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Abstract

Steel structures maintenance is a topic that is gaining more and more significance in the field of
civil engineering. The structural performance of high strength bolted friction joints used in steel
structures is expected to decrease due to various effects during service, and it is necessary to
accurately evaluate the structural performance of bolted joints. However, it is difficult to evaluate
the structural performance of bolts in existing joints due to uncertain influential parameters such
as variations in bolt axial forces, misalignment between washers and bolts in bolt holes and faying
surface contact conditions. Therefore, in this study, the effects of uncertain influential parameters
on the structural performance of bolted joints were first clarified. Next, by combining ultrasonic
measurements, signal processing and machine learning, a quantitative evaluation method was
proposed for the bolt axial force and the faying surface contact condition, which have the greatest

influence on the structural performance of bolted joints.

Keywords: bolt axial force, faying surface contact condition, high strength

bolted friction joint, structural performance, ultrasonic testing

Xi



Chapter 1

Introduction

1-1



1.1. Background

The joining methods for steel bridges are riveted joints, welded joints, and high strength bolted
joints, and riveted joints were applied until the late 1950s [1, 2]. Since JIS1186 on high-strength
bolts for friction joints was established in 1964, high-strength bolted friction joints have rapidly
replaced riveted joints [3]. When using a bolt joint, the surface treatment of the faying surface was
initially a rough surface without mill scale. Inorganic zinc-rich paint has been applied to the faying
surface since the 1990s [4, 5]. Nowadays, there are bridges with high strength bolted joints that
have been erected for 50 years. Some cases have been observed where the structural performance
of bolted joints has been compromised by earthquakes [6]. In Figure 1.1, slipping was occurred at
the splice plate of the bolted joint. In Figure 1.2, peeling was confirmed at the splice plate of the
bolted joint, which is considered to have caused the slip. The structural performance evaluation of
the bolted joints is considered to be indispensable for the structural performance evaluation of the
entire bridge.

Thus, there is a need to accurately evaluate the structural performance of bolted joints with
uncertain influential parameters for the maintenance of steel bridges. The uncertain influential
parameters of bolted joints include the bolt axial force, the faying surface contact condition,
displacement of bolts and washers, joint geometry (dimensions, over-sized bolt holes, bolt
arrangement), bolt shape, elapsed time, and type of load (tension, compression [7], bending, shear)
[8].

Current bolted joints are designed with slip occurrence as the ultimate limit state [9]. For this
reason, slip resistance has been adopted as an important index of the structural performance of
bolted joints. The slip resistance R; is described by

Ry =Ny po-m-n (1-1)
where, N is the design bolt axial force, pg is the design slip coefficient, m is number of faying
surfaces, and n is number of bolts. Hence, since the number of faying surfaces m and the number
of bolts n are clear, it can be seen that the important parameters for evaluating the slip resistance
are the bolt axial force and the slip coefficient. The formula for calculating the slip resistance is
very simple. However, in reality, many more parameters may be involved in the slip resistance

because the bolted joints contain uncertain influential parameters.
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Amonton-Coulomb Friction Law [10] defines that “the faying surface is independent of the
apparent contact surface”, but recent research results have shown that there are exceptions to this
law, with small slip occurring before the slip load is reached [11]. For the cases that are exceptions,
the effect of uncertain parameters is considered to be particularly significant. Although many
studies have been reported on the uncertain influential parameters of bolted joints, there are few
considerations on structural performance evaluation that consider methods for quantitatively
evaluating uncertain influence parameters.

The bolt axial force is affected by the variation of the introduced bolt axial force depending on
the tightening method [12, 13], loosening of bolts tightened in the first half of the tightening order
[14, 15], relaxation due to initial loosening [16, 17], and the effects of vibration and earthquake
[18-21]. It has been reported that the bolt axial force may decrease after service due to the effects
described above [22-27]. It has been confirmed that the slip coefficient depends on the skin
clearance of the contact surface [28], filler plate [29], over-sized bolt holes [30, 31], multi-row
arrangement of bolts [32-35], and the condition of the faying surface treatment [36-39]. In other
words, the actual parameters of each bolted joints are difficult to monitor due to the setting
condition of bolted joints, age, and earthquake among other things. In particular, recently,
inorganic zinc-rich paint has been increasingly applied to faying surfaces, which increases the
number of uncertain parameters about the faying surface contact condition. Therefore, it is required
to develop a measurement method for existing bolt joints coated with inorganic zinc-rich paint that
takes these uncertain influential parameters into consideration.

Many studies have proposed several evaluation methods using NDT [40-54]. However, many
of them are not compatible with bolts in existing joints and applicability remains a problem.
Accordingly, this study proposes an evaluation method for existing bolts by extracting
characteristic signals that show invariant phenomena with few individual differences.
Characteristic signals are extracted by applying signal processing to the measurement data.

On the other hand, in recent years, several studies have been conducted in the field of civil
engineering to evaluate defects and loosening of the bolt axial force by applying machine learning
using measured waveforms, captured images, and features as training data [55-62]. In machine
learning, algorithms need to be selected appropriately according to the application, for example,
decision tree [55, 63], random forest [56, 64], neural network (NN) [57-61, 65-69], and support

vector machine (SVM) [70, 71] have been applied. In the evaluation of the bolt axial force by the
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impact acoustics method, there is a report [62] that compared several algorithms. However, the
evaluation method of the bolt axial force by combining ultrasonic waves and machine learning has
not been established so far.

Therefore, in this study, the uncertain influential parameters in bolted joints were first clarified
on the basis of analysis. Next, a quantitative evaluation method for the uncertain influential
parameters, bolt axial force and faying surface contact condition, was proposed by combining
ultrasonic testing, signal processing and machine learning. Evaluation methods with high accuracy,

practicality, and applicability to bolts in existing joints was considered.

1.2. Related Research

This study targets uncertain influential parameters that are difficult to see and whose current
condition cannot be clearly ascertained. Hence, the parameters influencing the structural
performance of bolted joints were clarified. These parameters were evaluated quantitatively. In
such a case, the structure must not be destroyed in practice. For this reason, the use of ultrasonic
waves for NDT was proposed. In addition, the application of signal processing was considered to
extract invariant characteristic signals from the ultrasonic data measured to evaluate uncertain
parameters. As the waveform data extracted by signal processing contains minute characteristic
signals that cannot be evaluated by humans, the application of machine learning was attempted.
Therefore, NDT, signal processing and machine learning, which have attracted much attention in
recent years, were considered through the following related research. Based on these methods,

original evaluation methods were constructed.

1.2.1. Effect of Uncertain Influence Parameters on Structural Performance of Bolted Joints
There are various uncertain influential parameters that affect the structural performance of
bolted joints. At present, the structural performance evaluation of bolted joints has not been
established considering the uncertain influential parameters included in bolted joints. Hence, in
order to evaluate the structural performance of bolted joints, many studies have been reported

investigating uncertain influential parameters of bolted joints. In addition, most of the studies are
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on the bolt axial force or the slip coefficient, which are considered to affect the slip resistance. In
the following, some of these studies will be introduced.

Nishimura et al. [12] proved that the introduced bolt axial force varied depending on the
tightening method of the bolts for the bolted joints used in actual construction sites. It was also
clarified that the variation of the bolt axial force was caused by the tightening position of the upper
and lower flanges and web. It is also reported that the bolt axial force varies depending on the
order in which the bolts are tightened. You et al. [14] found that the bolt axial force varied
depending on the tightening order of the bolts based on the design codes for bolt tightening order
in Europe, China and the United States (Figure 1.3) for bolted joints arranged in a 4 by 4
arrangement. Due to the effect of relaxation, the bolt axial force decreases rapidly after the bolt is
tightened. Minami et al. [16] and Abid et al. [17] experimentally investigated the residual bolt axial
force after bolt tightening and showed the residual bolt axial force for each elapsed time after bolt
tightening. As a result, Minami [16] et al. recommended that the initial value of the bolt axial force
should be set at 3 seconds after bolt tightening in the bolt relaxation test. Ishihara et al. [18]
investigated the bolt axial force of bolted joints damaged by the 1995 Southern Hyogo Prefecture
Earthquake. As a result, it was reported that the bolt axial force was reduced by 10-30% from the
design bolt axial force. In addition, cyclic slip experiment on bolted joints was conducted, and it
was shown that the bolt axial force and slip coefficient decreased with increasing cycle number in
the case of inorganic zinc-rich paint surface treatment. In order to improve the slip resistance of
bolted joints, the number of bolts is increased. On the other hand, it has been shown that the slip
coefficient decreases when the number of bolt rows in the loading direction is too large [35].
Besides, research on the slip coefficient [36-38] proposed appropriate design slip coefficients for

various types of faying surface treatments, each based on the results of experiments.

