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Abstract. The knowledge of the load in prestressed bolted connections is essential for the proper operation and safety of engineering structures. 
Recently, bolted joints have become an area of intensive research associated with non-destructive diagnostics, in particular in the context of 
wave propagation techniques. In this paper, a novel procedure of bolt load estimation based on the energy of Lamb wave signals was proposed. 
Experimental tests were performed on a single lap joint of two steel plates. Ultrasonic waves were excited and registered by means of piezo-
electric transducers, while precise measurement of the bolt load was obtained by means of using the force washer transducer. Experimental 
tests were supported by the finite element method analysis based on Schoenberg’s concept. The results showed that the relationship between 
the bolt load and signal energy was strongly nonlinear and it depended on the location of acquisition points.
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individual connectors based on the time of flight and changes 
of wavelet coefficients. Yang and Chang formulated [12] and 
experimentally verified [13] a method based on the attenua-
tion of elastic waves to identify the location of loosened bolts 
in composite panels. Doyle et al. [14] observed a time delay 
in registered signals depending on the value of the tighten-
ing torque and analyzed the effect of the bolt state on signal 
energy distribution in the frequency domain. An and Sohn [15] 
developed a new diagnostic method using integrated imped-
ance and elastic wave techniques and presented its potential 
application for the detection of bolt loosening. An integrated 
procedure combining guided waves and impedance signatures 
was proposed by Sevillano et al. [16]. They introduced a new 
damage indicator based on electro-mechanical power dissipa-
tion and tested its effectiveness in the detection of damage due 
to loose bolts. Using nonlinear acoustic phenomena, Amerini 
and Meo [17] introduced three indices to assess the health state 
of a bolted connection. The indices were based on the first-or-
der acoustic moment, sidebands in the frequency spectrum and 
the second harmonic generation. Martinez et al. [18] designed 
and tested a phased array system, which allowed to determine 
the quality of a bolted connection by means of visualization 
of wave reflections from the contact zone. Wang et al. [19] 
formulated and experimentally confirmed the hypothesis about 
the interdependence between signal energy and bolt torque 
value. They tested a steel lap joint with one bolt tightened by 
a torque wrench and analyzed the energy of ultrasonic sig-
nals acquired in the pitch-catch mode. The obtained results 
revealed an approximately linear relationship between signal 
energy and torque up to the torque level of 70 Nm. Above this 
value, the saturation state was observed. Applying the real-time 
cross-correlation method, Ruan et al. [20] proposed a loosening 
indicator, which appeared to be very sensitive to even small 
changes of bolt torque and resistant to the noise effects. They 
performed experiments on a lap joint as well as on a real bolted 

1. Introduction

Bolted joints are one of the most common elements in the 
construction and machine industry due to their relatively low 
cost, durability and easy assembling process. The stiffness, 
load capacity and fatigue resistance of such connections can 
be increased by applying the controlled value of the preload 
during the tightening process. However, despite the simplicity 
of implementation, bolted joints often suffer from improper 
torque value, poor surface preparation or geometric deviations 
[1]. These assembly errors, combined with time-varying exter-
nal loads [2], can lead to bolt loosening, connection failure or 
even entire structure collapse [3]. Therefore, to improve the 
safety and reliability of pre-stressed bolted connections there 
is a need to develop diagnostic techniques enabling continuous 
monitoring (e.g. [4–6]).

In recent years, intensive progress in the area of non-de-
structive testing of materials and structures can be observed. 
One of the most developed groups of techniques are those uti-
lizing the phenomenon of elastic wave propagation, including 
acoustic emission, ultrasound testing, impact echo or ultrason-
ic-pulse velocity methods (e.g. [7–9]). Previous studies indicate 
that elastic waves also demonstrate great potential in assess-
ing the condition of bolted connections. Early investigations 
based on ultrasonic waves for bolt loosening detection were 
supported by pattern recognition techniques. Mita and Fujimoto 
[10] developed an algorithm using the support vector machine 
to locate removed or loosened bolt in an aluminum connec-
tion. Park et al. [11] used both support vector machines and 
probabilistic neural networks for detecting the loosening of 
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structure. Tao et al. [21] examined two pieces of steel plates 
connected by two bolts, to which normal force was applied 
in a testing machine to simulate the preload. They observed 
that in the case of smooth contact interface, peak amplitudes 
of ultrasonic waves increased with the increasing bolt preload 
until they reached the saturation state. They also concluded that 
the saturation value depends strongly on surface roughness. 
Parvasi et al. [22] defined a tightness index based on the peak 
amplitude of the focused signal. They confirmed numerically 
and experimentally the saturation phenomenon above a certain 
value of the torque. Summarizing all of the works reported 
above, in experiments described in them, Lamb wave character-
istics (such as signal energy or signal amplitude) increased with 
the increasing bolt load, reaching a saturation state. In addition, 
in most of the tests carried out, only one piezoelectric sensor 
working in the pitch-catch mode was used, limiting analysis of 
the influence of a sensor position on the Lamb wave indicators.

