
Smart Structures and Systems, Vol. 30, No. 5 (2022) 513-520 
https://doi.org/10.12989/sss.2022.30.5.513 

Copyright © 2022 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 
1. Introduction 

 
As one of the commonly used connection types, bolt 

joints have the advantages of low cost, convenient 
assembly, and direct force transmission. Bolted connections 
are ubiquitous in mechanical (Basava and Hess 1998), 
aerospace (Ihn and Chang 2008), and civil engineering (Li 
et al. 2019, Que et al. 2019, Chen et al. 2020, 2022a). 
However, adverse diatheses, including the vibrations 
(Goodier and Sweeney 1945, Brøns et al. 2020), shocks 
(Hess 1998), temperature stress (Chen 2001), cyclic loads 
(Pai and Hess 2002a, b), et al. can cause the looseness of 
bolt joints. It is reported that about 20% of mechanical 
system failures every year worldwide are caused by the 
looseness of the bolt (Kaminskaya and Lipov 1990). To 
avoid catastrophic consequences, regular inspection and 
timely monitoring of bolt preload at the key joints of 
structures should be carried out, especially for the very 
early stage bolt looseness. 

The prevailing inspection approaches, such as the 
marking and tapping methods (Zhang et al. 2016), highly 
rely on the judgment from engineering experiences, which 
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means that these methods have much low precision and 
large error. In addition, the inspection process of these 
primary approaches is also time-consuming and laborious. 

To circumvent the above-mentioned shortcomings, 
various technologies and methodologies have been 
proposed for the monitoring of bolt preload looseness (Yang 
et al. 2005, Panidis et al. 2013, Park et al. 2015, Chung and 
Sohn 2021). Among them, since the ultrasonic-based 
methods have the merits of nondestructive, good directivity, 
and strong penetrability (Hei et al. 2019), it has been widely 
used in the field of bolt preload monitoring (Joshi and 
Pathare 1984, Yang et al. 2019, Yasui and Kawashima 
2000). 

In general, ultrasonic-based methods can be divided into 
two categories: linear and nonlinear methods. Between 
them, the linear methods refer to linear characteristics of 
ultrasonic waves, such as amplitudes, energy dissipation, 
and time-of-flight (TOF). Johnson et al. (1986) used the 
TOF of both shear and longitudinal waves to measure the 
preload of a bolt. To simplify the monitoring process, a 
method that can measure the absolute preload force of a bolt 
was proposed by Chaki et al. (2007). In their study, the ratio 
of acoustoelastic coefficients of bi-wave (transverse and 
longitudinal ultrasonic waves) was defined and applied to 
determine the absolute preload force. 

The nonlinear methods refer to the interaction between 
the excitation waves of different frequencies and ‘breathing’ 
type damages. For example, impact damages (Dao et al. 
2017), fatigue cracks (Nagy 1998), and bolt preload 
looseness (Zhang et al. 2017). Nonlinear features, including 
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sub-harmonics, side-bands, and higher-order harmonics, are 
defined as the damage indexes to reveal the locations and 
degree of defects. Representatively, Pieczonka et al. (2018) 
used the modulated nonlinear vibro-acoustic waves, which 
are generated by pumping waves (low-frequency excitation 
sources) and probing waves (high-frequency excitation 
sources) (Pieczonka et al. 2015), to detect and image the 
shapes of the low-velocity impact damages in a composite 
plate. 

Since the contact surfaces of bolted joints are rough and 
irregular, when the ultrasonic waves propagate in the bolt 
joints, the vibration-induced tensile and compress stresses 
cause the asperity contact surfaces to open and close 
periodically. This ‘breathing’ effect of bolted joints can 
cause nonlinear features of ultrasonic waves, which means 
that the frequency spectrum of output signals owns different 
resonant frequencies from that of the dual-frequency 
excitations (Zhang et al. 2018). Bolt preload monitoring 
using nonlinear acoustic techniques (NAT) has already 
attracted increasing attention. Nikravesh and Goudarzi 
(2020) investigated the efficiency of the vibro-acoustic 
modulation (VAM) method and the result shows that the 
VAM can detect bolt looseness with 12.5% precision. Three 
different active sensing methods, including the second 