1.2.2.  Non-Destructive Evaluation Method for Considered Parameter in Bolted Joints
Maintaining the safety of bolted joints is a critical issue that is directly related to the safety of
the entire steel structure. However, the condition of looseness of bolts and faying surfaces is
difficult to ascertain, and developing a convenient method of monitoring the integrity of bolted
joints is important for safe maintenance. Therefore, many studies have been conducted to evaluate
the structural performance of bolted joints nondestructively, and methods using ultrasonic waves,

impact acoustics, eddy currents, and piezoelectric ceramics have been investigated.
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There are many reports that propose a method for evaluating the bolt axial force using the
propagation velocity or propagation time of ultrasonic waves. Jhang et al. [41] focused on the
relationship between stress and ultrasonic velocity. Since the bolt axial stress due to the
introduction of the bolt axial force has a linear relationship with the ultrasonic velocity, the bolt
axial force can be evaluated by transmitting ultrasonic waves from the bolt head and receiving
them at the bottom of the bolt shank. However, there is no mention of individual differences in the
bolts, and further study is needed on the application to existing bolts. Minakuchi et al. [42], Joshi
et al. [43] and Sakai et al. [44] evaluated the bolt axial force considering the high correlation
between bolt elongation and the bolt axial force. In these ultrasonic studies, the bolt axial force is
evaluated from the time of flight (TOF) between the case of no bolt axial force (OkN) and the case
of introducing the bolt axial force (Figure 1.4). The v in Figure 1.4 is the ultrasonic velocity.
However, it is necessary to measure the TOF of each target bolt before the bolt axial force is
introduced because the initial length of the bolt varies due to manufacturing errors. In addition, the
tip of the bolt shank needs to be machined smooth [72], which makes it difficult to use for
evaluating the bolt axial force of existing bolts. For the method corresponding to the existing bolts,
Takahashi et al. [45] focused on the fastening force between the bolt and nut using the ultrasonic
transmission method. Measurements were made with two probes on the nut as shown in Figure
1.5. In this method, the relationship between the fastening force of the bolt and the magnitude of
the transmitted ultrasonic pulse is determined in advance, allowing the evaluation of the bolt axial
force without initial values. However, two probes need to be installed on the side of the nut, which
is difficult to apply in construction sites.

Other studies have been conducted to evaluate the condition of bolted joints by evaluating the
faying surface contact condition. Tao et al. [49] propose a simple health monitoring method of bolt
joints because the large number of bolts are involved in bolted joints. This is measured by
sandwiching steel plates of the bolted joints with the faying surface unpainted between two
piezoelectric transducers (PZT). It is reported that it is possible to detect the contact condition and
contact pressure between two steel plates by analyzing the amplitude of the measured signal. In
the case of impact tests, Hosoya et al. [50] proved by analysis and experiment that a strong
correlation occurs between the variation of the bolt axial force and the natural frequency of the
bolt/nut assembly for bolts with small diameters. Akutsu et al. [54] focused on the property that

eddy currents capture the change in permeability of steel plate due to stress change. Since the stress
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at the bolt head changes when the bolt axial force is introduced, an eddy current probe was installed

on the bolt head, and the output signal was measured and analyzed to evaluate the bolt axial force.

1.2.3.  Signal Processing for the Extraction of Characteristic Signals

Zhang et al. [74] applied the parasitic discrete wavelet transform (P-DWT), which is a
conventional discrete wavelet transform (DWT) with a parasitic filter, to abnormal signal detection
in cars. It was shown that by defining the parasitic level and designing the parasitic filter, an
abnormal signal can be detected without affecting the calculation of the conventional DWT.
Tsunoda et al. [75, 76] applied the above P-DWT to ultrasonic measurement waveforms to extract
characteristic frequency bands from defects in order to identify concrete intrinsic defects. In this
dissertation, the application of a low-frequency parasitic filter to the P-DWT is considered. This
enabled the defect part to be imaged.

These research results suggest that the wavelet transform is suitable for extracting characteristic
signals from waveform data such as ultrasonic waves. Hence, the authors have previously
attempted to apply signal processing to the measured ultrasonic data in order to detect defects in
concrete slabs [76]. Here, an own mother wavelet was created from the reflected waves from the
defects and the continuous wavelet transform (CWT) using the mother wavelet was considered. It
was confirmed that the characteristic signals of the defects could be extracted.

Based on the above, the application of DWT is considered for the extraction of characteristic

signals in this dissertation.

1.2.4. Structural Performance Evaluation of Bolt Joints Using Machine Learning

Machine learning has become a technology that has been attracting more and more attention
since the 1956 Dartmouth Conference [77, 78]. Recently, the decrease in the number of workers
in the construction industry has become a problem, and the use of machine learning is expected in
the field of civil engineering in order to solve the shortage of human resources and improve
productivity [79]. Therefore, there are many research reports on machine learning for evaluating
the structural performance of bolted joints as follows.

Kong et al. [55] proposed a method to evaluate the level of the bolt axial force by tapping the
bolts of bolted joints with a hammer. Bolted joints produce a unique sound when excited by the

impact of hammer tapping because of the different interfacial properties between the bolt, nut and
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steel plate. The sound was discriminated by a decision tree, a machine learning algorithm, to
estimate the loosening level of the bolt axial force.

Wang et al. [56] proposed a method to evaluate the overall loosening level of a group of bolts
for multi-row bolted joints. PZT patches was attached to each of the splice plate and the base plate
of the single-sided friction bolted joint specimen, excited by a linear swept sinusoid wave
(frequency range: 30—50kHz) from the PZT patch on the splice plate side, and captured by the PZT
patch on the base plate side. A feature set of measured data was fed to a random forest classifier
to detect looseness in multi-row bolt joints.

Yuan et al. [57] and Mikami et al. [59] used CNN to quantitatively evaluate the measurement
data obtained by hammering the bolts of a bolted joint. Tran et al. [66] focused on the relationship
between the real contact area of the bolt head and the guided wave energy lost during the
transmission of laser ultrasonic wave. In order to evaluate bolt looseness, the evaluation
performance of deep convolutional neural network (DCNN), K-nearest neighbor, support vector
regression, and deep artificial neural network for regression were compared. In addition, many
studies have applied CNNs to evaluate bolt looseness, which deal with vast amounts of image data,
including extended data. Zhao et al. [58], Huynh et al. [60], Zhang et al. [61], Cha et al. [67],
applied image data to CNN and reported their results. Similarly, Cha et al. [71] used a combination
of image-based method and SVM to evaluate bolt looseness.

As described above, machine learning is often applied to evaluate bolt looseness, however there
remains an issue in quantitatively evaluating the bolt axial force and the faying surface contact

condition.

1.3. Purpose and Objectives

The aim of this study was to identify uncertain influential parameters affecting the structural
performance of high-strength bolted friction joints and to evaluate quantitatively the bolt axial
force and faying surface contact condition, which were considered to be the most important. This
study focuses on slip resistance, which is one of the indicators of structural performance. For this
purpose, firstly, analyses were conducted by varying various parameters in order to identify the

uncertain parameters affecting the structural performance of bolted joints. Secondly, a quantitative
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evaluation method for bolt axial force, which has a significant effect on the structural performance
of bolted joints, was proposed. Here, it is shown that the proposed method can be applied to
existing bolts by combining ultrasonic waves, signal processing, and machine learning. Thirdly, in
order to evaluate the slip coefficient, which indicates the faying surface contact condition, a
method was proposed to evaluate the distribution of contact pressure by combining ultrasonic
measurements and machine learning. In addition, the possibility of evaluating the coating thickness
of inorganic zinc-rich paint was demonstrated. To achieve the purpose of this research, the three

main research objectives considered are as follows:

I. To clarify the effects of bolt axial forces, misalignment of washers and bolts, and faying
surface contact conditions on the structural performance of bolted joints by the numerical
analysis.

II. To propose a non-destructive evaluation method of bolt axial force of bolted joints by applying
machine learning.

III. To propose an evaluation method for contact pressure distribution and coating thickness of

inorganic zinc-rich paint.

1.4. Outline of this Dissertation

The research objectives are discussed in three main chapters, Chapters 2 to 4 respectively.

Outlines of all chapters are shown below (Figure 1.6).

Chapter 1: Introduction

Background, purpose and objectives and related researches have been discussed.

Chapter 2: Analytical Study on Effect of Uncertain Parameters in Structural Performance

Bolted joints contain many uncertain influential parameters that affect their structural
performance. This chapter considers the effects of bolt axial forces, misalignment of washers and
bolts, and bolted joint faying surface contact conditions on the structural performance of bolted

joints. As the effects of these uncertain influential parameters on bolted joints are difficult to
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visualise experimentally, numerical analyses were carried out by varying various parameters. The
load transfer mechanism, slip resistance and faying surface contact condition were identified in
the analysis, and the most important parameters affecting the structural performance of bolted
joints - bolt axial forces and faying surface contact condition - are quantitatively evaluated in

Chapters 3 and 4.

Chapter 3: Establishment of Non-Destructive Bolt Axial Force Measurement

The most significant parameter affecting the structural performance of bolted joints is
considered to be the bolt axial force. However, a method that can evaluate the bolt axial force of
an bolts in existing joints coated with inorganic zinc-rich paint with high accuracy has not been
established. Therefore, ultrasonic testing from the bolt head was carried out to propose a simpler
method of evaluating the bolt axial force in consideration of practicality. By applying the original
signal processing technology to the measured waveform, it became possible to extract the
characteristic signals. Furthermore, by feeding characteristic signals to machine learning,

quantitative evaluation of the bolt axial force became possible.