This study presents an approach to the condition assess-
ment of a bolted connection using Lamb waves. Experimen-
tal investigations were performed on a single lap joint of two 
steel plates. In the tests conducted, Lamb wave signals were 
measured at several points using piezoelectric transducers and 
precise measurement of the bolt load was obtained by means of 
using the force washer transducer. The main aim of the research 
was the analysis of the variability of the energy of Lamb wave 
signals depending on the location of sensors. A novel procedure 
of bolt load estimation based on the energy of Lamb wave 
signals was proposed.

2. Experimental investigations

2.1. Description of specimens. The analysis was performed on 
a simple model of a single lap bolted joint. It consisted of two 
steel plates with the dimensions of 3£320£460 mm, assem-
bled together by one partially threaded bolt with a diameter of 
12 mm, a nut (both class of 10.9) and two stainless steel wash-
ers. The lap length was set as 80 mm and the clearance hole 
with a diameter of 13 mm was located in the symmetry axis 
of the connection at a distance of 40 mm from the plate edge. 
The geometry of the tested connection is illustrated in Fig. 1.

2.2. Experimental setup and procedure. During experimen-
tal investigations, the bolted lap joint was placed vertically 
in a steel frame (Fig. 2a) to minimize the influence of grav-
ity forces on the connection area. The plates were located in 
parallel with each other to provide uniform pressure distribu-
tion in the radial direction during bolt pretension, which was 
achieved using a torque wrench. The clamp load was measured 
by means of the fastener force washer transducer PCB model 
054212‒01084 placed between the washer and nut (Fig. 2b), 
and force signals were registered by the LMS SCADAS data 
acquisition system.

Guided Lamb waves were excited and measured using the 
Noliac (NAC2011, NAC2024) plate piezoelectric transducers 
and the PAQ-16000D system. Configuration of the transducers 
is shown in Fig. 2c. The actuator (A) was attached to the top Fig. 1. Geometry of analyzed bolted lap joint (dimensions in mm)

Fig. 2. Experimental set-up: (a) bolted joint mounted onto the steel 
frame; (b) detail showing the force sensor; (c) configuration of actuator 

and sensors

a)

b)

c)
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plate, at a distance of 100 mm from the bolt axis. Eight sensors 
(S1 to S8) were located along the trace of symmetry plane of 
the connection. Two of them (S2 and S7) measured in-plane 
vibrations while the others (S1, S3 to S6 and S8) sensed out-
of-plane vibrations. The excitation signal was a wave packet 
consisting of a 5-period sine function modulated by the Hann 
window with central frequency of 100 kHz.

The experiment was performed for the gradually increased 
value of the bolt load in the range of 0–30 kN. It was checked 
that the force level of 30 kN corresponded to torque of approx-
imately 100 Nm in value. Each time after the tightening pro-
cess, the bolt load was measured by the load cell and then the 
Lamb waves were excited and recorded. The voltage signals 
of 25 ms in length were measured with a sampling frequency 
of 2 MHz, and then they were averaged 5 times to reduce the 
noise influence. The experiment was repeated two times. The 
second measurement series was conducted after complete loos-
ening of the bolt.

2.3. Wave propagation signals. The selected experimen-
tal results are shown in Fig. 3 as voltage signals in the time 
domain. In the case of sensor S1, mounted near the edge of the 
top plate, several different wave packets can be distinguished 
at the initial time period of 0.6 ms in length (Fig. 3a).

The first one is associated directly with propagation of the 
wave front through the contact zone along the joint axis and it 
is separable only by providing suitable plate width. The second 
one and a number of others are the effects of the reflection of 

the wave from the lateral edges of the plate. It can be observed 
that the amplitude of the first wave packet decreases signifi-
cantly with the increase of the bolt load value. After reaching 
the contact zone, the wave is partially transmitted to the second 
plate. The contact area becomes the source of a new wave, 
which next spreads in all directions in the bottom plate. Due to 
the short lap length, the wave front propagating in a backward 
direction is almost immediately reflected in the free edge of the 
bottom plate. This results in wave interference and it can be 
observed as the first elongated wave packet in the initial part 
of the signal registered by sensors S3, S6 and S7 (Figs 3b–d). 
The effect is more visible for higher values of the bolt load. It 
should also be noted that amplitudes of this initial wave packets 
are small compared to the next wave packet and they exhibit 
non-linear dependence on the value of the bolt force.