 

 
harmonic, sidebands, and acoustic moments were proposed 
and compared by Amerini and Meo (2011). Meyer and 
Adams (2015) used the amplitudes of the sidebands which 
were excited by impact modulations to quantitatively 
measure the torque levels of a bolted joint. Zhang et al. 
(2016) conducted a comparative study in which the linear 
approach (wave energy dissipation) and nonlinear approach 
(e.g., VAM) were employed to demonstrate the feasibility of 
NAT in the detection of residual bolt torque. Literature 
about the investigations of NAT implies that the NAT has 
higher sensitivity than the linear acoustic techniques (LAT) 
(Sutin and Donskoy 1998, Guyer and Johnson 1999, 
Donskoy et al. 2001). However, the nonlinear VAM method 
usually requires three or more sensors to implement, which 
severely limits the scope of its application. Moreover, to 
actuate the ‘breathing’ motions, low-frequency vibration 
equipments, such as electro-dynamic shakers, magneto-
strictive shakers, impact hammers, or stacked PZTs are 
needed. Therefore, the generalizability of the nonlinear 
VAM method remains to be further verified. 

Considering that the preload of a bolt may undergo 
various degrees of looseness during the long-term service, 
approaches that can simultaneously monitor slight preload 

perturbation and significant preload looseness should be 
developed. In this paper, a simple but effective 
acoustoelastic-based multi-resolution bolt preload 
monitoring approach using ultrasonic guided waves (UGW) 
was proposed. The detectable resolution of bolt preload 
(DRBP) of multi-reflected ultrasonic guided waves is 
investigated (Chen et al. 2022b), and the change of TOF for 
the 1st-reflected waves, 2nd-reflected waves, and 3rd-
reflected waves are measured by using a global evaluation 
method. The remainder of this paper is organized as 
follows. Section 2 is the presentation of the methodology 
using the acoustoelastic effect. Section 3 is the data 
processing technique. Experimental design and validation 
are carried out in Section 4. Section 5 shows the results of 
waveform analysis. Section 6 concludes the paper. 

 
 

2. Methodology based on the acoustoelastic effect 
 
The velocities of ultrasonic waves are related to the 

tensile stress of the bolt shaft which is caused by the 
preload force. Based on the acoustoelastic effect, for 
isotropic media, the velocities of ultrasonic waves can be 
expressed as follows (Hughes and Kelly 1953) 

 

 
where cij represents the wave velocity when the wave 
propagating in the direction of i (i = 1, 2) and the material 
polarizing in the direction of j (j = 1, 2, 3); l, m, and n are 
the second-order coefficients; 𝜌଴ is the material density at 
free strain; K0 = λ + 2/3μ is the first-order Lame’s 
coefficients (λ, μ); 𝜎11  is the normal stress in a given 
media in direction 1. 

When the longitudinal wave and the applied stress are in 
the same direction, the velocity of ultrasonic waves in Eq. 
(1) can be simplified as (Chaki et al. 2007) 

 𝑐ଵଵఙభభ = 𝑐ଵଵ଴ (1 + 𝐴ଵଵ𝜎ଵଵ) (2)
 

where 𝐴ଵଵ = ఒାଶ௟ା(ഋశഊ)(భబഋశరഊశర೘)ഋଶ(ଶఓାఒ)(ଶఓାଷఒ)  is the acoustoelastic 

constant; 𝑐ଵଵ଴ = ටఒାଶఓఘబ  is the wave velocity in the 

unstressed medium; 𝑐ଵଵఙభభ  is the wave velocity 
corresponding to the stress of 𝜎11. 

When a bolt is in the stress-free state, as shown in Fig. 
1(a), the length of the bolt can be expressed as Eq. (3) 

 
 