Chapter 4: Evaluation of Faying Surface Contact Condition

It is extremely difficult to evaluate the faying surface contact condition that affects the structural
performance of bolted joints. However, according to the analysis in Chapter 2, the contact pressure
distribution affects the structural performance of bolted joints. Therefore, the contact pressure
distribution on the faying surface was confirmed by measuring while scanning the ultrasonic probe
on the steel plate surface. In addition, ultrasonic testing was conducted to specimens with different
coating thicknesses. By analyzing the reflected ultrasonic waves and feeding them into machine
learning, it was shown that it is possible to quantitatively evaluate the coating thickness of

inorganic zinc-rich paint.

Chapter 5: Conclusion and Recommendations
The results of each chapter are summarized in this chapter. Based on the findings obtained in
this study, recommendations are made for the slip coefficients evaluation of bolts in existing joints

and for the quantitative structural performance evaluation of bolted joints.
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Figure 1.1 Steel bridge with occurred slip at bolted joint

Figure 1.2  Steel bridge with peeling of coating at bolted joint
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Chapter 2

Analytical Study on Effect of Uncertain Parameters in
Structural Performance of Bolted Joints
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2.1. Overview

In the field of civil engineering, the maintenance and management of bridges has received much
attention. However, for bolted joints, a method for quantitatively evaluating the structural
performance of bolts in existing joints has not been established, and currently a method of checking
the looseness of bolts by impacting them with a hammer is used in the field. In other words, if the
bolts do not loosen sufficiently, it is not possible to notice that the structural performance has
deteriorated. In order to maintain steel structures more safely, quantitative evaluation of the
structural performance of bolts in existing joints is required.

Slip resistance evaluation is used as an index for inspecting bolted joints. Currently, the slip
resistance is evaluated by the bolt axial force and the slip coefficient, as shown in

Ry =Ng-pp-m-n (2-1)
which is also described in the background of Chapter 1. However, because bolted joints contain
uncertain influence parameters, the actual bolt axial forces and slip coefficients could differ from
the design values and those of the new construction. It is possible that the actual bolt axial force
and slip coefficient could differ due to uncertain influential parameters. Hence, the effects of bolt
axial forces, misalignment between washers and bolts and bolted joint faying surface contact
conditions on the bolted joints structural performance are identified in this chapter. As it is difficult
to visually confirm these effects experimentally, a numerical analysis was conducted. Therefore,
in this chapter, structural performance and boundary conditions for numerical analysis are
described in detail. For each analysis result, the parameters that have a critical influence on the

structural performance of the bolted joint were discussed.

2.2. Design Standards for High Strength Bolted Friction Joints

For basic knowledge of bolted joints, the design standards for bolted joints in the most
commonly dealt with road bridge specifications in Japan are explained. Based on these design
standards, the structural performance and setting conditions for the analysis are determined in this
dissertation. There are three types of bolted joints: friction, bearing, and tension. In this study, the

focus is on high strength bolted friction joints, which will be referred to as "bolted joints.
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The bolt hole of the bolt joint is designed to be slightly larger than the diameter of the bolt. Since
the F10T M22 bolts used in this study have a diameter of 22 mm, the diameter of the bolt holes is
generally designed to be 24.5 mm. Hence, when the bolted joint is subjected to a large load that
exceeds the slip resistance, slipping occurs and the bolt contacts the bolt hole wall. This condition
is called the bearing condition. After the bolt contacts the bolt wall due to slip, the plastic
deformation of the bolt hole wall increases and finally leads to the fracture of the bolt or base metal
[1-6]. As replacing the steel is costly in terms of managing bolted joints, the steel is designed with
the occurrence of slip as the ultimate limit state, so that the steel is not plasticised. In addition, if
steel strength of the splice plate is low, the yielding of the steel will precede the slip, so the design
of the bolted joint should be such that the splice plate has higher strength than the base plate. This
design causes the bolted joint to slip before yielding, and the bolted joint is generally designed to
slip before yielding. The yield strength, R,, is described by

Ry=W—dy)-t-o, (2-2)
where, W is the steel width, dj, is the bolt hole diameter, ¢ is the steel thickness, and o, is the yield
stress. The smaller of the thickness of one base plate and the total thickness of the two splice plates
is applied for t. For the design of slip precedence type, bolted joints are designed so that the ratio
of design slip resistance to design yield resistance 5, which is the ratio of the slip resistance R, to
the yield resistance R,,, does not exceed 1. f is described by the following:

Ry (2-3)

Based on the above, bolted joints are designed to be slip precedence type in the current Japanese
design standards [7]. Furthermore, since the occurrence of slipping is assumed to be the ultimate
limit state, the design is such that the assumed load does not exceed the slip resistance R;.
Therefore, the numerical analyses conducted in this study were considered with a focus on the
phenomena leading up to the occurrence of the slip. In recent years, there have been cases where
the occurrence of slip is determined by the load value when the relative displacement between the
base plate and the splice plate reaches 0.2 mm. This is the recommended method of determination
in the field of architecture [8]. the occurrence of slip in this study was defined as “the occurrence
of slip is judged when the relative displacement between the base plate and the splice plate reaches

0.2mm.”



2.3. Validity of Analytical Models in this Study

In this chapter, the discussion proceeds with numerical analysis. Therefore, the validity of the
analytical model developed and used for this study will be explained. The results of the
compressive loading tests conducted by the author during the master’s course are compared with
the results of the analysis conducted in this study. It is necessary that the behaviour confirmed by
experiment and analysis is similar in order to confirm the validity of the analytical model. In the
tensile loading tests, the simple slip behaviour is that the bolt slips from the side to which the
tensile force is applied. On the other hand, in compressive loading tests, the slip behaviour is
different and more complex than in tension due to the Poisson effect. If the analysis can reproduce
the slip behaviour in compressive loading tests, it can be confirmed that the analytical model also

reflects the effect of the Poisson effect, which changes the thickness of the steel plate.

2.3.1. Compressive Loading Experiment for Bolted Joint Models

In order to confirm the occurrence of slip in the compressive loading experiment, a bolted joint
specimen was modeled with a slip precedence such that the slip resistance was less than 1,000kN
of the load capacity. The specimen is a basic 1 by 2 friction joint modelled on the dashed line
portion of the bolted joints as shown in Figure 2.1. The dimensions and shape of the specimen are
shown in Figure 2.2. In addition, the material properties of steel plates were determined based on
the results of material tests using standard tensile specimens fabricated from the same lot as the
specimens. The specifications and mechanical properties of the materials used are given in Table
2.1. The bolt axial force F is described by

T (2-4)
F_k-d

where, T is the tightening torque, k is the torque coefficient, and d is the diameter of the bolt. In
this experiment, the bolt axial force was introduced by controlling the tightening torque with a
torque wrench (Figure 2.3). The bolts were tightened by 10% more than the design bolt axial force,
referring to the bolt axial force introduction standard for bolted joints [9]. This means that the axial
force of the tightening bolt is 226kN. Since the bolt axial force decreases with time, the bolt axial
force during the compressive loading experiment is assumed to be 208kN, based on the results of
the relaxation test [10]. In addition, when the faying surface is an inorganic zinc-rich paint,
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literature [11] gives a suggested value of 0.55 for the slip coefficient. Based on the above, the
design slip resistance of the specimen used is approximately 457.6 kN from Equation (2-1). When
subjected to compressive loads, the actual slip resistance can be assumed to be much higher due
to the influence of the Poisson effect.

To confirm the occurrence of slipping, clip gauges (clip-type displacement gauges) C1 and C2
were installed at the locations shown in Figure 2.4. In the compressive loading experiment, the
lower part of the splice plate was fixed and the ball seat head was pressed against the upper part
of the base plate to apply the compressive load. The upper part of the base plate was pushed in at
arate of 1 to 2 [kN/s]. In the case of compression, the specimen was covered with the acrylic pipe
to prevent the bolts from breaking (Figure 2.5). The point of focus in this study is slip. However,
this experiment was continued after the bearing pressure was applied, and the load was applied up
to 1,000kN, which is the capacity of the compression machine.

The relationship between the compressive load and the relative displacement of the base plate
and the splice plate, generated from the data of the clip gauges C1 and C2, is shown in Figure 2.6.
Figure 2.6 shows that the slip started gradually at C1 first, and then a rapid slip was observed at
C2 when the compressive load was about 500 kN. Applying a compressive load from the top of
the base plate increases the plate thickness at Bolt 2. On the other hand, the plate thickness at Bolt
1 does not increase as much as at Bolt 2, which suggests that C1 starts to slip first and that rapid
slip occurs at C2 after the slip resistance is reached. In addition, considering the phenomenon of
increased plate thickness, the actual slip resistance may be greater than in a tensile test. This
phenomenon is thought to be due to the Poisson effect of compressive load. When the steel plate
is pulled in the longitudinal direction, the thickness of the plate decreases and the bolt axial force
decreases. On the other hand, when a longitudinal compressive load is applied to the steel plate,
the thickness of the steel plate increases and the bolt axial force increases. This is the effect of the
Poisson effect. Figure 2.7 shows the relationship between the compressive load and the
displacement of the compression machine. It can be seen that the slip resistance is in close
agreement with the slip resistance evaluated from the relative displacements of the base plate and
splice plate.

As the experimentally confirmed slip resistance is approximately 500 kN, the slip coefficient is

estimated to be approximately 0.57 from Equation 2-1. The actual bolt axial forces immediately
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prior to the compressive loading tests and the slip coefficient of 0.57 estimated from the

experiments are applied to the analysis and compared with the experimental results.