3. Diagnostics using the signal energy

3.1. Formulation of the signal energy. It can be seen that 
despite the significant width of the investigated connection, 
the registered wave propagation signals contain many overlap-
ping wave packets, which result from wave reflections from 
free edges of the jointed elements. This effect becomes more 
significant for narrower or more complex connections and it 
makes the qualitative comparison of signals extremely diffi-
cult. Therefore,  quantitative comparison of signals constitutes 
a very attractive alternative. One of the simplest and most effi-
cient indicators relies on the energy of signals. This approach is 
commonly used in non-destructive testing of structures in which 
unclear and complicated wave signals have been registered due 
to interaction with damage or discontinuity. The energy of a 
signal can be defined in both time and frequency domains. The 
classical definition of the total energy of a continuous time 
domain signal x(t) can be written as [23]:

 E = 
1

−1
∫
£
x(t)
¤2 dt . (1)

In equation (1) the energy is calculated over the interval of 
<–1; 1>. In the case of experimental signals with a finite 
length, the energy can be determined from the following rela-
tion:

 E = 
k = n1

n2

∑ xk
2  (2)

where xk denotes the k-th value of a discrete signal and the 
summation is calculated within a given time interval <n1; n2>. 
Therefore, it must be assumed that outside the specified range, 
the signal has only zero or very close to zero values, so signal 
energy in the range is negligible. This requirement is usually 
easy to meet due to the decaying character of transient signals. 
An additional difficulty is generated by a noise contained in 
the signal, which can be reduced by using multiple measure-

Fig. 3. Output voltage signals registered by sensor: a) S1, b) S3, c) S6 
and d) S7 for different values of bolt load (blue line – bolt load of 0 kN, 
red line – bolt load of 0.23 kN and black line – bolt load of 2.79 kN)

a)

b)

c)

d)
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ments and averaging or filtering procedures. The signal energy 
calculated according to equation (2) can be treated directly as 
a quantitative indicator of a loosening/tightening state and it 
can be intended to evaluate the damage state.

3.2. Experimental results. The results of the wave energy ver-
sus the bolt load for the investigated experimental model of the 
bolted lap joint are shown in Fig. 4. The values of signal energy 
were calculated according to equation (2) within the time inter-
val of 0–25 ms. In general, the results for individual sensors can 
be divided into two groups depending on the sensor position. 
The decisive factor was the position of the measuring point 
relative to the contact surface between the plates. In the case 
of sensors S1 and S2, attached to the top plate, the significant 
drop in signal energy can be observed within the initial range 
of the bolt load (from 0 kN to approximately 5 kN for sensor 
S1 and 10 kN for sensor S2).

For sensors S3 to S8, which were situated on the opposite 
side of the contact surface, the trend was reversed. The rela-
tionship between the energy and the bolt load depended on 
the location of the sensor. In the case of sensors S3–S6, three 
phases can be observed. In the initial range of force (from 0 kN 
to approximately 10 kN), the value of signal energy increased 
with the increasing bolt load. Then, the energy value changed 
slightly in the range of 10–25 kN and finally, some slopes were 

visible above 25 kN. The relationship between the energy and 
the bolt load for sensors S7 and S8 was twofold: initially, in the 
range from 0 kN to approximately 10 kN, rapid growth could 
be observed and then the decrease of energy value occurred.

3.3. FEM analysis of wave propagation through bolted lap 
joint. In order to analyze trends of the energy of signals, a sim-
plified two-dimensional, plane strain model of the lap joint 
was created in the Abaqus FEA software. The material was 
assumed as linear, elastic and isotropic with Young’s modu-
lus E = 200 GPa, Poisson’s ratio v = 0.3 and mass density 
ρ = 7850 kg/m3. The geometry of the numerical model is 
shown in Fig. 5. Excitation of the Lamb wave was achieved 
by the time-varying point load applied at the top surface of the 
first part of the model (at point A), while the registration of 
acceleration signals was carried out at the seven points (P1– P8) 
situated along the wave propagation path (analogously to exper-
imental investigations).

