonlinear responses on the residual torque is shown in 

Figure 5.18 (a). The nonlinear indices for the Al-Al cross-lap bolted joint subject to 

different applied torques were calculated using Equations (5.6)- (5.9), respectively, 

and displayed in Figure 5.18 (b). From the observation, conclusions can be drawn 

that linear responses (i.e., LF and HF) change slightly regardless of the increase in the 

applied torque, while nonlinear responses (i.e., SOH, TOH and AS) show a high 

sensitivity to bolt loosening. Therefore, the magnitudes of sidebands can serve as an 

indicator to calibrate the degree of bolt loosening, including its early stage. Distinct 

from the performance of detecting bolt loosening in the single-lap joint, TOH presents 

a monotonic relation with the residual torque for the Al-Al cross-lap joint. Whereas, 

the dependence of SOH on the leftover torque of the joint occurs only when the 

applied torque exceeds 3 N∙m.   
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5.16 Spectra of response of the Al-Al cross-lap bolted joint (when T=1 N∙m): 

(a) under an impact force; (b) under a harmonic force; and (c) under white noise 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 5.17 Spectra of the Al-Al cross-lap bolted joint with different degrees of 

residual torque remained on the bolt when the joint is subject to a mixed excitation: 

(a) 1 N∙m (fully tightened); (b) 5 N∙m (intermediately tightened); and (c) 13 N∙m 

(fully loosened) 
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(a) 

 

 

 

  (b) 

Figure 5.18 Linear and nonlinear responses vs. residual torque; and (b) nonlinear 

indices vs. residual torque for the Al-Al cross-lap bolted joint 
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5.3.3. Hybrid-lap  

The proposed detection framework using nonlinear features is further adopted to 

identify the residual torque of loose bolts in the Al-Al hybrid-lap joint. The 

experimental setup and specimen configurations are shown in Figure 5.19 (a) and (b), 

respectively.  

 

 
(a) 

 
 

 
(b) 

 
Figure 5.19 (a) Experimental setups; and (b) specimen configurations for the Al-Al 

hybrid-lap bolted joint using CAN-based nonlinear methods 

 

In particular, the hybrid-lap bolted joint consists of both a single-lap and a cross-lap 

bolted joints, which is used to testify the performance of nonlinear indices towards 

multi-type joints widely adopted in the real engineering structures. It should be 

pointed out that for the hybrid-lap bolted joint, the torque values applied on both bolts 
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were identical for the convenience of discussion and increased gradually from 1 N∙m 

to 13 N∙m. 

 

Frequency spectra of the hybrid joint under three typical applied torques (i.e., 1, 5 and 

13 N∙m) are shown in Figure 5.20 (a)-(c), to observe the occurrence of strong 

modulated sidebands when the bolt is fully loose (under 1 N∙m), while fairly weak 

nonlinear responses present when the bolt is fully fastened (under 13 N∙m). However, 

both SOH and TOH persist their strong response magnitudes despite the augment in 

the applied torque. As a result, they show a conditional sensitivity to changes in the 

applied torque compared to the modulated sidebands. Note that magnitude of TOH is 

even larger than that of SOH in some scenarios, which disagrees with the theoretical 

predictions by the first-order classical nonlinearity as proposed in Chapter 3 and to be 

discussed in detail later.  

 

To achieve a quantitative analysis, correlation between the structural responses and 

the residual torque of the two bolts is established and shown in Figure 5.21 (a). To 

observe a monotonic decrease in the magnitudes of sidebands due to the increase in 

the applied torque of the bolts. The magnitude of SOH decreases as the applied torque 

increasing after it is over 5 N∙m. However, the dependence of TOH on the applied 

torque is not clear. On the other hand, linear responses (i.e., both LF and HF) present 

an independence on the applied torque. From the comparison in terms of efficiency of 

these four nonlinear indices in characterizing bolt loosening as shown in Figure 5.21 

(b), conclusions can be drawn that only VAM-based nonlinear index VAM  and M
VAM  

are capable of identifying bolt loosening for such a hybrid-lap bolted joint. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 5.20 Spectra of the Al-Al hybrid-lap bolted join with different degrees of 

residual torque remained on the bolt when the joint is subject to a mixed excitation: 

(a) 1 N∙m (fully tightened); (b) 5 N∙m (intermediately tightened); and (c) 13 N∙m 

(fully loosened) 
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(a) 

 

 

 

(b) 

Figure 5.21 (a) Linear and nonlinear responses vs. residual torque; and (b) 

Nonlinear indices vs. residual torque T for the Al-Al hybrid-lap bolted joint 
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5.4. Case Study II: Detection of Bolt Loosening in a 

Single-lap C-C Bolted Joint 

In most reported studies, CAN-based nonlinear methods are mainly used to detect 

loose bolts in metallic structures. Advanced composite materials, which offer unique 

advantages such as high specific stiffness and strength, have been designed as a new 

generation of structural materials, of which assemble also relies on the use of bolted 

joints. However, there are rather limited studies devoted to identifying bolt loosening 

in bolted composite structures. With the utilization of low-frequency excitations, 

arising from which acoustic waves exhibit a lower degree of attenuation, the VAM-

based method has the potential to be employed to monitor large composite structures 

with bolted joints. Having demonstrated the efficiency in identifying the residual 

torque of loose bolts in the multi-type Al-Al joints in previous sections, the proposed 

detection framework using nonlinear features of acoustic waves is comparably 

adopted to detect bolt loosening in the C-C single-lap bolted joint. 

 

The experimental setup for the C-C single-lap bolted joint using the CAN-based 

nonlinear methods is displayed in Figure 5.22. The applied torque on the bolt was 

increased from 1 to 13 N∙m and structural responses were captured at each scenario. 

As mentioned in Section 5.2.1, excitation frequencies of pumping vibration and 

probing wave for the C-C joint were selected as 758 Hz and 14.9 kHz, respectively, 

of which the input magnitudes were set as 8 V and 16 V, respectively. 
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Figure 5.22 Experimental setups for the C-C single-lap bolted joint using CAN-

based nonlinear methods 

 
 

Upon conducting tests on the C-C joint under different degrees of bolt loosening, 

frequency spectra of the joint applied with three representative torques are shown in 

Figure 5.23 (a)-(c). By comparing Figure 5.23 (b) with (c), to observe when the 

applied torque is in the range between 5 and 13 N∙m, the variation in the magnitudes 

of LF and HF, those are mainly associated with the change in linear dynamic 

responses, is deemed as negligible. On the contrary, the variation of nonlinear 

responses, e.g., changes in the magnitudes of sidebands, is considered capable of 

distinguishing changes in the bolt loosening degree even at the embryo stage. In 

addition, SOH and TOH show a relative lower sensitivity to bolt loosening at its early 

stage. Furthermore, a comparison between Figure 5.23 (a) and (b) shows that much 

sharper variations of both linear (signal magnitudes of the LF and HF) and nonlinear 

(signal magnitudes of the sidebands) responses can be easily induced at a serious bolt 

loosening stage (i.e., in the bolt torque range between 5 and 1 N·m). 