2.3.2. Reproduction of Compressive Loading Experiment by Analysis

In order to demonstrate the effectiveness of the analytical model used in this study, a numerical
analysis reproducing a compressive loading experiment was conducted. The modeled analytical
model will be described. Abaqus 6.14, a finite element analysis software, was used in this study
[12]. Figure 2.8 shows the analytical model. Since the target specimen is symmetrical, the
symmetry condition was set and the model was designed as a 1/2 symmetric model. The peaks and
valleys of the bolt threads were not reproduced, as the slip test analysis generally has little effect
on the slip resistance without reproducing the threads. The shape of the analytical model faithfully
reproduced the specimen. For the material properties of the steel and bolts, the values shown in
Table 2.1 were used. The bolt axial force was introduced as shown in Figure 2.9. First, the bolt
shank was divided at the center of bolt shank length, and a load equivalent to the bolt axial force
was applied to the cut surface. Then, after the load was introduced, the bolt length was fixed to
model the bolt after fastening [13-17]. For the contact conditions, a slip coefficient of 0.57 was set
as the static friction coefficient, which was estimated from the experimental results. The entire
surface of the upper part of the base plate was slaved, with the bottom of the splice plate as the
fixed side, to introduce a forced displacement in the compression direction in the upper surface of
the base plate. The mesh size was set to 4 mm in this verification.

The behaviour of C1 and C2 is shown in Figure 2.10, where it is observed that C1 slips gradually
first and C2 slips rapidly when the load reaches approximately 500 kN. This behaviour is similar
to the experimental results shown in Figure 2.6, which confirms that this analytical model can also
reproduce the influence of the Poisson effect. Thus, it can be said that this analytical model is valid
up to the occurrence of slip. Therefore, this analytical model will be used as the basis for various

numerical analyses in this study.



2.4. Effect of Each Influential Parameter on Structural Performance of Bolted

Joints

Many studies [18-44] have investigated bolted joints under the influence of erection conditions,
age, and earthquakes, and have shown that the strength of bolted joints has actually decreased.
These are often considered for parameters that degrade the function of the bolted joint. The purpose
of this study is to quantitatively evaluate the uncertain parameters that affect the structural
performance of bolted joints. Then, numerical analysis is conducted for the cases under
consideration with varying considered parameter. In these analyses, tensile load is considered, the
load transfer mechanism of bolted joints, the slip resistance, and the faying surface contact
condition are focused on and discussed. The uncertain influence parameters considered in the
following are the distribution of the bolt axial force and the faying surface contact condition,

misalignment of bolts and washers, and the slip coefficient.

2.4.1. Effect of Bolt Axial Force on Structural Performance

To clarify the effect of bolt axial force distribution on the structural performance of bolted joints.
First, the analytical model used is described. The analytical model in this study is shown in Figure
2.11. The mesh size is 4 mm. To represent the distribution of the bolt axial force, a basic 1 by 3
two-sided friction bolted joint was modeled. In addition, a 1/2 model was designed to specify the
symmetric part. The steel type (SS400), plate thickness (22mm for base plate, 12mm for splice
plate) and bolt type (F10T M22) used are the same as in Table 2.1. The slip coefficients were set
assuming that the steel surfaces were coated with inorganic zinc-rich paint, which is commonly
used in bolted joints. In these analyses, the slip coefficient was set as 0.5, referring to the proposed
value of slip coefficient when the faying surface is inorganic zinc-rich paint by Nishimura et al.
[11]. Four cases of bolt axial force distributions were studied, and the cases are shown in Table
2.2. The basic bolt axial force is considered, and the base is set to 205kN, which is the design bolt
axial force. The axial force of the loosened bolts is reported in the literature [45], where the bolt
axial force is reduced by about 20% based on the results of a survey of actual structures. Hence,
the axial force of the loosened bolt was 164kN, a 20% reduction from the design bolt axial force.

The case of one of the three bolts being loose was considered. More complex variations in bolt
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axial forces will be considered in the future. The tensile load on the bolted joint was reproduced
by introducing a forced displacement to the base plate. The relative displacements and slip
resistance were calculated at each bolt position targeting up to slip. In addition, the stress
distribution on the faying surface at post-slip was investigated.

Figure 2.12 shows the relative displacement of the base plate and the splice plate at each bolt
position. In this study, the slip of bolted joints is considered to be when the relative displacement
first reaches 0.2mm at the bolt position. This study was conducted to investigate the effect of each
bolt axial force on the bolted joints, and all bolts were confirmed up to slip. In this study, the Bolt
3 side is referred to as the "outer bolt" and the Bolt 1 side as the "inner bolt". The order of slip
occurrence was confirmed to be that Bolt 3 slipped first in all cases except for Case 4. The outer
bolt axial force is considered to be important. However, even though the outer bolts are loose in
Case 2, the slip resistance is almost the same compared to the cases where the outer bolts are
sufficiently tight (Case 3 and Case 4). Therefore, it can be said that the slip resistance is determined
by the sum of the bolt axial forces.

On the other hand, the stress distribution on the faying surface of the steel is considered to differ
according to the distribution of bolt axial forces. In order to investigate the stress distribution of
steel, the stress distribution on the faying surface at post-slip is shown in Figure 2.13. According
to the faying surface of the base plate, the stresses are concentrated on the side on which the tensile
load is acting. According to the faying surface of the splice plate, it can be seen that the stresses
are concentrated in the bolt holes opposite to the base plate. Stresses were confirmed to be
concentrated on both sides. In this consideration, the stresses borne by the area around the central
bolt were investigated in detail. In Figure 2.14, the central bolt (Bolt 2) is focused on, and the
faying surface stress distribution of the splice plate at post-slip is shown. In the splice plate, the
stresses decrease from the inside to the outside in all cases except Case 4, the stresses around the
outer bolt are small, and it can be considered that they slip in the same order from the outside to
the inside as the results in Figure 2.12. Only in Case 4, the central bolt (Bolt 2) is loose, so the
stresses in Bolt 2 and Bolt 3 are small. The stresses on Bolt 2 and Bolt 3 are small. As the outer
bolt is tightened at 205 kN, the central bolt slips first, which is considered to have caused the
behaviour of the inner bolt to slip almost simultaneously with the central bolt. This result indicates
that if the bolts on the load-bearing side are sufficiently tightened and the central bolt is loose, the

bolts on the non-load-bearing side could slip.
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2.4.2. Effect of Misalignment of Bolts and Washers on Structural Performance

The bolt hole of the bolt joint is designed to be larger than the bolt diameter. In the case of the
F10T M22 bolts with a diameter of 22 mm used in this study, the bolt holes are designed to be
24.5 mm. The clearance is 2.5 mm. It is desirable that the bolts be placed in the center of the bolt
holes, but this is difficult to achieve in actual construction sites. In many cases, bolts and washers
are placed close to the bolt hole walls. However, the effect of these misalignments is not considered
in the current structural performance evaluation of bolted joints. In addition, although there have
been some studies on bolt misalignment [46], there have been few investigations on models with
washers that assume actual bolted joints. Therefore, the effect of the misalignment of bolts and
washers on the structural performance of bolted joints was investigated.

The analytical model used is shown in Figure 2.15. The mesh size is 4 mm. A basic 1 by 2 two-
sided friction bolted joint is considered using a 1/2 model with the symmetric part specified. The
steel type (SS400), plate thickness (22mm for base plate, 12mm for splice plate) and bolt type
(F10T M22) used are the same as in (2.3) above. The slip coefficient was set to 0.5 as in 2.4.1,
assuming that the steel was coated with inorganic zinc-rich paint. The bolt axial force was set to
205kN, the design bolt axial force, in all cases. The items to be examined are divided into two
major categories, A and B. In A, the bolt is in the center of the bolt hole and only the washer is
considered to be misaligned. For B, misalignment of both bolts and washers is considered. There
are four more cases to consider for A and B. Case 1 is the case with the two bolts in the center as
shown in Figure 2.15. Case A/B-2 are the case where only Bolt 1 is misaligned. Case A/B-3 are
the case where only Bolt 2 is misaligned. Case A/B-4 are a case where both bolts are misaligned.
Considered cases A and B are shown in Table 2.3 and Table 2.4, respectively. When bolts and
washers are installed at a construction site, the direction of displacement of the bolts and washers
was designed as shown in Figure 2.16, because it is considered that the bolts and washers will be
misaligned in the vertical direction of the load in most cases due to gravity. The tensile load was
expressed by introducing a forced displacement at the upper surface of the base plate. The slip
resistance and the stress concentration in the bolt hole wall were investigated for each case.