The interaction between elements (Fig. 6a) was simulated 
based on Schoenberg’s concept [24], which implies that imper-
fect contact conditions at boundaries can be modelled assuming 
the discontinuity of the displacement field. In the FEM model, 
it was realized introducing normal and tangential spring ele-
ments between two parts of the structure (Fig. 6c). The ratio 
between tangential stiffness kt and normal stiffness kn was set 

Fig. 4. Experimental relationship between the bolt load and energy of signals registered by sensors: a) S1, b) S2, c) S3, d) S4, e) S5, f ) S6, 
g) S7, h) S8 in two measurement series
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as 0.8235 according to the formula determined by Mindlin [25] 
for the axisymmetric Hertzian contact:

 
kt

kn
 = 

2(1 ¡ v)
2 ¡ v

. (3)

The value of normal stiffness in the model was determined 
assuming that it is proportional to the average value of contact 
pressure in a given area:

 kn = λ
Ω
∫σ dΩ = λσ–Ω (4)

which is in compliance with the results of experimental research 
of wave propagation [26]. The value of the coefficient λ was 
set as 3.33 ¢ 107 m⁻1.

According to previous numerical FEM analysis [27],  
linear contact stress distribution was applied in the model 
(Fig. 6b). At the contact plate-plate interface and the plate-
washer interface, triangular distribution in the radius direc-
tion was assumed with the maximum value of the contact 
stresses at the edge of the bolt hole. At the contact surface 
between the bolt head/nut and the washer, local disturbances 
of stress distribution were omitted and a constant stress value 
was assumed. The relation between stress values at particu-
lar levels has been determined assuming that the resultant of 
contact stresses must be equal to the bolt force. For exam-
ple, for the bolt load value of 30 kN, the maximum pressure 
between plates was 141 MPa and zero value was assumed at 
the distance of 7.5 mm f rom the bolt axis. The pressure at 
plate-washer interfaces changed f rom 208 MPa to 0 MPa for 
a radial coordinate of 5.5 mm. The stresses between the bolt 

Fig. 5. Geometry of the numerical model of the lap bolted joint (a) and configuration of excitation and acquisition points (b)

Fig. 6. Sketch of the contact region: a) range of the contact zone, b) distribution of contact stresses, c) illustration of Schoenberg’s concept

a)

a) b) c)

b)
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head/nut and washer were constant and equal to 140 MPa 
along the entire contact area.

In order to simulate the spatial character of the wave prop-
agation phenomenon, the damping model proposed by Rama-
das et al. [28] was used in the FEM analysis performed. The 
coefficient of the mass-proportional damping matrix α = 596.8 
was calculated in terms of the assumed value of the attenua-
tion coefficient k = 0.2 Np/m and the analytically determined 
group velocity cg = 2984 m/s A0 Lamb mode at the frequency 
of 100 kHz according to equation [28]:

	 α = 2kcg . (5)

The lap joint model was discretized (see Fig. 7) based on the 
structural mesh using bilinear plane strain quadrilateral finite 
elements (CPS4) with dimensions not exceeding 0.5 mm in 

the direction of wave propagation. Furthermore, the mesh has 
been additionally refined to the size of  0.1£0.2 mm at the area 
of the location of springs. The free boundary conditions were 
established at all edges. The time step of numerical implicit 
integration was assumed as 50 ns.

The relationships between the energy of numerical signals 
registered in points P3–P8 and the bolt load are presented in 
Fig. 8. The results for points P1 and P2 were omitted in further 
analysis, due to the inability of the 2D numerical model to 
simulate wave propagation in the connection area in an exact 
manner. In the experimental model, the propagating disturbance 
was transmitted along the edge of the bolt hole, while in the 
numerical model for small value of contact stiffness, the wave 
did not reach those points.

In all analyzed points (P3–P8), the increase in the energy 
value was observed with increasing contact stiffness. The 
results of the FEM analysis confirmed that the relationship 
between these two parameters is strongly nonlinear. The largest 
increase in the signal energy value was observed for the initial 
bolt load range (below 0.1 kN). In the case of experimental 
tests, it ranged from 25% (sensors S7, S8) to 50% (in the case 
of sensors S3–S6) of the maximum registered energy value. In 
numerical analyses, this initial increase was even larger, and the 
energy for individual sensors reached 60–75% of the maximum 
value. This effect occurred in the FEM results because of not 
taking account of energy dissipation in the contact zone and 
assuming a strictly linear relationship between contact pressure 
and stiffness; however, it did not affect the correctness of the 
numerical analysis conducted. Results of FEM analysis also 
confirmed that the position of the sensor affected the signal 
energy variability. In the case of points located near the contact 
zone (P7, P8), it was possible to observe a local extreme of the 
signal energy in the initial bolt load range. This was related Fig. 7. Finite element mesh in a lap region of the numerical model
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Fig. 8. Numerical relationship between the bolt load and energy of signals calculated in points: a) P3, b) P4, c) P5, d) P6 e) P7 and f) P8
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to multiple reflections of propagating disturbances from the 
plate edges and contact surface (interfering waves disturbed the 
trend in energy variation). It should be noted that in the case of 
experimental research, this effect has not been visible, which 
indicated a high impact of reflections from the longitudinal 
edges of plates in a three-dimensional joint on the value of 
signal energy. At the points located at a larger distance from 
the contact zone, the signal energy became more monotonic. 
In the case of point P3, only the local extremum of the energy 
for approximately 3kN can be observed. In points P4, P5 and 
P6, the relationship became strictly growing, and as distance 
from the contact zone increased, the extreme value of energy 
was achieved for the smaller value of the bolt load.