                                                  
⎩⎪⎪
⎪⎪⎨
⎪⎪⎪
⎪⎧𝜌଴𝑐ଵଵଶ = 𝜆 + 2𝜇 + 𝜎ଵଵ3𝐾଴ ൤2𝑙 + 𝜆 + 𝜆 + 𝜇𝜇 (4𝑚 + 4𝜆 + 10𝜇)൨𝜌଴𝑐ଵଶଶ = 𝜌଴𝑐ଵଷଶ = 𝜇 + 𝜎ଵଵ3𝐾଴ ൤𝑚 + 𝜆𝑛4𝜇 + 4𝜆 + 4𝜇൨𝜌଴𝑐ଶଶଶ = 𝜆 + 2𝜇 + 𝜎ଵଵ3𝐾଴ ൤2𝑙 − 2𝜆𝜇 (𝑚 + 𝜆 + 2𝜇)൨𝜌଴𝑐ଶଵଶ = 𝜇 + 𝜎ଵଵ3𝐾଴ ൤𝑚 + 𝜆𝑛4𝜇 + 𝜆 + 2𝜇൨𝜌଴𝑐ଶଷଶ = 𝜇 + 𝜎ଵଵ3𝐾଴ ൤𝑚 − 𝜆 + 𝜇2𝜇 𝑛 − 2𝜆൨

 (1)
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 𝐿ఙ்బ = 𝐿ℎ + 𝐿௙ + 𝐿଴ + 𝐿௔ (3)
 

where 𝜎଴ represents the free stress state, 𝐿ఙ்బrepresents the 
total length of the bolt in the stress-free state, Lh is the 
length of the bolt head, Lf is the uniaxial stress length of 
bolt shaft, L0 and La are the unstressed length of bolt shaft, 
and the thickness of adhesive, respectively. 

For the preload of F1, the uniaxial stress part of the bolt 
shaft will elongate 

 𝐿௦ = 𝐿௙(1 + 𝐸ିଵ𝜎ଵ) (4)
 

where E is the Young’s modulus of bolt shaft, 𝜎ଵ is given 
by 𝜎ଵ = 𝐹ଵ𝑆௘ଵ (5)

 𝑆௘ଵ is the effective cross-sectional area of the bolt shaft 
at the preload of F1. 

The length of the bolt is 
 𝐿ఙ்భ = 𝐿ℎ + 𝐿௦ + 𝐿଴ + 𝐿௔ (6)
 
For a pulse signal emitted by the surface bonded 

transducer, the ultrasonic wave will undergo multiple 
scattering and reflection in the bolt shaft and they will be 
recorded by the receiver. Among them, the multiple 
reflected waves usually have higher amplitudes and they 
can be used in the monitoring of bolt preload. For an 
ultrasonic wave passing through k times of reflection in the 
bolt shaft in the stress-free state, the time-of-flight is given 
by 

 𝑡௞(𝜎ଵ) = 2𝑘(𝐿ℎ + 𝐿଴)𝑐ଵଵఙబ + 2𝑘𝐿௦𝑐ଵଵఙభ + 2𝑘𝐿௔𝑐௔  (7)

 
Substituting Eqs. (4)-(6) into Eq. (7), the 𝑡௞(𝜎ଵ) can be 

expressed as 
 𝑡௞(𝜎ଵ) = 2𝑘𝐿௙(1 + 𝐸ିଵ𝜎ଵ)𝑐ଵଵఙబ(1 + 𝐴ଵଵ𝜎ଵ) + 2𝑘(𝐿ℎ + 𝐿଴)𝑐ଵଵఙబ + 2𝑘𝐿௔𝑐௔  (8)

 

 
 
According to the Taylor first-order expansion, Eq. (8) 

can be re-written as 
 𝑡௞(𝜎ଵ) = 𝑡௞(𝜎଴) + 𝑡௞′ (𝜎଴)𝜎ଵ + 𝜍ଵ = 2𝑘൫𝐿ℎ + 𝐿௙ + 𝐿଴൯𝑐ଵଵఙబ + 2𝑘𝐿௔𝑐௔  + 2𝑘𝐿௙(𝐸ିଵ − 𝐴ଵଵ)𝑐ଵଵఙబ 𝜎ଵ + 𝜍ଵ 

(9)

 
where ζ1 is the error of the first-order expansion. 