 
Chapter 5-Implementation Using Nonlinear Acoustic Methods 

 
 

179 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 5.23 Spectra of the C-C single-lap bolted joint with different degrees of 

residual torque remained on the bolt when the joint is subject to a mixed excitation: 

(a) 1 N∙m (fully tightened); (b) 5 N∙m (intermediately tightened); and (c) 13 N∙m 

(fully loosened) 
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Within the entire range of bolt torques from 1 to 13 N·m, linear and nonlinear 

responses of the joint at ten different bolt torque levels are displayed in Figure 5.24 

(a). The linear response, manifested as magnitude of LF, is observed to remain 

unchanged regardless of the variation of the applied torque, whereas the magnitude of 

HF changes phenomenally. As introduced in Chapter 3, the pressure-dependent 

damping and contact stiffness at the interface is responsible for the change in the linear 

response at the high frequency, i.e., HF magnitude. As a consequence, some 

fluctuations present in the change trend of AS (considering .theory
VAM LF HFAS A A  ), 

which states the necessity of application of damage (bolt loosening)-related indices 

for the detection. The nonlinear indices, subject to the increasing residual torque of 

the bolt, are shown in Figure 5.24 (b). It can be clearly identified that an obvious 

change of curve tendency of both VAM  and M
VAM   takes place at a certain point, 

probably between 6 and 7 N∙m, below which sensitivity of these nonlinear indices to 

bolt loosening degree is much higher than that achieved beyond the point. Such an 

observation is consistent with the specific cases as presented in Figure 5.23 (a)-(c), 

implying that bolt loosening at an early stage is of much higher difficulty to be 

quantified than that at a serious stage. By further scrutinizing the data distribution, 

and also by taking into account the unavoidable interference of measurement noise 

that leads to some disturbed data needing certain extent of tolerance, such as the one 

at 6 N∙m, a conclusion can be made that the overall decreasing tendency of the curve 

sustains up to a considerably large level of bolt torque around 11 N∙m, which means 

that the sensitivity of VAM   and M
VAM   is possible to be guaranteed in practical 

application at a quite early stage of bolt loosening. While HOH-based nonlinear 
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indices demonstrate their detectability of bolt loosening in a limited range. 

 

(a) 

 

 

(b) 

Figure 5.24 (a) Linear and nonlinear responses vs. residual torque; and (b) nonlinear 

indices vs. residual torque T for the C-C single-lap bolted joint 



 
The Hong Kong Polytechnic University     Ph.D. Thesis 

 

182 
 

5.5. Discussions 

From above experimental observations, some interesting phenomena present. For 

example, in some cases (i.e., for the Al-Al hybrid-lap and C-C single-lap bolted joints) 

the magnitude of TOH is even larger than that of SOH, which is not consistent with 

the theoretical prediction by using the first-order classical nonlinearity. Furthermore, 

the similar dependence on the residual torque (predicted by the theoretical model in 

Chapter 3) between HOH and modulated sidebands presents only when the applied 

torque is over certain value, for instance 5 N∙m. These disagreements between the 

theoretical predictions and the experimental observations can be attributed to varied 

mechanisms of nonlinearity in real practice. In the macroscopic scale of material, local 

variation of stiffness due to the occurrence of loose bolts in a structure, produced by 

either hysteretic or pure elastic nonlinearity, amplitude-dependent dissipation or stick-

slip friction at the contact interface, introduces different types of nonlinearity, for 

example first-order and second-order classical nonlinearity along with hysteretic 

nonlinearity. As mentioned in Chapter 3, application of the first-order classical 

nonlinearity introduces both even and odd HOH and every order sidebands at the 

frequencies of HF LFf f  and 2HF LFf f , as shown in Figure 5.25, while the other 

two introduce only odd HOH and second sidebands at the frequencies of  2HF LFf f . 

Based on these, it can be inferred that when the applied torque is relative small, varied 

sources of nonlinearity produce simultaneously at the contact interface, due to a lack 

of efficient restriction pressure. This uncontrolled contact condition generates 

nonlinear features which cannot perfectly be described by using the theoretical model 

proposed in Chapter 3, based on the first-order classical nonlinearity. However, at the 
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early stage of bolt loosening, the theoretical model provides predictions with an 

acceptable consistency with experimental results, which means the first-order 

classical nonlinearity dominants the nonlinear sources at the contact interface at this 

stage. 

 

 

Figure 5.25 Varied mechanisms of nonlinearity at the contact interface of a loose 

joint 

 

 

5.6. WED-based Linear Index vs. CAN-based 

Nonlinear Indices 

To further compare the sensitivity of linear and nonlinear indices to bolt loosening for 

both the Al-Al and C-C bolted joints. In particular, the dependence of these indices on 

joint configurations and joining materials of are to be discussed in what follows. 
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5.6.1. Dependence on Joint Configurations  

The relation between the linear/nonlinear indices and the residual torque of the bolt is 

exhibited in Figure 5.26 (a)-(d). In Figure 5.26 (a), the WED-based linear index, 

defined in terms of leaked or transmitted energy of incident waves upon passing 

through the bolt, is found to increase as the applied torque increases in a single-lap 

bolted joint, but decreases in a cross-lap bolted joint, showing a high dependence on 

the joint type. As it can be seen in Figure 5.26 (a) that this linear index fails to identify 

the residual torque of the hybrid-lap bolted joint due to its serious dependence on joint 

configurations. In addition, bolt loosening at the early stage would not introduce a 

phenomenal change in the real contact area, as a result, the detectability is limited 

when using such a linear acoustic method for bolt loosening evaluation. The 

dependence of SOH-based and TOH-based nonlinear indices on the applied torque of 

the three types of Al-Al joints are displayed in Figure 5.26 (b) and (c), respectively. 

To observe that over certain torque values, a monotonic decrease occurs in both 

nonlinear indices with an increase in the applied torque. Such nonlinear indices show 

a better detectability for the cross-lap bolted joint, compared to that for the other two 

joints. As displayed in Figure 5.26 (d), for all the three types of joints, a consistent 

and monotonic tendency in the VAM-based nonlinear index can be clearly noted, 

which decreases rapidly when the bolt is tightened from fully loose (T=1 N∙m) to a 

transit condition (T=2 N∙m). After then a moderate decrease presents in the nonlinear 

index until the bolt is fully applied with a torque of 13 N∙m. To conclude, the 

sensitivity of the VAM-based nonlinear index persists throughout the whole range, 

showing enhanced sensitivity than HOH-based indices. Such a nonlinear index thus 

renders a capability of quantitatively evaluating the residual torque of a loose bolt, 
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including its early stage, in spite of joint types. 

 

(a) 

 

 

(b) 

Figure 5.26 Linear and nonlinear indices vs. residual torque for multi-type Al-Al 

joints: (a) WED-based; (b) SOH-based; (c) TOH-based; and (d) VAM-based 
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(c) 

 

 

 

(d) 

Figure 5.26 (continued) 
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5.6.2. Dependence on Joining Materials  

The dependence of linear and nonlinear indices on joining materials are comparably 

exhibited in Figure 5.27 (a)-(d). To observe that the detectability of the WED-based 

linear index is rather limited in terms of detectable range for the single-lap C-C bolted 

joint, which is caused by serious attention of GUWs propagating in composites. This 

problem may also present when such a linear feature-based method is employed to 

detect bolt loosening in large and complex structures. On the other hand, Both SOH-

based and TOH-based nonlinear indices exhibit a similar dependence on the residual 

torque for the Al-Al and C-C bolted joints. Finally, the VAM-based nonlinear index 

even shows a better detectability for the C-C joint compared to the Al-Al joint.  

 

 

(a) 

Figure 5.27 Linear and nonlinear indices vs. residual torque for the single-lap Al-Al 

and C-C joints: (a) WED-based; (b)SOH-based; (c) TOH-based; and (d) VAM-based 
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(b) 

 

 

 

(c) 

Figure 5.27 (continued) 
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(d) 

Figure 5.27 (continued) 

 

To sum up, nonlinear indices, especially the VAM-based nonlinear index, show a high 

sensitivity to bolt loosening in both joints regardless of joining materials. Whereas, 

the WED-based linear index is only capable of evaluating the residual torque of the 

Al-Al joint at the late stage of bolt loosening. In addition, serious attenuation 

characteristic of GUWs when propagating in the composites should be carefully 

treated when applying such a linear feature-based method to detect bolt loosening in 

the C-C joint. 

 

5.7. Summary 

To sum up, in this chapter the accuracy of the theoretical model proposed in Chapter 

3 is firstly verified by investigating the dependence of nonlinear indices on intensities 

of both pumping vibration and probing wave in both the Al-Al and C-C single-lap 
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bolted joints. The linear responses of LF and HF exhibit a linear correlation with 

according input forces of pumping vibration and probing wave, respectively, which 

agrees with the theoretical predictions by Equations (5.1)- (5.2). In the meanwhile, 

nonlinear responses (i.e., SOH, LS and RS) also increase linearly as the input 

magnitudes of the pumping vibration and probing wave increase, which confirms the 

validity of Equations (5.3)- (5.5). SOH  and M
VAM  are found being independent of the 

magnitude of LF, while VAM  shows a linear correlation with LF magnitude. The 

dependence of TOH on LF can be divided into two stages. Before the response 

magnitude of LF reaches a certain value, TOH  decreases with an increase in LF and 

after then it remains almost unchanged regardless of an augment in LF. On the other 

hand, a clear independence of all nonlinear indices on the intensity of HF presents. 