The results of the investigation of the slip resistance for each case are shown in Figure 2.17.
According to the results, when the direction of misalignment is Figure 2.16, it is confirmed that
the slip resistance increases when both the bolt and the washer are misaligned. Furthermore, the

lowest slip resistance was observed in the normal case where the bolt and washer were located in
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the center of the bolt hole. After the relative displacement of 0.2 mm, the difference in strength
widens further. The misalignment of the bolts is similar to the bearing pressure condition.
Therefore, when the bolt shank was in contact with the bolt hole wall due to misalignment, both
frictional force and bearing force acted, and the slip resistance was considered to have increased.
The stress concentrations in the bolt hole walls were investigated and are shown in Figure 2.18.
These are the stress distributions on the faying surface at post-slip. The areas where stress is
particularly concentrated are shown as color maps, and the areas with low stress are shown in black.
These confirmed that the stress was concentrated in the surrounding area including the bolt hole
wall of the splice plate. In particular, the stress was concentrated in Bolt 1 of the splice plate, and
Figure 2.19, which focuses on the splice plate, further confirms the area where the stress is
concentrated. In Case 0, where the bolt and washer are at the center of the bolt hole, the stress is
uniform on both sides and decreases as it moves away from the bolt center. In Case A-3 and Case
B-3, where the bolts and washers are misaligned, the stresses are distributed asymmetrically. It
was confirmed by these results that the misalignment of the bolt and washer has some effect on
the structural performance of the 1 by 2 bolted joints considered. In the case of multi-row bolted

joints with a large number of bolts, the effect might be significant, and further research is expected.

2.4.3. Effect of Faying Surface Condition on Structural Performance

The bolted joint contains many uncertain influence parameters, among which the most
complicated parameter is considered to be the slip coefficient. The slip coefficient is considered to
be a particularly complex parameter because bolted joints contain many uncertain influential
parameters and the condition of the faying surface is not always constant. Hence, many researchers
[47-58] have studied slip coefficients since the 1970s, when bolted joints came into common use,
but even in 2022 there are still many uncertain parameters. Nowadays, the slip coefficients for
each faying surface treatment can be determined by the many experiments and analyses they have
conducted. However, despite the differences between the allowable stress design method and the
limit state design method, the Japanese standards [59-62] have provisions with sufficient bearing
capacity compared to the standards of other countries [63-66]. In the Japanese standard, all
uncertain influence parameters of faying surface contact condition are considered for safe design.

On the other hand, in other countries, standard values are often set for each uncertain influence
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parameter. In order to determine the slip coefficient for each faying surface, the faying surface
contact condition must first be clarified.

It has been observed that the contact conditions between steel plates change depending on the
order of bolt tightening, with the bolt axial force decreasing from the bolt tightened first [19]. This
effect makes the faying surface contact condition unclear. Hence, the change in the faying surface
contact condition due to the tightening of the bolt was focused on. When bolts are tightened on a
bolt joint at a construction site, they are tightened in sequence from the center to the outside [67].
The effect of tightening the bolts in sequence on the faying surface contact condition was
considered. Figure 2.20 was used as the analytical model. No load was introduced, and the bolt
axial force was tightened in the order of Bolt 1 and Bolt 2. The slip coefficient was set at 0.5. Since
the distribution of contact pressure due to bolt tightening is assumed to spread in concentric circles,
the mesh was created in concentric circles around the bolts. The distribution of contact pressure
on the faying surface between the base plate and the splice plate is shown in Figure 2.21. It was
confirmed that the contact pressure was distributed in concentric circles around the bolt. The
contact pressure was very low except around the bolts, suggesting that the splice plate may have
been deformed in the out-of-plane direction. Thus, the deformation shapes of bolted joints was
confirmed. The bolt axial force was introduced according to the bolt tightening sequence of the
bolt joint. The out-of-plane displacement of the splice plate due to bolt tightening was confirmed
as shown in Figure 2.22, which is a deformation diagram for each stage. In this figure, the
deformation factor is shown by a factor of 200. From the above, it is clear that the contact area that
is considered to have actual frictional force is around the washer. In addition, You et al [68] pointed
out that when bolts are tightened in sequence, the bolt loosens due to the cross talk effect which is
caused by the inclination of the steel plate when tightening diagonal or opposite positions.
However, the splice plates are thin and the bolt axial forces are considered to be smaller than the
design bolt axial force. There are other reports that bolts loosen due to the effect of elastic
interaction [69], but the target joints are different. In the future, the mechanism of bolt loosening
in multi-row bolted joints when tightening with the design bolt axial force will be clarified. It is
also necessary to clarify the effect of the splice plate thickness.

To further determine this result, an analysis was conducted to identify the areas where frictional
forces were acting on the faying surface. In the above study, a large contact pressure was observed

around the washers, and four cases were investigated as shown in Figure 2.23. These cases show
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faying surfaces, and the reason why washers are included in the figures is to help understand the
scale of the contact area under consideration. By setting the slip coefficient u of the contact surface
to 0.5 and the slip coefficient u of the non-contact surface to 0, the faying surface contact condition
was reproduced. In each study case, the slip coefficient of only the faying surface was varied, and
all other surfaces were set to 0.5 for all surfaces on the bolt head and nut sides of bolted joints.
Case 0 and Case 1 were compared to confirm that all areas other than around the washer were non-
contact areas. In addition, Case 2 and Case 3 were examined to investigate the effect of the contact
condition between bolts on the structural performance of bolted joints. A tensile load was then
introduced at the upper surface of the base plate, and the effect on the slip resistance of each case
was investigated.

Figure 2.24 shows the evaluation of slip resistance by relative displacement for each case. As a
result, it was confirmed that the slip resistance decreased only in Case 3. The slip resistance of
Case 3 was found to be 3% lower than that of the other cases. Therefore, the contact pressure is
acting in a certain area in concentric circles from just below the washer. Besides, since the area set
as non-contact in Case 1 is almost unaffected, it is possible that the outside of the bolted joint is
non-contact. As a result of these considerations, it was found that the structural performance of the
bolted joint was affected in a certain area spreading concentrically from the bolt. Based on these
results, an evaluation method for uncertain influential parameters is proposed in Chapter 4 of this
dissertation.

From the above considerations, a question arose as to the cause of the distribution of contact
pressure only around the bolt hole in bolt tightening. Since the contact pressure could be distributed
around the bolt hole due to the slip coefficient of the faying surface, only the slip coefficient of the
faying surface was set to 0 and an analysis was conducted for bolt tightening only. The boundary
conditions of the analysis were the same as in Figure 2.20 and the results are shown in Figure
2.25. The contact pressure distribution is almost the same as in Figure 2.21, and it is clear that the
slip coefficient of the faying surface is not the cause of the contact pressure concentration around
the bolt holes. Incidentally, although the contact pressure is distributed around the bolted holes,
the slip coefficient is 0. Thus, when tensile or compressive forces are applied to bolted joints, slip

will of course easily occur.

2-12



2.5. Summary

In this chapter, the analysis was conducted by varying various parameters. The uncertain
parameters considered were the bolt axial force, the position of bolts and washers in the bolt hole,
and the slip coefficient. Numerical analysis confirmed the effects of these uncertainties on the load
transfer mechanism and slip resistance of the bolted joints. The structural performance, boundary
conditions, and definitions adopted in this dissertation were described. The results of the analysis
were explained using distribution diagrams, deformation diagrams and graphs. For each analysis
result, the factors that have a critical influence on the structural performance of the bolted joint
were discussed.

In the analysis that examined the distribution of bolt axial forces, it was confirmed that slipping
occurred in sequence from the outer bolts. However, it was found that the effect of the distribution
of the bolt axial force may differ from that phenomenon. Assuming a single group of bolted joints,
if the inner bolt axial force is large, the stress distributed to the central bolt is small. However,
when sufficient bolt axial force was introduced in the inner bolt, but the central bolt was loose, the
stress borne by the inner bolt was observed to be larger.

In the consideration on the misalignment of bolts and washers, the case where the bolts and
washers are misaligned in the vertical direction of the loading direction was examined. When the
bolt shank is in contact with the bolt hole wall due to the misalignment of the bolts and washers,
both the frictional force and the bearing pressure will act, and the slip resistance will increase. On
the other hand, there is a possibility that the stress may be concentrated in the bolt hole walls,
resulting in the localized stress exceeding the yield stress.

In the consideration of the faying surface contact condition, the effect of the tightening sequence
of the bolts on the faying surface was clarified. It was confirmed that the contact pressure between
the base plate and the splice plate of bolted joints was distributed in a uniform concentric circle
around the washer. The contact pressure is low except around the washer, indicating the possibility

that there was no contact outside the bolted joint.
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Table 2.1 Specifications and mechanical properties of materials used

Yield stress | Tensile str Elongati T
Material | Specification Surface treatment 2 ensre s ingth nsation orql?e
[N/mm’] [N/mm'] [%a] coefficient
Base plate $S400 Inorganic zinc-rich paint 273 427 31
Splice plate (Thickness: 75um) 282 438 33
o | Highsteneth Mill scale 1061 1114 21 0.131
hexagonal bolt

Figure 2.3 Torque wrench used to tighten bolts
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Figure 2.4 Installation position of clip gauges
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Figure 2.5 Experiment using an acrylic pipe
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Figure 2.6 Relationship between load and relative displacement of base plate and splice plate
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Figure 2.7 Relationship between load and displacement of compression machine
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Washer condition

Figure 2.8 Analytical model
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Figure 2.9 Analytical model for the introduction of the bolt axial force
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Figure 2.10 Relationship between load and relative displacement by analysis
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Figure 2.11 Analytical model for investigating the effects of variations in bolt axial force
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Table 2.2 Consideration cases for investigating the effects of variations in the bolt axial force

Bolt axial force [kN]
Case
Bolt 1 Bolt 2 Bolt 3
1 205 205 205
2 205 205 164
3 164 205 205
4 205 164 205
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(c) Case 3
Figure 2.12
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(d) Case 4