Combining Eqs. (3) and (9) results in 
 𝑡௞(𝜎ଵ) = 𝑡௞(𝜎଴) + 𝑡௞′ (𝜎଴)𝜎ଵ + 𝜍ଵ = 2𝑘൫𝐿ℎ + 𝐿௙ + 𝐿଴൯𝑐ଵଵఙబ + 2𝑘𝐿௔𝑐௔  + 2𝑘𝐿௙(𝐸ିଵ − 𝐴ଵଵ)𝑐ଵଵఙబ 𝐹ଵ𝑆௘ଵ + 𝜍ଵ 

(10)

 
When a preload perturbation occurs, the transmission 

time of the kth-reflected ultrasonic wave can be written as 
 𝑡௞(𝜎ଶ) = 𝑡௞(𝜎଴) + 𝑡௞′ (𝜎଴)𝜎ଶ + 𝜍ଶ = 2𝑘൫𝐿ℎ + 𝐿௙ + 𝐿଴൯𝑐ଵଵఙబ + 2𝑘𝐿௔𝑐௔  + 2𝑘𝐿௙(𝐸ିଵ − 𝐴ଵଵ)𝑐ଵଵఙబ 𝐹ଶ𝑆௘ଶ + 𝜍ଶ 

(11)

 
where 𝑆௘ଶ is the effective cross-sectional area of the bolt 
shaft at the preload of F2. ζ1 is the error of the first-order 
expansion. 

The perturbation between the two preload cases is 
 𝛥𝑇௞ = 𝑡௞(𝜎ଶ) − 𝑡௞(𝜎ଵ) (12)
 
Substituting Eqs. (10)-(11) into Eq. (12) results in the 

new expression of 𝛥𝑇௞ as 
 𝛥𝑇௞ = 2𝑘𝐿௙(𝐸ିଵ − 𝐴ଵଵ)𝑐ଵଵఙబ ൬𝐹ଶ𝑆௘ଶ − 𝐹ଵ𝑆௘ଵ൰ + 𝜍ଶ − 𝜍ଵ (13)

 

 
Fig. 1 Schematic diagram of ultrasonic guided waves propagating in the bolt shaft at (a) the unstressed state; and 

(b) the stressed state
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When a slight preload perturbation occurs, the change of 
effective cross-sectional area is neglectable 

 𝑆௘ଶ ≅ 𝑆௘ଵ (14)
 
Eq. (13) can be rewritten as 
 𝛥𝑇௞ = 2𝑘𝐿௙(𝐸ିଵ − 𝐴ଵଵ)𝑐ଵଵఙబ 𝛥𝐹 + 𝜍ଶ − 𝜍ଵ (15)

 
where 𝛥𝐹 = 𝐹ଶ − 𝐹ଵ. 

Eq. (15) indicates that the preload varies linearly with 
the change of TOF. The more reflections of the ultrasonic 
guide wave, the greater the degree of the TOF shift. 

 
 

3. Experimentation: setups, specimens, and 
procedures 
 
The experimental setups include two parts: the preload 

simulation equipment and the signal excitation and 
acquisition systems. The preload simulation equipment 
consists of the universal test machine and the clamp. The 
universal test machine is applied for providing preload 
tension force, and the clamp is used to elongate the bolt. 
The data acquisition system consists of an Olympus 
5077PR, a Tektronix MDO3000 oscilloscope, a PC, and the 
PZT transducers. In our experiment, the pulse signal 
emitted by Olympus 5077PR is a monocycle square wave. 
The transducer excitation frequency of the monocycle 
square wave signal is 5-6 MHz, and the peak-to-peak 

 
 

 
Fig. 2 Packaged PZT transducer 

 
 

 
Fig. 3 Representation of the experimental setups

voltage is 400 V. In addition, the pulse repetition frequency 
(PRF) is set to 1 kHz. A packaged PZT transducer, as shown 
in Fig. 2, is pasted at the end of the bolt shaft. Firstly, polish 
the surface of the bolt end to be smooth. Then, clean the 
surface with alcohol-based sanitizers. Once the surface is 
dry, the epoxy adhesive is spread on the surface of the bolt 
end and the packaged PZT transducer is coupled. After the 
glue is cured for 24 hours, experimental tests can be 
conducted. 

The PZT transducer is employed to emit and record the 
guided waves. The diameter and thickness of the PZT are 
20 mm and 1 mm, respectively. An M20 bolt is utilized in 
our test. The length and the diameter of the bolt are 91.3 
mm and 20 mm, respectively. The epoxy resin was used to 
bond the PZT with the bolt. The experiment was carried out 
at room temperature after the epoxy resin was cured for 24 
hours. The representation of the experimental setups and the 
tested specimen is presented in Fig. 3. 