Thus, the utilization of VAM  for damage detection must reside on a premise that the 

response magnitude of LF remains the same during the testing. A proper intensity of 

LF should be secured to achieve an effectual detection when using TOH . 

 

Subsequently, to further verify the efficiencies of the proposed linear and nonlinear 

feature-based methods, these four nonlinear indices are comparably adopted to 

identify the residual torque of loose bolts for both the Al-Al and C-C bolted joints. To 

observe that linear responses (i.e., LF and HF) are not capable of indicating the state 

of loose joints at the early stage, while the sensitivity of nonlinear indices VAM  and 

M
VAM , proposed from the magnitudes of modulated sidebands, persist their efficiency 

throughout the whole range from fully fastened to fully loose, regardless of joint 

configurations and joining materials, showing enhanced sensitivity than the linear 
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counterpart. TOH  presents its efficiency throughout the whole range only for the Al-

Al cross-lap bolted joint. In most scenarios, TOH  and SOH  are able to identify the 

tightening state of loose joints when the leftover torque is over certain value. 

Otherwise, due to the mixed mechanisms of nonlinearity, HOH-based nonlinear 

indices fail to identify the state of loose joints at the late stage of bolt loosening. 

Therefore, the VAM-based nonlinear method shows the highest potential in the 

application of SHM for bolt loosening in real engineering structures while more 

studies are required to further improve the detectability of the HOH-based methods. 
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Enhancement of Vibro-acoustic Modulation  

 

 

 

6.1. Introduction 

In Chapter 5, vibro-acoustic modulation (VAM)-based and high-order harmonics 

(HOH)-based nonlinear indices are comparably examined to evaluate the residual 

torque of loose bolts in both Al-Al and C-C bolted joints. Nonlinear indices SOH  and 

TOH , developed from the magnitudes of SOH and TOH, respectively, are observed 

capable of identifying bolt loosening at the early stage but not including the late stage, 

during which varied nonlinearity sources synergistically determine the response 

magnitudes of nonlinear harmonics. As a result, the theoretical scenario proposed in 

Chapter 3 fails to accurately predict the dependence of HOH on the residual torque of 

the bolt. On the other hand, VAM-based nonlinear indices M
VAM  and VAM  successfully 

characterize bolt loosening throughout the whole torque range from fully loose to fully 
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tightened in both Al-Al and C-C bolted joints, without a dependence on joint 

configurations or joining materials.  

 

Given that the simplified scenario proposed in Chapter 3 only builds a qualitative 

relation between nonlinear responses and the residual torque of a joint. To gain a 

theoretical insight into the essence of generation of nonlinear dynamic responses (i.e., 

sidebands), an enhanced theoretical scenario of interfacial contact stiffness is 

established, facilitating defining the dependence of contact-acoustic-nonlinearity 

(CAN) on the contact pressure at a solid-solid interface. Numerical simulation based 

on the theoretical scenario with structural nonlinear contact stiffness is implemented, 

to achieve insight into CAN induced by a loose bolt in the joint under VAM, and a 

quantitative correlation between vibro-acoustic nonlinear distortions (manifested as 

sidebands in signal spectrum) and the degree of bolt loosening is ascertained.  

 

As the essential cause to introduce nonlinear dynamic signatures such as sideband 

responses, CAN is firstly characterized by establishing a modified theoretical scenario 

of interfacial contact stiffness. In this scenario, similar with those in Chapter 3, a linear 

term increasing and a nonlinear term decreasing exponentially with the increase of 

bolt torque are contained to theoretically describe changes in the applied torque of a 

joint. Based on the numerical results, a VAM-inspired framework is developed for 

monitoring structural integrity of single-lap Al-Al and C-C bolted joints, which is 

experimentally validated by evaluating different degrees of leftover torques on loose 

bolts in these two joints. The effectiveness and accuracy of the modified scenario are 

then examined by numerical study, where FE scenarios of the C-C and Al-Al joints 
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are developed and utilized to calculate structural dynamic responses including both 

linear and nonlinear signatures. The numerical results obtained without/with nonlinear 

contact stiffness are comparatively presented to reveal the relation between the degree 

of CAN and response magnitudes of modulated sidebands. 

 

6.2.  An Enhanced Theoretical Model of Interfacial 

Contact Stiffness 

In Chapter 3, a simplified contact scenario is adopted to describe the relation between 

the applied torque and contact stiffness at the interface of a joint (including both linear 

and nonlinear parts, subject to a power-law). A single-degree-freedom system 

successfully links the contact stiffness of loose joints to the response magnitudes of 

nonlinear features (i.e., modulated sidebands), which has been validated by 

subsequent experimental observations. To build a quantitative correlation between the 

magnitudes of modulated sidebands and the residual torque of loose joints, numerical 

simulation of the VAM-based method using a two-degree-freedom system is presented 

in the followings. 

 

As mentioned in Chapter 2, currently there exist no perfect scenarios, gaining a wide 

acceptance, to describe CAN when acoustic waves interact with the interface of a crack 

or a loose joint. From our experimental observations, multiple sources of nonlinearity 

at the contact interface of a joint are inferred to affect the generation and intensity of 

the nonlinear responses. To take the theoretical analysis a step further and simplify the 

calculation, the first-order classical nonlinearity is still adopted in the numerical 
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simulation, although it may not be capable of involving in all mechanisms of CAN.  

 

The surface of a solid is rough with randomly distributed asperities, and consequently 

the solid-solid interface features partial contact when two solids come into contact. It 

can be inferred that the real contact area of the interface increases with an augment of 

the contact pressure. Earlier studies [1] have confirmed that linear interfacial contact 

stiffness is proportional to the real contact area at the interface, which is 

synergistically determined by the contact pressure and surface roughness. Along the 

same line of thinking, when two structural components are assembled via a bolt, a 

partial contact occurs at the interface, even when the bolt is fully fastened. 

 

Provided that the bolt is loose to a certain extent, the accordingly reduced contact 

pressure at the interface induces “breathing” effect (i.e., CAN) when the joint is subject 

to a harmonic vibration. The local nonlinear contact stiffness in the mating parts (i.e., 

CAN) of the loose joint, which is associated with the residual torque remained on the 

bolt, dominates both the structural nonlinear stiffness and resultant nonlinear response 

of the joint. To facilitate comprehending of the mechanism of nonlinear distortion 

generation in the modulated waves (manifested as sideband magnitudes in signal 

spectra) when the joint is subject to a mixed excitation, it is of vital importance to 

ascertain the reliance of interfacial contact stiffness on the residual torque on the loose 

bolt. To this end, a power-law relation between the linear contact stiffness, LK , and 

interfacial pressure, P, at the solid-to-solid interface can be given by [90] 
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where t
Lk  and r

Lk  are the linear transitional and rotational stiffness, respectively; 0
t , 

0
r   and m are constants relating to asperity-height distributions along the contact 

surfaces, which can be used to characterize the degree of surface roughness.  

 

However, in experiment, the utilization of Equation (6.1) is fairly restricted because 

it is a challenging task to measure the interfacial pressure. Considering that P is 

approximately proportional to the interfacial preload, F, and a linear relationship 

between F and the applied bolt torque, T, exists (according to /F T d , where d 

and    are the bolt diameter and friction coefficient between the nut and bolt, 

respectively), LK  in Equation (6.1) can thus be linked directly with T, in terms of 
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 (6.2) 

where 1
t  and 1

r  are the modified surface-roughness-related constants proportional 

to 0
t  and 0

r  in Equation (6.1), respectively. The inclusion of T in Equation (6.2) 

makes it possible to indicate quantitatively the bolt loosening, as T is a parameter that 

can be acquired via measurement. Under most circumstances, most asperities on the 

contact surfaces in the mating parts of a composite joint feature comparable and 

similar heights and curvatures, which leads to a quantitative correlation between the 

real contact area (A) and contact pressure as 0.5A P . Given that LK A  and P T , 

m in Equation (6.2) is estimated to be 0.5. 