Relative displacement of the base plate and the splice plate at each bolt position
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Von Mises Stress
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Figure 2.13  Stress distribution on faying surface in post-slip
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Von Mises Stress
[N/m?]
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Figure 2.14 Stress distribution on the faying surface of the splice plate in post-slip, focusing on

the bolt in the center (Bolt 2)

Forced displacement

Base plate

Splice plate

Plane symmetry

Figure 2.15 Analytical model for investigating the effects of eccentricity of bolt and washer
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Table 2.3 Consideration cases for investigating the effect of washers eccentricity

Position of washers
Case
Bolt 1 Bolt 2
0 Center Center
A-1 Side Center
A-2 Center Side
A-3 Side Side

Table 2.4 Consideration cases for investigating the effect of bolts and washers eccentricity

Posttion of bolts and washers
Case Bolt 1 Bolt 2
0 Center Center
B-1 Side Center
B-2 Center Side
B-3 Side Side
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Figure 2.16 Misalignment direction of bolt shank to bolt hole
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Figure 2.17  Relative displacement of the base plate and the splice plate in each case
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Von Mises Stress
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Figure 2.18 Stress concentration on faying surface in post-slip
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Figure 2.19  Local stress concentration on faying surface of splice plate in post-slip
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Figure 2.20 Analytical model to reproduce bolts tightening
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Figure 2.21 Contact pressure distribution of faying surface by bolts tightening
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Figure 2.22 Deformation by bolt tightening order (Deformation magnification x200)
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Figure 2.23 Consideration case for investigating the faying surface contact condition

350-’
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Figure 2.24 Comparison of slip resistance by contact pressure distribution
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Figure 2.25 Contact pressure distribution on faying surfaces due to bolt tightening when the

slip coefficient of the faying surfaces is set to 0

2-31



References (Chapter 2)

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

Moriyama, H., Takai, T., Yamaguchi, T. and Lan, Y.: Effect of Cross-Sectional Dimensions
and Bolt Arrangement on Deformed Bearing Limit Resistance of High-Strength Frictional
Bolted Joints after Major Slip, JSCE Journal of Structural Engineering, Vol.66 A, pp.507-520,
2020.3.

Moriyama, H., Sugiyama, H., Yamaguchi, T. and Lang, Y.: The Influence of Width and
Thickness on Bearing Limit State of High Strength Frictional Bolted Joints, Journal of JSCE
Al (Structural Engineering & Earthquake Engineering), Vol.74, No.1, pp.28-43, 2018.

Toda, Y., Yamaguchi, T., Mineyama, Y. and Naoe, Y.: Experimental Study of Bearing Strength
of Frictional Bolted Connection Based on Bolt Hole Deformation, Journal of JSCE Al
(Structural Engineering & Earthquake Engineering), Vol.70, No.3, pp.333-345, 2014.

Toda, Y., Yamaguchi, T., Matsumura, M., Naoe, Y. and Mineyama, Y.: /5 /] AR /L N EEEREE &
HETF DT RV LIE O XER TG & & FRAFEEE ) O /& &R, JSCE 5 67 RIAER “Fifias
B2, 1-336, pp.671-672, 2012.9.

Vangrimde, B. and Boukhili, R.: Descriptive Relationships Between Bearing Response and

Macroscopic Damage in GRP Bolted Joints, Composites Part B, Engineering, Vol.34, 1-7,
pp-593-605, 2003.10.

Fujimoto, M. and Satoh, N.: Study on Bearing Strength and Allowable Bearing Stress in
Bolted Connection (Part 3) Synthesis, Transactions of AlJ, Vol.218, pp.27-36, 1974.4.

JSCE it Z B iy MR G R T ORRE « fii L - MERFE BREREH(E), Mtk
U — X 15,2006.12.

H RS2 SRS A ERaX R I HE #1, 2012.3.

HASE R h e AR G - [FIMR-TIERAE - SEE0AT R, 2017.11.

[10]Hirao, K.: Influence of Steel Strength on Load Carrying Capacity of High-Strength Bolted

Frictional Joints Under Compression, Bulletin of Master’s Thesis, Department of Civil and

Environmental Engineering, Tokyo Institute of Technology, pp.283-292, 2019.3.

[11]Nishimura, N., Akiyama, H. and Kamei, Y.: Trend of Studies on High-Strength Friction Grip

Bolt Joint, Journal of the JSCE, No.675, 1-55, pp.1-14, 2001.4.

2-32



[12]Dassault Systemes SIMULIA User Assistance 2017: Abaqus/CAE User’s Guide Online
Documentation, 2017.

[13]Krolo, P., Grandi¢, D. and Bulic, M.: The Guidelines for Modelling the Preloading Bolts in
the Structural Connection Using Finite Element Methods, Journal of Computational
Engineering, Vol.2016, pp.1-8, 2016.1.

[14]Fukuoka, T.: Theory and Practice of Bolt Tightening Process (1), Journal of the JIME, Vol 46,
No.3, pp.119-125, 2011.

[15]Fukuoka, T.: Theory and Practice of Bolt Tightening Process (2), Journal of the JIME, Vol .46,
No.3, pp.126-131, 2011.

[16] Takaki, T. and Fukuoka, T.: Elasto-Plastic Analysis of the Tightening Process of Bolted Joint,
Transactions of the JSME, Vol.67, No.660, pp.1269-1275, 2001.8.

[17] Tamakoshi, T., Ishio, M., Yokoi, Y., Yamasaki, K. and Mizuguchi, T.: Study on the Analytical
Model Considered Introducing the Axial Force to Bolts of High Strength Bolted Friction Joints,
Journal of the JSSC, Vol.21, No.84, pp.95-110, 2014.12.

[18]Nishimura, A., Taido, Y., Sera, S., Hozumi, S. and Mitani, T.: On the Scattering of Clamping
Forces of High-Strength Bolts in Actual Structural Joints, Proceedings of the JSCE, No.180,
pp.-1-9, 1970.8.

[19]Fukuoka, T. and Takai, T.: Mechanical Behaviors of Bolted Joint During Tightening Using
Torque Control, JSME International Journal Series A Solid Mechanics and Material
Engineering, Vol.41, No.2, pp.185-191, 1998.

[20]You, R., Ren, L. and Song, G.: A Novel Comparative Study of European, Chinese and
American Codes on Bolt Tightening Sequence Using Smart Bolts, International Journal of
Steel Structures, Vol.20, No.3, pp.910-918, 2020.

[21]Wang, Y.Q., Wu, J.K., Liu, H.B. and Xu, S.T.: Modeling and Numerical Analysis of Multi-
Bolt Elastic Interaction with Bolt Stress Relaxation, Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, Vol.230, No.15,
pp.2579-2587, 2015.

[22]Minami, K., Tamura, H., Uchida, D., Shirahata, H., Yoshioka, N., Tsutsui, K. and Fujino, D.:
A Study on Initial Value Setting Method for Relaxation Tests in High Strength Bolted Joints,

2-33



Journal of JSCE Al (Structural Engineering & Earthquake Engineering), Vol.76, No.3,
pp.496-509, 2020.

[23] Abid, M., Khalil, M.S. and Wajid, H.A.: An Experimental Study on the Relaxation of Bolts,
IIUM Engineering Journal, Vol.16, No.1, pp.43-52, 2015.

[24]1shihara, Y., Kobayashi, G., Minada, O. and Nishimura, N.: Characteristic Investigation and
Cyclic Slip Experiment of HSFG Bolted Joints Which were Damaged by Earthquake, Journal
of the JSCE A1, No.745, 1-65, pp.53-64, 2003.10.

[25]Wang, F., Ho, S.C.M. and Song, G.: Monitoring of Early Looseness of Multi-Bolt Connection:
A New Entropy-Based Active Sensing Method Without Saturation, Smart Materials and
Structures, Vol.28, No.10, pp.1-7, 2019.

[26]Marshall, M.B., Lewis, R., Howard, T. and Brunskill, H.: Ultrasonic Measurement of Self-
Loosening in Bolted Joints, Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, 2011.

[27]Jiang, Y., Zhang, M. and Lee, C.H.: A Study of Early Stage Self-Loosening of Bolted Joints,
Journal of Mechanical Design, Transactions of the ASME, Vol.125, pp.518-526, 2003.

[28] Tanihira, T., Kamei, M., Ishihara, Y. and Taido, Y.: Carrying Capacity Test for Friction Joint
of High-Strength Bolt from a Removed Foot-Way Bridge Used Under 17 Years, JSCE Journal
of Structural Engineering, Vol.36 A, pp.1087-1096, 1990.3.

[29]Kanou, M., Tanihira, T., Ishihara, Y., Kobayashi, G. and Nishio, H.: & /778 /L il ) D4
ZARIZ BT 2 EBRAVAISE, JSCE 55 56 HER FIRETH 23, 1-B162, pp.324-325, 2001.10.

[30]1shihara, Y., Kobayashi, G., Kano, M., Kamei, M. and Tanihira, T.: The Influence of Reduction
and Variation of Bolt Tensions by Aging on Limit States of HSFG Bolted Joint, Journal of
JSCE, Vol.763, VI-63, pp.33-42, 2014.6.

[31]Temitope, S.J.: Condition Monitoring of Bolted Joints, Ph.D. Thesis, University of Sheffield,
Sheffield, UK, 2015.6.