3.4. Procedure of bolt load estimation based on signal 
energy. In this section, a procedure for the estimation of bolt 
preloading is proposed. From the numerical results (Fig. 8a–d), 
it is visible that for all sensors located at the bottom plate, 
the relationship between the bolt load and signal energy can 
be approximated by an exponential function until the energy 
reaches the extreme value Emax corresponding to the saturation 
state. Therefore, only two points represented by bolt load values 
(Fb1 and Fb2) and two energy values (E1 and E2) corresponding 
to them are required to determine the function formula. Based 
on those parameters and the actual value of the signal energy 
E, the current value of the bolt load Fb can be calculated from 
the following equation:

 Fb = e
E

E2 ¡ E1

£
ln(Fb2) ¡ ln(Fb1) ¡ E1ln(Fb2) + E2 ln(Fb1)

¤

. (6)

Determination of the saturation state is crucial for the cor-
rectness of the approximation. The results presented in Fig. 4 
indicated that in the case of experimental results the saturation 
state was achieved below 10 kN and its appearance depended on 
the sensor location. In the case of sensor S6 (Fig. 4f ), the satu-
ration level was observed for the bolt load equal to 8.33 kN and 
this value was adopted in further considerations as the upper 
limit of energy growth.

Figure 9 shows the exemplary results of estimation of the 
bolt load based on the experimental data obtained for sensors 
S3–S6 in the measurement series No. 1. The same pair of points 
was chosen for all sensors to determine the course of the energy 
versus bolt load dependence. The first point of approximation 
was chosen as the point for which the bolt load value exceeded 
1 kN, while the second point was established as an upper limit 
of the analyzed range. Additionally, the results of experimental 
data fitting the exponential function using the least squares 
method (LSM) were plotted in Fig. 9.

It can be seen that the value of the bolt load estimated using 
the proposed methodology corresponded well with the real pre-
load value for senor S6. This was confirmed by the high value 
of the coefficient of determination R2 = 0.922. For other sen-
sors (S3–S5), it had slightly lower values of approximately 
0.82. However, it should be noted that with the increase of 

Fig. 9. Exemplary results of bolt load estimation using the proposed approach based on experimental signals (series No. 1) registered by sensor: 
a) S3, b) S4, c) S5 and d) S6
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the distance from the contact zone the maximum difference 
between the measured and estimated force value decreased. It 
amounted, respectively, to: 2.180 kN for sensor S3, 2.202 kN 
for sensor S4, 1.797 kN for sensor S5, and 1.32 for sensor S6. 
The values of coefficients of determination obtained by the 
LSM were slightly higher and they ranged from 0.9 for sensor 
S4 to 0.959 for sensor S6. In general, the bolt load values deter-
mined for selected points were lower than the corresponding 
values obtained using the LSM.

4. Conclusions

The work presented the analysis of elastic wave propagation in 
the single lap bolted joint. Experimental tests were supported 
by FEM analysis based on Schoenberg’s concept. The research 
focused on the changes of the quantitative parameter in the 
form of the energy of recorded Lamb wave signals.

In the research, one actuator and eight sensors were used. It 
has been shown that the relationship between the bolt load and 
signal energy was strongly nonlinear and it depended on the 
location of acquisition points. The main influence on the char-
acter of variability (increasing or decreasing) came from the 
position of the sensor relative to the contact region. Both exper-
imental and numerical results confirmed that as the distance 
from the contact zone increased, the relationship between the 
energy value and the bolt load became monotonic increasing.

The novel procedure of bolt load estimation based on 
the energy of Lamb wave signals was proposed. It has been 
revealed that for sensors located at a suitable distance from 
the contact zone, the relationship between the bolt load and 
signal energy can be approximated by means of an exponential 
function based on two calibration measurements. The procedure 
was successfully applied in the monitoring of the preload of 
the tested bolted lap joint.

Future studies will aim at verifying the reliability of the 
proposed procedure on the example of joints with different 
geometries. Moreover, the influence of various material param-
eters and surface roughness could also be investigated.
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