 

As mentioned earlier, a typical interfacial “breathing” effect is induced into a loose 

joint when the joint is subject to VAM, where a rapid and periodical variation in the 
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contact area occurs. Such a phenomenon results in generation of CAN, which, however, 

cannot be reflected by merely using LK  in Equation (6.2), because LK  is the linear 

contact stiffness and independent of CAN. 

 

To circumvent the above deficiency, a nonlinear contact stiffness, NK , is introduced 

to scenario the bolted joint, which reads 

,
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 (6.3) 

where t
Nk  and r

Nk  are the nonlinear transitional and rotational stiffness, respectively. 

For simplicity, t
Nk   and r

Nk   were set to be constant values in [136] to introduce 

nonlinear dynamic responses. However, a constant NK  obviously implies that the bolt 

loosening-induced CAN is a constant, regardless of the residual torque on the bolt and 

the degree of bolt loosening, restricting the detection of bolt loosening from extending 

to a quantitative manner. In this scenario, NK  is re-defined to include both the linear 

and nonlinear contact stiffness, as 
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 (6.4) 

where enhancedK   is the re-defined contact stiffness. 2
t , 2

r  and n are three constants 

related to the surface roughness and actual contact area. In particular, the case in which 

0n    in Equation (6.4) actually corresponds to a constant NK   as assumed 

elsewhere [136]. In the enhanced scenario, the terms in NK   are assumed to vary 
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inversely with the real contact area, as demonstrated elsewhere, by setting 0.5n    

in Equation (6.4). The enhanced scenario implies that when bolt loosening initiates 

and progresses, NK  increases in magnitude and augments the extent of CAN; and in 

the meantime, LK  decreases due to the reduction in the interfacial pressure and actual 

contact area. Therefore, enhancedK   is linked, quantitatively, to the residual torque 

remained on the loose bolt. It is noteworthy that the above discussion and scenario is 

independent of the types of joining material and it is therefore applicable to describe 

the interfacial contact behaviors of both a composite and a metallic joint. This is to be 

proven using numerical simulation in the sequent session using a single-lap 

composite-composite (C-C) and aluminum-aluminum(Al-Al) bolted connection. 

 

6.3. Numerical Simulation 

Now that the quantitative dependence of linear and nonlinear contact stiffness at the 

contact interface on the residual torque of a loose joint is developed based on micro 

contact theory. The accuracy of the enhanced contact scenario is to be examined by 

numerical study, where FE scenarios of the single-lap C-C and Al-Al joints are 

developed and employed to calculate both linear and nonlinear structural dynamic 

responses when they are subject to two excitations at distinct frequencies in what 

follows. 
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6.3.1. Numerical Analysis of Bolted Joints Using the Enhanced 

Theoretical Model 

Based on the analytical scenario of interfacial contact stiffness of a bolted joint with 

a loose bolt, as described by Equation (6.4), the analysis of a bolted joint is achieved, 

in conjunction with the use of a finite element (FE) method. The FE scenarios of the 

C-C and Al-Al joints as tested in the experiment are developed, as shown in Figure 

6.1. 

 

Figure 6.1 Finite element model of single-lap bolted joints 

 
The scenario consists of two Euler-Bernoulli beam components, each containing six 

elements of the same length (denoted by E1~ E6) and seven nodes (N1~N7). Each 

node has two degrees of freedom (DOFs), i.e., transverse deflection, w , and rotation, 

 . The right end of the joint is fixed to form a cantilever beam. A spring scenario is 

used to simulate the boundary condition in the clamped end and the contact condition 

at the lapped portion of the joint. The spring scenario comprises both translational and 

rotational springs that joints two beams via nodes N7 and N8, to introduce contact 

effect between element E6 and E7. Extra masses are added to E6 and E7 to simulate 

the bolt and nut (see shadowed areas in Figure 6.1). In the mixed excitation, the 

pumping vibration and probing wave are applied to the joint at nodes N2 and N6, 

respectively. The dynamic responses of the joint are obtained at node N9. 
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The equation of motion of the bolted joint under discussion is governed by 

          ,L eM u C u K u F   cf  (6.5) 

where u ,  u
 and  u

 are the displacement, velocity and acceleration vectors, respectively; 

 eF   represents the external excitation vector, and cf   signifies the nonlinear 

interfacial contact force vector equivalently treated as an excitation vector. 

Specifically, cf  includes non-zero elements only at the nodes within the bolted area 

(i.e., N7 and N8), and can be defined as 

2 2 2 2
7 8 7 8 7 8 7 80,... ( ) , ( ) , ( ) , ( ) ,...0 ,

Tt r r t
N N N Nk w w k k k w w           cf  (6.6) 

where t
Nk  and r

Nk , from Equation (6.6), are the translational and rotational nonlinear 

stiffness of the inserted springs at N7 and N8, respectively, and are weighted with the 

squares of correspondingly relative displacements. 

 

 M ,  C  and  LK  are the global inertia, damping, and linear stiffness matrices in 

a dimension of 28 28 , respectively, where  M  and  LK are assembled using local 

matrices established on elements, and  C can be ascertained according to Rayleigh 

damping assumption. 

 

The inertia matrix of the bolted joints (  M  ) is assembled by those of the beam 

element ([me]), as  
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 
  

 (6.7) 

where   donates the density, A the area of the cross-section and l  the uniform length 

of the beam element. 

 

Similarly, the stiffness matrix of the bolted joints ( LK ) can be assembled by those 

of the Bernoulli-Euler beam element ([ke]) (see Equation (6.8)), and added by 

additional stiffness components considering the boundary condition. 

2 2

3

2 2

12 6 12 6
6 4 6 2

[ ] ,
12 6 12 6
6 2 6 4

e

l l
l l l lEIk

l ll
l l l l

 
 


 
   
 

 

 (6.8) 

where I signify the moment of inertia and E the Young’s modulus of the beam. 

Specifically, Young’s modulus for the unidirectional composite beam cE  is calculated 

from the Young’s modulus of fiber fE  and matrix mE  with respect to volume fraction 

of the fiber V  in the composite beam, as  

(1 V) .c f mE VE E    (6.9) 

Lastly, the form of  C  in Equation (6.5) is given according to Rayleigh damping 

assumption, as 

[ ]= [ ]+ [ ]LC M K  ， (6.10) 

where   and   are two constants to be estimated experimentally. 
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6.3.2. Results and Comparison 

The unknown parameters associated with linear dynamic responses, including 1
t  and 

1
r  in Equation (6.2), and   and   in Equation (6.10), are first estimated through 

fitting the linear experimental response in Figure 6.2, by using signal calculated based 

on the FE scenario using Equation (6.2).  

 
(a) 

 

 
(b) 

 
Figure 6.2 Experimental and numerical frequency responses at the low-order 

vibration modes of the (a) C-C; and (b) Al-Al bolted joints under a torque of 1 N∙m 
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To be more specific, the parameters under estimation were determined when an 

accurate agreement between the experimental and numerical data was achieved at the 

natural frequencies of the first five vibration modes. Subsequently, the nonlinear 

parameters, i.e., 2
t   and 2

r   in Equation (6.4), are estimated through fitting the 

nonlinear experimental responses by using numerical results calculated using the 

modified contact stiffness scenario (to be presented later), i.e., Equation (6.4) with 

0.5n   .  

 

The estimated parameters for the FE scenarios of C-C and Al-Al joints are shown in 

Table 6.1. 