[32]Rafik, V., Combes, B., Daidi¢, A. and Chirol, C.: Experimental and Numerical Study of the

Self-Loosening of a Bolted Assembly, Advances on Mechanics, Design Engineering and

Manufacturing 11, pp.85-94, 2019.

2-34



[33]Kikukawa, S., Murata, K. and Nishimura, A.: Secular Changes of Slip Resistance of Friction-
Type Bolted Joints in Structural Members, Kawasaki Steel Giho, Vol.11, No.4, pp.127-135,
1979.

[34] Takai, T., Yamaguchi, T. and Yamashina, K.: Analytical Study on Influence of Irregularity on
Slip Strength of High Strength Bolted Friction Type Joint, JSCE Journal of Structural
Engineering, Vol.61 A, pp.605-613, 2015.3.

[35]Takai, T., Peng, X. and Yamaguchi, T.: An Analytical Study on Load Carrying Characteristic
of High Strength Bolted Friction Type Joint with Thick Filler Plate, Journal of JSCE Al
(Structural Engineering & Earthquake Engineering), Vol.71, No.1, pp.1-9, 2015.

[36] Tanaka, A., Masuda, H., Wakiyama, K., Tsujioka, S., Hirai, K. and Tateyama, E.: Experimental
Study on High Strength Bolted Friction Joints with Oversized and Slotted Holes, JSSC Steel
Construction Engineering, Vol.5, No.20, pp.35-44, 1998.12.

[37]Mori, T., Yamazaki, N. and Yamaguchi, J.: Slip and Yield Resistance of Friction Type of High
Strength Bolted Connections with Over-Sized Holes, Journal of the JSCE, No.794, 1-72,
pp-157-169, 2005.7.

[38]Murakoshi, J., Sawada, M., Yamaguchi, T., Peng, X. and Ootake, A.: Slip Resistance Tests of
Friction-Type High-Strength Multi Bolted Joints with Coated Contact Surfaces by Inorganic
Zinc Rich Paint on Thick Plate, Journal of JSCE Al (Structural Engineering & Earthquake
Engineering), Vol.70, No.1, pp.94-104, 2014.

[39]Peng, X., Yamaguchi, T., Takai, T., Murakoshi, J. and Sawada, M.: FEA Study on the Slip
Behavior of High Strength Multi Bolted Friction Type Joints with Thick Plates by Structural
Dimensions, Journal of JSCE A1 (Structural Engineering & Earthquake Engineering), Vol.69,
No.3, pp.452-466, 2013.

[40]Kamei, Y., Matsuno, M. and Nishimura, N.: An Analytical Study on Slip Strength of Multi
HSFG Bolted Joints in Tention, Journal of JSCE, No.640, 1-50, pp.49-60, 2000.

[41]Geoffrey, L.K., John, W.F. and John, H.A.S.: Guide to Design Criteria for Bolted and Riveted
Joints, Second Edition, American Institute of Steel Construction, Inc., 1987.

[42] Tamura, H., Minami, K., Yoshioka, N., Uchida, D., Moro, M., Hama, T. and Hirao, K.
Applicability of Pretensioned Bolted Joints Including Difterent Contact Faces, Journal of

2-35



JSCE Al (Structural Engineering & Earthquake Engineering), Vol.76, No.2, pp.255-274,
2020.4.

[43]Murakoshi, J., Sawada, M., Yamashina, K., Yamaguchi, T. and Ishihara, D.: Study of Influence
on Slip Coefficient of High Strength Bolted Friction Type Joints by Painting Condition and
Exposure Term, Journal of JSCE Al (Structural Engineering & Earthquake Engineering),
Vol.73, No.1, pp.40-53, 2017.

[44]Minami, K., Mori, T. and Sugiya, T.: EE# 1 OIRHEDS /& S8V MEFO X0 it /712 K&
(IR, JSCE 55 59 IME R T 23, 1-587, pp.1171-1172, 2004.9.

[45] Tajima, J.: /& /178 /v ™ EEEREEGAERN, 55 2 Rk, B, 1966.11.

[46]Nishimura, A., Tajima, J. and Yamasaki, T.: Aging of High Strength Bolted Joints in Long
Service, IABSE Reports, Vol.39, pp.149-154, 1982.

[47]Liu, W. and Lin, W.: Effects of Bolt Misalignment on Stress Around Plate Hole, Advances in
Mechanical Design, pp.1511-1524, 2017.

[48] Tamura, H., Minami, K., Yoshioka, N., Uchida, D., Moro, M., Hama, T. and Hirao, K.
Applicability of Pretensioned Bolted Joints Including Difterent Contact Faces, Journal of
JSCE Al (Structural Engineering & Earthquake Engineering), Vol.76, No.2, pp.255-274,
2020.4.

[49]1Murakoshi, J., Sawada, M., Yamashina, K., Yamaguchi, T. and Ishihara, D.: Study of Influence
on Slip Coefficient of High Strength Bolted Friction Type Joints by Painting Condition and
Exposure Term, Journal of JSCE Al (Structural Engineering & Earthquake Engineering),
Vol.73, No.1, pp.40-53, 2017.

[50]Minami, K., Mori, T. and Sugiya, T.: BEELH OARFEN 5 1RV MEF-O TV M 712 K&
TR, JSCE 55 59 [RIME R TRl <, 1-587, pp.1171-1172, 2004.9.

[51]Tajima, J.: & /178 /v N EEEREE SRR, 55 2 iR, B, 1966.11.

[52]Mori, T., Amitani, T. and Uchida, D.: Influence of Bolt Tightening Force on Slip Coefficient

of High-Strength Bolted Friction Type Joints, Journal of JSCE Al (Structural Engineering &
Earthquake Engineering), Vol.75, No.1, pp.58-66, 2019.

2-36



[53]Maiorana, E., Zampieri, P. and Pellegrino, C.: Experimental Tests on Slip Factor in Friction
Joints: Comparison Between European and American Standards, Frattura ed Integrita

Strutturale, Vol.43, pp.205-217, 2018.
[54]Cruz, A., Simdes, R. and Alves, R.: Slip Factor in Slip Resistant Joints with High Strength
Steel, Journal of Constructional Steel Research, Vol.70, pp.280-288, 2012.

[55]Koike, Y., Kasugai, T. and Ichimiya, M.: Developmental Study on Inorganic and Organic Zinc-
Rich Paint with High Slip Factor for High Strength Friction Grip Bolted Joints, Journal of
JSSC, Vol.16, No.62, pp.75-84, 2009.6.

[56]Nah, H.S., Lee, H.J. and Kim, K.S.: Evaluation of Slip Coefficient of Slip Critical Joints with
High Strength Bolts, Structural Engineering and Mechanics, Vol.32, No.4, pp.477-488, 2009.

[57]1Uno, N., Inoue, K., Takeuchi, I., Azuma, S. and Kita, T.: Experimental Study on High Strength
Bolted Friction Joints with HF-Splice-Plates, ALJ Journal of Structural and Construction
Engineering, No.502, pp.127-133, 1997.12.

[58]Kamura, T. and Hokugo, H.: The Effect of Surface Roughness of High Strength Bolt Frictional
Joints on Slip Resistance, ALJ Journal of Structural and Construction Engineering, N0.485,

pp.127-134, 1996.7.

[591Mori, T., Minami, K., Inokuchi, S. and Yamaguchi, T.: Slip Coefficient and Contact Surface
Condition of Friction Type of High Strength Bolted Connections, Journal of JSCE A, Vol.64,
No.1, pp.48-59, 2008.1.

[60]Railway Technical Research Institute: #kiE§IEY) X 71 HLHUE - R T8 - 5 Bl
) ,2000.7.

[61] Architectural Institute of Japan: SlA#E 7F25 G /18 3% FHHLTE, 2019.10.

[62] Architectural Institute of Japan: Sl #2502 GRS, 2021.2.

[63]1SO: ISO 10721-1, Steel structures-Part 1, Materials and design, 1997.2.

[64] AASHTO: Standard Specifications for Highway Bridges, 2002.

[65]Eurocode: Eurocode 3 Part 2, Steel bridges and plated structures, 1995.6.

[66]BSI: BS 5400, Part 3, Code of practice for design of steel bridges, 1982.

[67] Architectural Institute of Japan: HZE T S5 HEf1-RE FE JASS6 &k T, 2018.1.

2-37



[68]You, R., Ren, L. and Song, G.: A Novel Comparative Study of European, Chinese and
American Codes on Bolt Tightening Sequence Using Smart Bolts, International Journal of
Steel Structures, Vol.20, No.3, pp.910-918, 2020.

[69]Zhu, L., Bouzid, A. H. and Hong, J.: Numerical and Experimental Study of Elastic Interaction
in Bolted Flange Joints, Journal of Pressure Vessel Technology, Vol. 139, pp. 021211-1-
021211-7,2017.4.