To simulate the process of bolt looseness, four sets of 
unloading cases were designed, as shown in Table 1. The 
unloading intervals decrease with the decrease of unloading 
ranges. For example, the ‘C2’ refers to the second 
unloading process, which ranges from 60 kN to 30 kN. For 
each unloading step, the unloading interval and the 
unloading speeds are 30 kN and 300 N/s, respectively. The 

 
 

Fig. 4 Procedures of the in-situ preload monitoring using 
multi-reflected UGWs 

 
 

Table 1 Unloading procedures 

Cases
Unloading 

range 
(kN) 

Unloading 
interval 

(kN) 

Unloading 
speed 
(N/s) 

Load holding 
time 
(s) 

C1 60-0 5 500 20 
C2 60-30 3 300 20 
C3 60-55 0.5 50 20 
C4 63-30 0.3 30 20 
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load holding time for all the tests is 20 s. Each test case was 
repeated three times. 

Fig. 4 is a flowchart showing the procedures of our 
proposed approach. Firstly, the PZT transducer is attached 
to the bolt. Secondly, a pulse signal is excited when a bolt is 
tightened and the reflected waveform is recorded as S(b). 
Especially for the installation stage. Thirdly, the pulse 
signal is excited during the service stage of the bolt and the 
multi-reflected UGWs are recorded as S(u). Then, by using 
the global evaluation method, the TOF variation of the 1st 
and the 3rd-reflected UGWs between S(u) and S(b) can be 

 
 

Fig. 5 Guided wave at preload of 60 kN (a) Overall 
waveform; (b) 1st-reflected guided wave; (c) 
2nd-reflected guided wave; (d) 3rd-reflected 
guided wave 

 
 

obtained. If the TOF changes, which means the bolt is 
loose. Alternatively, the bolt is not loose, and the next 
monitoring step is carried out. 

 
 

4. Experimental results and waveform analysis 
 
4.1 The waveforms of multi-reflected ultrasonic 

guided waves 
 
In this section, the multi-reflected ultrasonic guided 

waves are presented. Fig. 5 shows the waveform of the 
guided wave at the preload of 60 kN in the unloading case 
of C1. Figs. 5(b), 5(c), and 5(d) are the enlarged views of 
the 1st, 2nd, and 3rd-reflected guided waves of Fig. 5(a). The 
signal-to-noise ratio (SNR) of the 1st, 2nd, and 3rd-reflected 
guided waves are 27.4 dB, 25.6 dB, and 20.0 dB, 
respectively. For the 4th-reflected guided wave, the SNR is 
very low, and no apparent voltage amplitude can be found 
in the waveform. Therefore, the 1st, 2nd, and 3rd-reflected 
guided waves are extracted and analyzed for preload 
monitoring. 

Fig. 6 shows the waveforms of the 1st, 2nd, and 3rd-
reflected guided waves in the four unloading tests. 
Specifically, Fig. 6(a) is the 1st-reflected guided waves in 
the case of C1. As shown in the figure, with the decrease of 
preloads, the waveforms shift to the left gradually, which 
means that the TOF of 1st-reflected guided waves decreases 
with the decrease of preload. According to Eq. (15), this is 
mainly due to the reduction of the uniaxial stress length of 

 
 

 
Fig. 6 Guided wave in the four unloading tests. (a) 1st-reflected UGW in C1; (b) 2nd-reflected UGW in C1; (c) 3rd-