 

Table 6. 1 Estimated parameters for finite element simulation 

 
Parameter C-C Al-Al 

λt 
1 

1/2 3/2N / m    61 10  
61 10  

λr 
1  1/2 1/2N / (rad m )    91 10  

91 10  

λt 
2 3/2 3/2N / m    91 10    91 10   

λr 
2  3/2 2 1/2N / (rad m )    121 10   

121 10   


1[s ]  20  20 

 [s]  76 10  78 10  

 [ / ]3kg m  1525  2691  

E [Pa]  9118 10  
968.9 10  
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The excitation modes subject to the pumping vibration and probing wave are set, 

respectively, to be the same with those adopted in the experiment, with corresponding 

frequencies to be 758 Hz and 14.04 kHz for the C-C joint, and 935 Hz and 14.24 kHz 

for the Al-Al joint respectively. The computation procedure is shown in Figure 6.3.  

 

 

 

Figure 6.3 Flowchart of the proposed numerical computation, where ‘num’ 

represents the number of the total calculation steps; ‘iter’ is the maximum number of 

iteration within each step; ‘esp’ signifies the acceptable error; and  ,   are 

adjustable parameters related to the accuracy and stability of the time scheme 
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Using the parameters as shown in Table 6. 1, representative time-domain signals of 

the C-C and Al-Al joints under a bolt torque of 6 N∙m subject to the mixed excitation 

are calculated and normalized, as presented in Figure 6.4 (a)-(b). Two main frequency 

components, referred to as pumping vibration and probing wave, respectively, are 

observed and a considerable similarity can be seen between the numerical and 

experimental data.  

 

 
(a) 

 

 
(b) 

Figure 6.4 Time-domain responses of (a) C-C; and (b) Al-Al bolted joints with 6 

N∙m remained on the bolt, subject to numerical computation based on Scenario III 

and experimental measurement, respectively 
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For the purpose of comparison, dynamic responses of the FE scenario under different 

degrees of bolt loosening are then calculated by using three scenarios: 

Scenario I: only the linear stiffness in the scenario is considered (Equation (6.2)); 

Scenario II: the nonlinear stiffness in the scenario is considered, but the nonlinear 

terms are a constant (corresponding to 0n   in Equation (6.4)); and 

Scenario III: the enhanced analytical scenario is adopted, in which nonlinear stiffness 

is considered and the nonlinear terms vary subject to an exponential function 

( 0.5n    in Equation (6.4)). 

 

Figure 6.5 and 6.6 present the frequency responses calculated based on Scenario I 

when the C-C and Al-Al bolted joints under two extreme (i.e., the minimum and 

maximum) degrees of bolt loosening by setting the bolt torque to be 13 N∙m and 1 

N∙m. Obviously, the absence of sidebands in the spectrum indicates the failure of 

Scenario I in faithfully depicting the dynamic response of the joint under a mixed 

excitation. 

 

(a)                                                           (b) 

Figure 6.5 Frequency response of the C-C bolted joint, subject to numerical 

computation based on the linear contact stiffness (Scenario I) in Equation (6.2), 

under a bolt torque of (a)13 N∙m; and (b)1 N∙m 
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(a)                                                                  (b) 

Figure 6.6 Frequency response of the Al-Al bolted joint, subject to numerical 

computation based on the linear contact stiffness (Scenario I) in Equation (6.2), 

under a bolt torque of (a)13 N∙m; and (b)1 N∙m 

 

Figure 6.7 and 6.8 compare the spectra of the composite joint, at four representative 

levels of bolt torques (T= 13, 9, 7 and 1 N∙m), using Scenarios II and III, respectively. 

As mentioned in previous chapters, the joint under a torque of 13 N∙m is considered 

as under a fully tightened condition according to the yielding strength of the composite 

specimen and the allowable tensile load of the bolt, whereas the joint under 1 N∙m 

corresponds to a fully loosened condition. Under the bolt torque of 1 N∙m, Scenarios 

II and III give rise to similar spectra, as shown in Figure 6.7 (d) and 6.8 (d). The 

results using Scenario II include much higher sideband magnitudes compared with 

those calculated using Scenario III when the bolt torque increases. Obvious sidebands 

can even be captured in the frequency spectrum calculated by Scenario II for the joint 

under the fully tightened condition (i.e., under 13 N∙m). This has revealed that 

Scenario II induces excessive sidebands due to the adoption of a pressure-independent 

nonlinear contact stiffness – a case inconsistent with the reality. 
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(a) 

 
 

 

(b) 

Figure 6.7 Numerical results of sideband responses of the C-C bolted joint under 

bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m, respectively, by 

using contact stiffness according to Scenario II, which includes constant nonlinear 

terms, corresponding to n =0 in Equation (6.4) 

 



 
Chapter 6-Method Enhancement of Vibro-acoustic Modulation Using Numerical Simulation 

 
 

209 
 

 

(c) 

 

 

(d) 

Figure 6.7 (continued) 
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(a) 

 

 

(b) 

Figure 6.8 Numerical results of sideband responses of the C-C bolted joint under 

bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m, respectively, by 

using contact stiffness according to Scenario III, which includes pressure-dependent 

nonlinear terms, corresponding to n = -0.5 Equation (6.4) 
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(c) 

 

 

 

(d) 

 

Figure 6.8 (continued) 
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It seems that at an early stage of bolt loosening under torque levels of 13, 9 and 7 N∙m, 

modulated sidebands obtained by Scenario II exhibit a higher sensitivity to bolt 

loosening than those by Scenario III due to their magnitudes in Figure 6.7 (a)-(c) look 

more significant than those in Figure 6.8 (a)-(c). However, the validity of Scenario II 

is doubted when further comparison is made, by taking into account the actual data 

measured from experiment, as shown in Figure 6.9 (a)-(c). Under similar levels of 

bolt torques, it is clear that the experimental data include much lower sideband 

magnitudes compared with those calculated using Scenario II. From such an aspect, 

it can be realized that Scenario III actually gives results much more consistent with 

the experimental findings. In addition, the change trend of sideband magnitudes 

caused by the increase in the applied torque obtained using Scenario III agrees better 

with the experimental results, i.e., the magnitudes increase slightly at the early stage 

of bolt loosening (in the torque range of 13-7 N∙m) and a sharp increase in the 

magnitudes occurs when the torque decreases to 1 N∙m from 7 N∙m. It should be 

pointed out that the excitation frequency of probing wave in the experiment is slightly 

different with that presented in Chapter 5, which is caused by difference in the 

frequency selection of probing wave between different sets of repeated experiments 

due to uncertainness of bolts and diversity in the operation process of applying the 

torque. 

 

The theoretical magnitude of sidebands for the Al-Al single-lap bolted joint under 

torques of 13, 9, 7 and 1 N∙m calculated by Scenario II and III as exhibited in Figure 

6.10 (a)-(d) and Figure 6.11 (a)-(d) are compared with according experimental results 

as displayed in Figure 6.12 (a)-(d).  
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(a) 

 

 

 

 

(b) 

Figure 6.9 Experimental results of sideband responses of the C-C bolted joint under 

bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m 
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(c) 

 

 

 

(d) 

 

Figure 6.9 (continued) 
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 (a) 

 

 

(b) 

Figure 6.10 Numerical results of sideband responses of the Al-Al bolted joint under 

bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m, respectively, by 

using contact stiffness according to Scenario II, which includes constant nonlinear 

terms, corresponding to n = 0 in Equation (6.4) 
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(c) 

 

 

(d) 

 

Figure 6.10 (continued) 
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(a) 

 

 

(b) 

Figure 6.11 Numerical results of sideband responses of the Al-Al bolted joint under 

bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m, respectively, by 

using contact stiffness according to Scenario III, which includes pressure-dependent 

nonlinear terms, corresponding to n = -0.5 in Equation (6.4) 
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(c) 

 

 

 (d) 

 

Figure 6.11 (continued) 
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 (a) 

 

 

(b) 

 

Figure 6.12 Experimental results of sideband responses of the Al-Al bolted joint 

under bolt torque levels of (a) 13 N∙m; (b) 9 N∙m; (c)7 N∙m; and (d)1 N∙m 
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(c) 

 

 

 

(d) 

 

Figure 6.12 (continued) 
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It can be observed that left sideband (LS) measured from the experiment, as shown in 

Figure 6.12 (a)-(c), is fairly weak at the early stage of bolt loosening and the 

theoretical results obtained by Scenario III show a better consistency with the 

experimental ones than those by Scenario II. On the other hand, a relative strong right 

sideband (RS) occurs even during the early bolt loosening in the experimental, which 

may arise from non-damage (non-bolt loosening)-related nonlinearity, for instance 

improper clamping condition at the fixed end or some other unknown mechanisms 

which leads to a large difference in the sensitivity to bolt loosening between LS and 

RS. However, when considering the variation of RS magnitude in the overall range 

due to changes in the applied torque, Scenario III still seems more reasonable 

compared to Scenario II.  

 

Allowing for the fact that the magnitudes of sidebands are synergistically dependent 

on both the excitation intensity of the probing wave and the degree of CAN, the 

magnitudes (in the unit of dB) of actual left ( LS  ) and right ( RS  ) sidebands are 

normalized with the response magnitude of probing wave ( HF ) to obtain magnitudes 

of relative left ( LS  ) and right ( RS  ) sidebands, in order to achieve a quantitative 

comparison without involvement of influence of probing wave, as  

LS LS HF   and RS RS HF   (6.11) 

 

The theoretical magnitudes of relative sidebands of the C-C and Al-Al bolted joints 

are shown in Figure 6.13 (a) and (b), respectively.  A monotonic decrease in both LS  

and RS  presents with the increase in the applied torque but with some slight difference 
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between LS  and RS  for both joints.  

 

(a) 

 

 

(b) 

Figure 6.13 Numerical magnitude distributions of relative left and right sidebands 

based on Scenario III for the (a) C-C ; and (b) Al-Al bolted joints under ten different 

levels of bolt torques between 1 and 13 N∙m 
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In particular, for the C-C joint, LS   and RS   decrease drastically when the torque 

increases from 1 to 9 N·m and after then moderate decreases present. For the Al-Al 

joint, when the torque varies from 1 to 7 N·m, rapid reductions in LS  and RS  occur 

and followed by gent decreases when the applied torque continues increasing. 

 

Experimental LS , RS  for the C-C bolted joint constructed at ten different bolt torque 

levels are displayed in Figure 6.14 (a) and (b), respectively, within the entire range of 

bolt torques from 1 to 13 N·m. In Figure 6.14 (a) and (b), scatter points and solid 

lines signify separately measured results and their averaged values, respectively, to 

indicate the extent of stability of data measurement. It should be noted in Figure 6.14 

(a)-(b) that the degrees of bolt loosening are actually displayed from the highest to the 

lowest, which is different from the presentation order in Figure 6.9, because of the 

reason that the bolt torque levels in Figure 6.14 (a) and (b) are arranged in a naturally 

ascending order. From Figure 6.14, it can be clearly identified that an obvious change 

of curve tendency takes place at a certain point, probably between 6 and 7 N∙m, below 

which nonlinear responses (i.e., SL and SR) to bolt loosening degree is much higher 

than that achieved beyond the point. In addition, there exists some difference in the 

sensitivity to bolt loosening between SL and SR. To be more specially, SL changes 

observably while SR saturates at the early stage of bolt loosening when T is no less 

than 7 N∙m. Such an observation is consistent with the specific cases as presented in 

Figure 6.12 (a) to (d), implying that bolt loosening at an early stage is of much higher 

difficulty to be quantified than at a serious stage. 
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(a) 

 

 

(b) 

 

Figure 6.14 Magnitude distributions of the relative (a) left; and (b) right sidebands, 

constructed based on Equation (6.11), subject to experimental measurement for the 

C-C bolted joint under ten different levels of bolt torques between 1 and 13 N∙m 
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By further scrutinizing the data distribution in Figure 6.14 (a) and (b), a conclusion 

can be reached that the overall decline tendency of the curve sustains up to a 

considerably large level of bolt torque around 11 N∙m, which means that the sensitivity 

of nonlinear responses is possible to be guaranteed in practical application at a quite 

early stage of bolt loosening. 

 

Experimental LS  , RS   for the Al-Al bolted joint under different applied torques are 

displayed in Figure 6.15 (a) and (b), respectively. From Figure 6.15 (a) and (b), a 

similar change of curve tendency with that of the C-C joint is observed at a certain 

point, probably between 6 and 7 N·m. To be more specifically, SR changes clearly 

while SL almost saturates at the early stage of bolt loosening when T is no less than 9 

N·m. Such an observation is consistent with the representative cases as presented in 

Figure 6.12 (a) to (d), implying that the two sidebands exhibit different sensitivity to 

bolt loosening at an early stage, which consequently is of a much higher difficulty to 

be quantified than bolt loosening at a serious stage. From the observations regarding 

the dependence of sideband magnitudes on the residual torque of the Al-Al joint, it can 

be concluded that the VAM-based nonlinear method is capable of evaluating bolt 

loosening in the Al-Al joint including its early stage with an acceptable sensitivity. 

 

To sum up, a good consistency between theoretical prediction and experiment 

investigation presents for both the Al-Al and C-C bolted joints. However, there exists 

some difference between SL and SR in the sensitivity to bolt loosening at the early stage. 

To achieve a better sensitivity for detection, the usage of VAM-based nonlinear index 

defined in Chapter 3 involving in the responses of both sidebands is meaningful in 
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real practice. Motivated by this, both theoretical and experimental nonlinear indices 

constructed from the magnitudes of sidebands are comparably presented in the 

followings. 

 
(a) 

 

 
(b) 

 
Figure 6.15 Magnitude distributions of the relative (a) left; and (b) right sidebands, 

constructed based on Equation (6.11), subject to experimental measurement for the 

Al-Al bolted joint under ten different levels of bolt torques between 1 and 13 N∙m 



 
Chapter 6-Method Enhancement of Vibro-acoustic Modulation Using Numerical Simulation 

 
 

227 
 

To achieve a quantitative evaluation of the bolt loosening of the joints, a nonlinear 

bolt loosening indicator is defined using both relative left and right sidebands, as  

( ) / 2.VAM L RS S    (6.12) 

Based on respective utilizations of Scenario II and III, a more systematic analysis is 

made by calculating nonlinear indices using sideband responses under ten different 

bolt torques between 1 and 13 N∙m. For the purpose of comparison, the developed 

bolt loosening indicator is further normalized according to 

* ,VAM ref     (6.13) 

where ref  is the reference VAM-based nonlinear index under the bolt torque of 1 N·m. 

 

In Figure 6.16 (a), the numerical results of the C-C joint are presented together with 

the experimental data, normalized using the averaged VAM  values. It is clear that in 

Figure 6.16 (a) the numerical results corresponding to Scenario III shows a 

considerably high consistency with the experimental results. The utilization of 

Scenario II, however, fails to coincide with the experimental data within most of the 

torque range. Furthermore, the sensitivity of Scenario II in characterizing bolt 

loosening degree vanishes when the bolt torque exceeds about 8 N·m, beyond which 

the curve slope becomes nearly zero, whereas Scenario III maintains its sensitivity up 

to a much higher torque level around 11 N∙m, which is considered to be highly 

consistent with the experimental findings. Similar conclusions can be drawn for the 

Al-Al joint from the observations on results as exhibited in Figure 6.16 (b).  
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(a) 

 

 

(b) 

Figure 6.16 Distributions of the normalized bolt loosening indicator, * , as shown 

in Equation (6.13) subject to both experimental measurement and numerical 

computation, for the (a) C-C; and (b) Al-Al bolted joints under ten different levels of 

bolt torques between 1 and 13 N∙m 
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The numerical results using Scenario III approach the experimental results with a 

better consistency compared to those obtained by using Scenario II. From the 

comparison in terms of agreement between the theoretical and experimental results, 

the proposed Scenario III is found to better describe the reliance of nonlinear index 

on the applied torque for the C-C joint.  