reflected UGW in C1; (d) 1st-reflected UGW in C2; (e) 2nd-reflected UGW in C2; (f) 3rd-reflected UGW in C2; 
(g) 1st-reflected UGW in C3; (h) 2nd-reflected UGW in C3; (i) 3rd-reflected UGW in C3; (j) 1st-reflected UGW 
in C4; (k) 2nd-reflected UGW in C4; (l) 3rd-reflected UGW in C4
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the bolt shaft, which shortens the propagation path of the 
1st-reflected guided waves. However, for the 2nd-reflected 
guided waves, their TOF variations are much larger than the 
1st-reflected guided waves as shown in Fig. 6(b). Fig. 6(c) is 
the waveforms of 3rd-reflected ultrasonic waves. Compared 
with the 1st and 2nd-reflected guided waves, the time shifts 
of the 3rd-reflected ultrasonic waves are the largest. When 
we narrow the unloading range to 60 kN-30 kN, the 
waveform shifts of the 3rd-reflected ultrasonic waves are 
also the largest. However, the waveform shift range of the 
3rd-reflected ultrasonic waves in C2 is much less than the 
range in C1. The same phenomena are also observed in C3 
and C4. In addition, when we reduce the unloading interval 
from 5 kN to 0.3 kN, the TOF variations of the 1st, 2nd, and 
3rd-reflected guided waves decrease as well. It should be 
noticed that the waveforms of the 1st-reflected guided waves 
overlap when the unloading interval is 0.3 kN in C4, which 
means that the changes of TOF are too small to reveal the 
preload slight perturbation. However, for the 3rd-reflected 
guided waves, there are slight waveform shifts in Fig. 6(i), 
indicating that the variations of the time-of-flight (TOF) of 
3rd-reflected guided waves can be used to monitor bolt 
looseness. Therefore, the 1st, 2nd, and 3rd-reflected ultrasonic 
guided waves have different resolutions to the preload 
changes. The 1st-reflected UGW can function as a ‘low 
resolution’ probe to reveal the significant preload changes, 
and the 3rd-reflected UGW can be used as a ‘high 
resolution’ probe to sense slight preload perturbations. 

 
4.2 The calculation of the variation of TOF 
 
Regarding the above experimental results, the sensitivity 

of the 2nd-reflected UGW is higher than the 1st-reflected 
wave and lower than the 3rd-reflected UGW. Therefore, the 
1st and 3rd-reflected UGWs are saved and extracted for the 
calculation of TOF. 

To obtain the variations of TOF accurately, a global 
evaluation method is applied. In our study, three peak points 
of the 1st-reflected and the 3rd-reflected UGW are selected. 
The peak values of the three peak points are 𝑃ଵ଴, 𝑃ଶ଴, and 𝑃ଷ଴, and the corresponding arrival times are 𝑡ଵ଴,𝑡ଶ଴, and 𝑡ଷ଴, 
respectively. When a preload perturbation occurs, the arrival 
times are 𝑡ଵᇱ , 𝑡ଶᇱ , and 𝑡ଷ′ , respectively. 

The changes in TOF can be obtained 
 

Δ𝑇 = 13 ෍(𝑡௡′ − 𝑡௡଴)ଷ
௡ୀଵ  (16)

 
where n = 1, 2, and 3. 

Taking the 1st-reflected UGW in the case of C2-60 kN as 
an example, three peak values of voltage amplitudes, which 
are 2.212 V, 2.081 V, and 2.254 V are selected. The 
corresponding time points are stored for the calculation of 
the TOF variations, as shown in Fig. 7. 

Fig. 8 shows the TOF values 1st-reflected and the 3rd-
reflected UGW in the cases of C1, C2, C3, and C4. The 
fitting curves of the experimental results are also presented. 
The linear relationship between the preload changes and the 
changes of TOF is obtained, as shown in Eq. (17) 

Fig. 7 Waveform of the 1st-reflected UGW in C2-60 kN
 
 

Fig. 8 Changes of TOF for the 1st-reflected and the 3rd-
reflected UGWs

 
 

Δ𝑇 = 𝑎 + 𝑏 ⋅ Δ𝐹 (17)
 

where the ΔF is preload variation, ΔT represents the change 
of TOF. The fitting parameters in Eq. (17) are shown in 
Table 2. 