 

6.4. Summary 

In this chapter, contact acoustic nonlinearity (CAN) in VAM, induced by the “breathing” 

effect at the solid-to-solid interface of a bolted joint, is investigated analytically and 

experimentally, on which basis the VAM-inspired approach is developed to monitor 

bolt loosening in both composite-composite (C-C) and aluminum-aluminum (Al-Al) 

bolted joints. Numerical simulation based on the modified theoretical model with 

pressure-dependent nonlinear contact stiffness is implemented to facilitate the 

comprehending of generation mechanisms of CAN induced by a loose bolt and the 

dependence of nonlinear distortion, manifested as sidebands in the VAM-based 

method, on the residual torque of the loose joint. The numerical results in terms of 

linear and nonlinear responses of the joints under different torques subject to the 

mixed excitation are obtained with three types of contact scenarios and comparatively 

presented to reveal the relation between the degree of CAN and response magnitudes 

of modulated sidebands. From the comparisons, the sensitivity of the simulated results 

based on the modified scenario (Scenario III) is highly consistent with that of the 

experimental data. The numerical analysis has revealed that the decrease in the linear 

contact stiffness and the increase in the nonlinear contact stiffness, induced by the 
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decrease of residual torque of the loose composite joint, synergistically result in the 

augment of sideband magnitudes. However, more studies are required to accurately 

measure the parameters describing the linear and nonlinear contact stiffness of the 

interface for different joining materials. The presented study provides a theoretical 

foundation, relying on which numerical analysis can be accurately conducted to 

facilitate the tasks of bolt loosening identification in a variety of structure types.
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Conclusions and Recommendations for 

Future Research 

 

 

 

7.1. Concluding Remarks 

Bolted joints are widely used to assemble primary components for engineering 

structures. Throughout their service lives, varied factors have the potential to initiate 

and accelerate the process of bolt loosening. The accumulation of bolt loosening may 

lead to a separation of assemblies and even a drastic failure without timely warning. 

To sustain structural integrity, cut down maintenance cost, and potentially extend 

service lives of bolted structures, over the last two decades a variety of efforts has 

been cast to develop effectual SHM using linear and nonlinear features of acousto-

ultrasonics, aiming at achieving continuous and online surveillance of integrity of 

bolted structures.  
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Linear features of guided ultrasonic waves (GUWs), such as WED and TOF, have 

been widely employed to detect gross damage, but without capability of indicating the 

onset or severity of small-scale damage, such as fatigue cracks or early bolt loosening, 

which often occur in real-world structures. To achieve the task in terms of early bolt 

loosening detection, nonlinear features of acoustic waves, represented by SOH, TOH 

and modulated sidebands, have been attracting increasing research interests in recent 

years.  

 

In this thesis, to facilitate a better understanding of detection philosophy of bolt 

loosening using linear and nonlinear features of acousto-ultrasonics, theoretical 

analyses are firstly conducted to derive the qualitative relation between 

linear/nonlinear features and the residual torque remained on a loose bolt and further 

define damage (bolt loosening)-related linear/nonlinear indices. The theoretical 

predictions are validated by detecting bolt loosening in both Al-Al and C-C bolted 

joints through comparably using linear and nonlinear indices. The detectability of the 

proposed linear and nonlinear feature-based methods is compared in terms of 

sensitivity to early bolt loosening and dependence on both joint configurations and 

joining materials. 

 

For passive linear acoustic method, the affecting factors (i.e., the normal load, number 

of asperities in contact, surface properties and sliding velocity of the contact surfaces) 

of AE generation are analyzed based on micro contact theory. The energy-based and 

frequency-based analyses are theoretically predicted capable of characterizing AE 

signals generated from different contact interfaces (i.e., C-C and M-C contacts), and 
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further relating them to the residual torque of a composite joint. In the experimental 

investigation, IMFs of AE signals, obtained by EMD, are used to characterize contact 

behaviors in a bolted composite joint under different applied torques when subject to 

flexural vibration. AE signals generated from the M-C and C-C contacts are firstly 

characterized using frequency analysis on the processed IMFs. Based on micro 

contact theory and baseline experiments, three main C-C friction related IMFs with 

different centered frequencies are physically linked to contact behaviors of asperities 

with different sizes at the C-C interface. Subsequently, C-C friction related IMFs are 

used to investigate the effect of applied torque on contact behaviors at the C-C 

interface of the joint. AE signals induced by asperity contacts at different contact 

interfaces (i.e., C-C and M-C contacts) in bolted composite joints are discriminated 

by comparing the time-presentation envelopes and the time-frequency distribution of 

the IMFs in the HHT spectra. The gross energy of AE signals shows a considerable 

sensitivity to changes in the residual torque of a bolted composite joint in a limited 

range. However, such a method fails to quantitatively detect the tightening condition 

of joints under vibration fatigue. HHT shows a higher time-frequency resolution when 

processing bolt loosening-induced AE signals, which possess non-stationary 

characteristics, compared to STFT. With usage of HHT-based signal characteristics, 

energy ratios of high-frequency IMFs induced by the C-C contact achieve an enhanced 

sensitivity to the decrease in bolt torque. Bolt loosening results in increases in the 

energy-ratios of the C-C contact-related IMFs. Based on this, vibration loosening of 

bolted composite joints under different torques is quantitatively correlated to the 

increase of energy ratios of C-C contact related IMFs. On this basis, continuous 
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evaluation of bolted composite joints under vibration fatigue is achieved by the HHT-

processed characteristics of AE signals.  

 

For the active linear acoustic method using vibration modal parameters, resonant 

frequency and damping ratio are theoretically linked to the tightening state of a joint. 

From the experimental observation, the sensitivity of damping ratio to bolt loosening 

is found being much higher than that of resonant frequency. However, detectability of 

these two parameters is rather limited and not capable of evaluating the residual torque 

of a loose joint at the early stage of bolt loosening with considerable results.  

 

For the active acoustic method based on WED of GUWs, Hertzian contact theory is 

used to develop a linear index, constructed from transmitted/leak energy of GUWs 

upon traversing the mating parts of a joint, to evaluate the tightening condition of 

loose bolts in multi-type joints. From experimental results, the WED-based linear 

index is found to increase as the applied torque increases in a single-lap bolted joint, 

but decreases in a cross-lap bolted joint, showing a high dependence on the joint 

configurations/types. Consequently, this linear index fails to predict the residual 

torque of the hybrid-lap bolted joint due to a contradictory change trend caused by 

bolt loosening of the two involved joints. Due to severe attenuation characteristics of 

GUWs propagating in composites, sensing distance plays a critical role in determining 

the efficiency of the WED-based linear index in detecting bolt loosening in the 

composite joints. To avoid the effect of boundary reflection, the energy envelope of 

first-arrival wave packet of GUWs are used to calculate the linear index, constructed 

from the transmitted energy, to characterize the residual torque remained on the cross-
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lap Al-Al bolted joint. It is found that the detectability of the WED-based linear method 

can be improved by minimizing the effect of boundary reflection, but still in a limited 

range. Due to the almost unchanged contact area arising from plastic deformation at 

the contact interface, early bolt loosening would not introduce a phenomenal change 

in the real contact area, as a result the detectability of such a linear feature-based 

method is still limited.  

 

Given the necessity of evaluating early bolt loosening, nonlinear acoustic methods 

using nonlinear features (i.e., HOH and modulated sidebands) of acoustic waves are 

comparatively developed. A theoretical model is used to describe the relation between 

CAN, associated with the interaction between the contact interface of a loose joint and 

acoustic waves, and the residual torque of a joint.  Using a single-degree-freedom 

system, nonlinear responses, i.e., HOH and modulated sidebands, of a bolted joint 

subject to one harmonic excitation and two mixed excitations (i.e., pumping vibration 

and probing wave), respectively, are theoretically correlated with the nonlinear 

contact stiffness, which is determined by the applied torque. Based on this, the 

nonlinear indices (i.e., SOH-based, TOH-based and VAM-based) are defined from the 

magnitudes of SOH, TOH and modulated sidebands for the evaluation of the residual 

torque of loose bolts. The accuracy of the proposed nonlinear indices is firstly 

experimentally verified by investigating their dependence on the intensities of 

pumping vibration and probing wave in both Al-Al and C-C single-lap bolted joints. 