As shown in Fig. 8 and Table 2, the preloads and the 
changes of TOF satisfy the linear relationship. Specifically, 
in the test of C1, the coefficient of determination R2 of the 
1st-reflected UGW is the same as the 3rd-reflected UGW, 
which is 0.966. The large value of the coefficient of 
determination means the high linear correlation between the 
variations of TOF of 1st/3rd-reflected UGW and the preload 
changes. For the C2, the maximum values of the changes of 
TOF for the 1st-reflected and the 3rd-reflected UGW are 
0.052 μs and 0.105 μs, respectively. The coefficients of 
determination R2 for the 1st-reflected and the 3rd-reflected 
UGW are larger than 0.998, which means that the TOF also 
changes linearly with the changes of preload. When we 
narrowing the preload interval to 0.5 kN, the coefficient of 
determination R2 of 1st-reflected UGW is 0.966 and 
fluctuations occur in this case for the 1st-reflected UGW. 
Therefore, the changes of TOF of the 1st-reflected UGW 
cannot predict the preload perturbation when the unloading 
interval is less than 0.5 kN. For the 3rd-reflected UGW, the 
R2 is 0.992, and the TOF shift linearly with the decrease of 
preload. Therefore, the changes of TOF of the 3rd-reflected 
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Table 2 Parameters of the fitting curves 

Cases UGW a b R-square 

C1 1st-reflected 
3rd-reflected 

51.91E-10
-2.70E-9 

2.14E-9 
4.05E-9 

0.996 
0.996 

C2 1st-reflected 
3rd-reflected 

2.23E-9 
-7.83E-9 

1.70E-9 
3.80E-9 

0.998 
0.999 

C3 1st-reflected 
3rd-reflected 

-2.84E-10
-2.07E-9 

2.31E-9 
4.49E-9 

0.996 
0.992 

C4 1st-reflected 
3rd-reflected 

2.03E-10
1.83E-10

1.13E-9 
3.93E-9 

0.829 
0.965 

 

 
 

UGW can function as an indicator to reveal the preload 
changes. However, when the unloading interval is set to 0.3 
kN in C4, more fluctuations occur in the 3rd-reflected UGW, 
indicating that the detectable resolution of bolt preload of 
3rd-reflected UGW reaches its limit. 

From the above analysis, the detectable preload 
reductions using the 1st-reflected and the 3rd-reflected UGW 
are different. To quantitatively evaluate the performances of 
the multiply reflected ultrasonic guide wave, the detectable 
resolution of bolt preload (DRBP) is used. The ultimate 
values of DRBP of 1st-reflected and the 3rd-reflected UGW 
are 0.5∙2/(55.5 + 56.0) = 0.9% and 0.3∙2/(60 + 60.3) = 
0.5%, respectively. Therefore, the 3rd-reflected UGW has a 
higher resolution than the 1st-reflected UGW. 

 
 

5. Conclusions 
 
In this paper, a simple but novel multi-resolution bolt 

preload monitoring approach using UGWs is proposed. A 
model is built and the relationship between the variation of 
TOF and preload perturbation was obtained. Validation 
experiments were carried out and the resolution of the 1st, 
2nd, and 3rd-reflected UGWs was investigated. The main 
findings of this paper can be drawn as follows: 

 
● Based on the acoustoelastic effect, a theoretical 

model was established and the TOF varies linearly 
with the change of preload perturbation. In addition, 
the theoretical equation shows that the multi-
reflected UGW owes a higher resolution than the 
first reflected UGW. 

● Validation experiments were carried out and the 
results show that the 1st, 2nd, and 3rd-reflected UGWs 
own high levels of signal-to-noise ratio. The ultimate 
detectable resolution of bolt preload for the 3rd-
reflected UGW is 0.5%, which is almost twice as 
high as that of the 1st-reflected UGW. 

● The 3rd-reflected UGW is very sensitive to tiny 
preload changes. By using the 1st and 3th-reflected 
ultrasonic guided waves, the preload looseness with 
different degrees can be monitored simultaneously. 
The proposed approach holds a promising prospect 
for detecting preload looseness in the whole life 
cycle of a bolt. 

 
Although the multi-resolution bolt preload monitoring 

can be achieved by using UGWs, the PZT transducer is 

pasted to the bolt shaft, which is inconvenient for the in-situ 
preload monitoring. To adopt this approach in practical 
applications, portable non-adhesive PZT transducers should 
be developed. In addition, there are a large number of bolts 
in a joint, and distributed sensor networks and algorithms 
should be investigated to detect the state and position of a 
loose bolt in the joint. Since the temperature changes in the 
outdoor environment, the influence of temperature 
fluctuations on waveforms shift of UGWs should be 
investigated, and the temperature calibration techniques will 
be developed in future work. 
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