SOH  and M
VAM   are found being independent of the magnitudes of LF and HF, while 

VAM  shows a linear correlation with LF. The reliance of TOH on LF can be divided 

into two stages. Before the response magnitude of LF reaches a certain value, TOH  
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decreases with an increase in LF and after then it remains almost unchanged in spite 

of an augment in LF. Subsequently, to further verify their efficiencies, these four 

nonlinear indices are comparably adopted to identify the residual torque of loose bolts 

for both Al-Al and C-C bolted joints. To observe that linear responses (i.e., LF and 

HF) are not capable of indicating the state of a loose joint at the early stage, while 

nonlinear indices VAM  and M
VAM , defined from magnitudes of modulated sidebands, 

persist their detectability throughout the whole range from fully fastened to fully loose, 

regardless of joint configurations or joining materials, showing enhanced sensitivity 

than the linear responses. TOH  presents its efficiency in identifying the residual 

torque of the bolt in the whole torque range only for the Al-Al cross-lap bolted joint. 

Whereas, SOH  are only capable of evaluating the leftover torque of joints when the 

torque is over certain value. Otherwise, due to mixed source of nonlinearity, these two 

HOH-based nonlinear indices fail to identify the state of loose joints at the late stage 

of bolt loosening. Lastly, to facilitate a better understanding of mechanisms of 

sideband generation, associated with CAN at the contact interface, along with its 

quantitative dependence on the residual torque of the bolt, numerical simulation of 

VAM-based method for detecting bolt loosening in both Al-Al and C-C single-lap 

bolted joints is presented. The numerical results obtained with different contact 

models are comparatively presented to reveal the relation between the degree of CAN 

and response magnitudes of modulated sidebands. According to the comparisons, the 

simulated results based on the proposed modified model show a high consistency with 

the experimental data. From the numerical analysis, the occurrence and increase in 

response magnitudes of modulated sidebands due to the presence and deterioration of 

bolt loosening can be attributed to a decrease in the linear contact stiffness along with 
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an increase in the nonlinear contact stiffness. The presented study provides a reliable 

theoretical foundation, relying on which numerical analysis can be accurately 

conducted to implement the tasks of bolt loosening identification in a variety of 

different structure types.  

The detectable loosening stage (presented by percent of fully tightening torque, i.e.,13 

N∙m) for the linear and nonlinear methods are shown in Table 7.1. 

 

Table 7.1 Detectable loosening stage for the linear and nonlinear methods (unit: %, 

NA: not applicable) 

 WED SOH TOH VAM AE VMP 

Al-Al single-lap 0-50 35-85 44-69 0-85 

 Al-Al cross-lap 0-30 23-100 0-100 0-100 

Al-Al hybrid NA 46-100 NA 0-100 

C-C single-lap NA 54-100 31-100 0-85 31-62 0-69 

 

To sum up, the main achievements and original contributions of this study can be 

briefly summarized as  

• Application of EMD in characterizing AE signals generated from asperity 

contacts at the interfaces of bolted composite joints. Using micro contact 

theory, IMFs of AE signals with different centered frequencies are physically 

linked to contacts of asperities with different sizes. Implementation of on-line 

detection of bolt loosening for bolted composite joints under vibration fatigue 

using the HHT-processes AE signals; 
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• Establishment of damage (bolt loosening)-related linear index, using the linear 

feature of GUWs, i.e., WED, for bolt loosening identification in multi-type of 

joints, in conjunction with the use of advanced signal processing technique 

(i.e., HT). Theoretical and experimental demonstration regarding the 

dependence of the WED-based linear index on the joint configurations; 

 

 

• Establishment of damage (bolt loosening)-related nonlinear indices, using 

nonlinear features of acoustic waves (i.e., SOH, TOH and sidebands) for bolt 

loosening characterization. Integration of HOH-based and VAM-based 

nonlinear indices in a single testing and implementation of these indices for 

quantitative identification of the residual torque of a loose joint; 

 

• Development of a theoretical model to describe CAN at the contact interfaces 

of a loose joint and to reveal its dependence on the residual torque. 

Implementation of numerical simulation to uncover mechanisms of generation 

and evolution of sidebands due to the occurrence and deterioration of bolt 

loosening; 

 

• Demonstration of advantages of nonlinear indices in detecting early bolt 

loosening in both Al-Al and C-C bolted joints in aspect of the dependence on 

joint configurations and joining materials, with comparisons to linear index. 
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7.2. Problematic Issues and Recommendations for 

Future Research 

In spite of the promising results reported in this thesis, there are some problematic 

issues and challenges remaining for future exploration. 

 

First, IMFs with different centered frequencies of AE signals are linked to contacts of 

asperities with different sizes through theoretical analysis in Chapter 4. Although a 

series of observations in both short-time calibration experiment and long-time fatigue 

experiment verify the rationality of this prediction. To extend this method for bolt 

loosening detection in multi-type joints with varied surface properties, it is of 

necessity to understand the relationship between surface properties (i.e., roughness 

and material types) and centered-frequencies of decomposed IMFs arising from 

asperity contacts at the surfaces. To achieve this goal, a proper theoretical contact 

model describing asperity contacts in the mating parts of a joint should be first 

developed to facilitate the subsequent numerical simulation. 

 

Second, for WED-based linear method, a simplified model is used to derive the 

relation between transmitted/leak energy of GUWs upon interacting with mating parts 

of a joint and the residual torque of the bolt. Roughly speaking, the theoretical 

predictions proposed by the simplified model are consistent with experimental 

investigation. However, the saturation points of such a linear index with respect to 

increasing torques are found varied even for bolted joints consisting of the same 

material but with different joint configurations, i.e., single-lap and cross-lap Al-Al 
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joints. This phenomenon cannot be involved in and interpreted by the simplified 

model. Therefore, a three-dimensional model is required for accurately describing the 

interaction between GUWs and the mating parts of a joint to consider the effect of the 

bolt, thread hole and joint configurations on the propagation characteristics of GUWs. 

 

Third, in this study first-order classical nonlinearity is used to describe CAN arising 

from the periodical open and close of contact interfaces of a loose joint when 

interacting with acoustic waves. Whereas in real practice, multiple factors, including 

breathing behaviors, friction and hysteresis behaviors, and thermal effects, may 

potentially introduce CAN in the structural responses. Currently, it is still challenging 

to systematically correlate all the mentioned nonlinearity sources to the generation of 

nonlinear features using a single theoretical model. Thus, in this thesis CAN due to 

bolt loosening is modeled by using first-order classical nonlinearity, which is likely 

to provide inadequate predictions at the late stage of bolt loosening. This is because 

that during this loosening stage, friction, hysteresis behaviors, and thermal effects may 

induce an intensive degree of CAN, which cannot be reflected by the first-order 

nonlinearity. From the experimental observation, a monotonic reliance of SOH and 

TOH on the residual torque of a loose joint presents in a limited range, while sidebands 

persist the detectability throughout the whole torque range. Varied sources of 

nonlinearity occurring at the late stage of bolt loosening are inferred to be responsible 

for this disagreement in the performance of SOH and TOH. Thus, in future work a 

more accurate modeling of CAN and a detail interpretation of mechanisms regarding 

nonlinear feature generation of acoustic waves are two important problems to tackle. 

In addition, in the numerical simulation of VAM-based method, due to the fact that up 
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to now contact stiffness of the interface cannot be directly measured, the parameters 

describing the contact stiffness are determined empirically referring to some reported 

studies. However, a slight disagreement between theoretical analysis and 

experimental results states the necessity of a systematic parameter determination in 

terms of contact stiffness for different interfaces. In addition, selection of excitation 

frequencies plays a critical role in determining detection sensitivity of CAN-based 

method, proper general and implementable criterion for frequency selection should be 

developed for more complex structures like two- or three-dimensional structures. 

 

In addition, location of loose bolts using linear and nonlinear features of acoustic 

waves is not involved in this thesis, which is meaningful for surveillance of large 

structures consisting of a vast number of bolts. To achieve this goal, continuous 

excitation signals used in this study should be replaced with tone-burst signals to 

provide local information in the propagation path of guided waves. However, to 

produce detectable and stable CAN using such an excitation should be secured, which 

is quite challenging according to our experimental observations. Furthermore, more 

efforts should be directed to the validation of overall linear and nonlinear techniques 

in the real-world application.  
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