2-38



Chapter 3

Establishment of Non-Destructive Bolt Axial Force
Measurement
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3.1. Overview

It has been reported that the bolt axial force of high strength bolted joints used in many structures
may decrease even after operation due to the effects of vibration and earthquakes, as well as
relaxation due to initial loosening [1-28]. Therefore, as a maintenance technology to ensure the
safety of structures, it is required to establish a method for accurately and quantitatively evaluating
the axial force of existing bolts. Currently, there are many reports that propose a method for
evaluating the bolt axial force non-destructive [29-43]. Among them, there is a method using
ultrasonic waves that uses changes in propagation time. The method evaluates the bolt axial force
by using the change in the propagation time until the ultrasonic wave transmitted from the bolt
head is reflected from the bottom surface and returned. In the method using the change of
propagation time, there is a high correlation between bolt elongation and bolt axial force, and, the
bolt axial force is evaluated by the difference in ultrasonic propagation time between when the bolt
axial force is not introduced and when the bolt axial force is introduced. However, the bolt length
varies due to manufacturing errors, in applying this method, it is necessary to separately measure
the ultrasonic propagation time before the introduction of axial force for each bolt to be measured.
In addition, consideration must be given to smoothing the tip of the bolt shank [44], making it
difficult to use for evaluating the axial force of existing bolts.

In this way, conventional research that attempts to evaluate bolt axial force has problems in
terms of quantification and applicability of existing bolt axial force evaluation, and there is room
for improvement. On the other hand, in recent years, in the field of civil engineering, many studies
have been conducted in combination with machine learning [45-61]. However, the bolt axial force
evaluation method that combines ultrasonic waves and machine learning has not been established
so far. Therefore, in this research, it is proposed a method with sufficient evaluation accuracy by
combining ultrasonic waves, signal processing, and machine learning. Furthermore, it is proposed
to build a quantitative bolt axial force evaluation method for existing bolts that are easy to apply
in practice. Since the purpose is to apply to existing bolts, the information on bolt length is not
used, and attention is paid to changes in the shape of the bolt head due to the introduction of bolt
axial force. First, FE analysis clarified the change in the shape of the bolt head when the bolt axial
force was introduced. Next, frequency analysis was applied to the data in the initial time zone
obtained by ultrasonic measurement from the bolt head and then a random forest was used to select
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signals containing information on the bolt head deformation. The characteristic signal related to
the bolt axial force was extracted from the raw waveform in the initial time zone by frequency
analysis and machine learning. Signal processing by the parasitic discrete wavelet transform (P-
DWT) [62-63] was added to the characteristic signal, and finally, machine learning using linear
regression [64-65] was applied to the waveform after signal processing. As a result, the attempt is

to improve the accuracy of bolt axial force evaluation.

3.2. Ultrasonic Measurement

The purpose of this study is to quantitatively evaluate the uncertain influential parameters
contained in bolted joints for bolted joints coated with inorganic zinc-rich paint. Many non-
destructive evaluation methods are being studied to evaluate bolt axial forces. In particular, there
are many studies on bolt axial force evaluation using ultrasonic waves. However, due to the
problem of bolt length manufacturing error, cause of the drawing of the bolt shank at the bolt
manufacturing stage, it is difficult for most of the proposed methods to deal with bolts in existing
joints. Therefore, in this chapter, a new measurement method using ultrasonic waves that does not
use bolt length information is proposed. The basic characteristics of ultrasonic waves are described
below. In addition, after introducing the conventional ultrasonic measurement methods and
understanding the problems they have, consideration was given to improve the current

shortcomings.

3.2.1. Ultrasonic Measurement Devices Used in this Study

First, the understanding of the generation, transmission, and reception of ultrasonic waves can
be deepened. Ultrasound measurement generally follows the procedure shown in Figure 3.1 [66].
In this study, a unique method has been developed at the stage of feature extraction and evaluation.
However, the general procedure is as shown in Figure 3.1.

The equipment and settings used in this study are described below. Figure 3.2 shows an
overview including the equipment used in this study. This figure shows the one-probe method, but
the pitch catch method, which is a two-probe method, can also be applied by using another probe.

Ultrasonic waves are transmitted from the ultrasonic pulser-receiver (Figure 3.3) to the probe, and
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the probe receives the reflected wave from the object and sends it to the ultrasonic pulser-receiver.
Filtering processing is possible within the ultrasonic pulser-receiver, but raw waveform data was
acquired in this study in order to aim for reproducibility using equipment from different
manufacturers. The transmitted waveform (pulse type) was a rectangular burst as shown in Figure
3.4, and the pulse wave number was 5 waves. The Pulse Repetition Frequency (PRF) was set so
that the next pulse output would not be included in the observation width. The damping resistance
was set to 100Q and the sampling frequency was set to 100MHz. The frequency of the chirp wave
is a geometric progression, and its common ratio is described by
R = Cr(l/("w_l)) (3-1)

where, C, is the chirp ratio and n,, is the number of waves. The settings for the ultrasonic pulser-
receiver used in this study are summarized in Table 3.1. There are two types of probes used in this
chapter, and these are shown in Figure 3.5.

The frequency of the ultrasonic probe used in the study is SMHz or I0MHz. The size of the
bottom of the probe was set to 14 mm in diameter so that it could be installed avoiding the engraved
bolts (Figure 3.6). A certain amount of machine oil (Figure 3.7) was applied to the contact point
of the probe as the contact medium of the probe using a dropper. In order to prevent the size and
shape of the received signal from changing depending on how the probe is pressed, fix the probe
with a clamp with a spring as shown in Figure 3.8, and keep the length of the spring constant. So,
I decided to fix the probe with a certain force. In addition, the gain was kept constant in all
measurements. Both are single oscillator type vertical probes and have an internal structure as
shown in Figure 3.9. By outputting the impulse voltage to the electrodes attached to both sides of
the piezoelectric element, the piezoelectric element repeatedly expands and contracts and vibrates.
The thinner the piezoelectric element, the higher the frequency of vibration, and the ultrasonic
waves are transmitted from the probe. The transmitted ultrasonic waves are reflected at the
interface, hits the piezoelectric element, is converted into a voltage, and is captured as a signal in
the receiver. There are two types of ultrasonic measurement, contact type and non-contact type.
As a non-contact ultrasonic method, a method using an electromagnetic ultrasonic probe [67], a
laser ultrasonic waves [68-69], and an air propagation ultrasonic probe [70] was developed after
1960. However, compared to the contact type, it is difficult to meet the requirements for spatial
resolution and high reliability, so the contact type was adopted in this study. The device for

ultrasonic measurement described above was used in this study.
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3.2.2. Conventional Bolt Axial Force Evaluation Method by Ultrasonic Measurement
Many studies on bolt axial force measurement using ultrasonic waves have been conducted, and

the details are introduced in "Related Research" in Chapter 1. Among them, the bolt axial force
measurement method that has been studied most is the measurement from the bolt head. The bolt
length of high strength bolts increases when the bolt axial force is introduced. By using this
property of the bolt, the conventional ultrasonic measurement method evaluates the bolt axial force
by the Time of Flight (TOF). TOF assumes that there is a correlation between bolt elongation and
ultrasonic velocity. The bolt axial force is evaluated from the time difference of the received wave
by utilizing the fact that the time for receiving ultrasonic waves changes due to the elongation of
the bolt. The calculation of TOF is explained below. The path of ultrasonic waves in ultrasonic
measurement from the bolt head is shown in Figure 3.10. TOF is generally the time difference
between the 1st reflection and the 2nd reflection as shown in Figure 3.11. The 1st rap time A;and
the 2nd raps time A, are described below.

A= 2T, + 2T, (3-2)

A,= 2T, + 4T, (3-3)
where, T, is the one-way ultrasonic propagation time inside the probe, and T;, is the one-way
ultrasonic propagation time inside the bolt. Since Ay, is the time difference between A; and A,,

it is expressed as follows:

Arorp= Ay — A= 2T, (3-4)
where, T;, can be expressed by the ultrasonic velocity v and the volt length L so it is also described
as follows:

2L (3-5)
Aror= 2T, = >

However, it is difficult to evaluate the bolt axial force of existing bolts with high accuracy by this
conventional ultrasonic measurement method using TOF. The reason is that the bottom of the bolt
shank is drawn in the process of manufacturing the bolt [44]. Therefore, the initial length of each
bolt is different. Therefore, in order to apply it to existing bolts, it is necessary to measure the

initial length for all target bolts in advance.



Thus, it is required to construct a bolt axial force evaluation method for existing bolts that does
not require prior measurement. In this study, it was attempted to solve the problem of bolt

manufacturing error by focusing on the invariant information related to the bolt axial force.

3.3. Analytical Study to Investigate Bolt Axial Force and Related Invariant

Information

In order to enable the evaluation of the bolt axial force of existing bolts, the invariant
information related to the bolt axial force was investigated. Therefore, the analysis of high strength
bolts in which bolt axial force was introduced was performed. The analytical model is a
reproduction of the high strength bolt F1I0T M22 and is shown in Figure 3.12. Two types of bolt
lengths, 95mm and 70mm, were compared and examined. Reproduction of the threaded part was
omitted. The bottom of the washer was completely fixed. The introduction of bolt axial force was
expressed by pulling the bottom of the slave bolt shank by forced displacement. The mesh size
was set to 0.8mm for the 8-node solid element (hexahedron) in order to capture minute
deformations. The slip coefficient of the contact surface with the washer was set to 0.5 with
reference to the value proposed by Nishimura et al. [71], assuming inorganic zinc-rich paint. As
for the material properties of bolts, the plastic strain is set to 0 up to a yield stress of 900N/mm?.
A deformation diagram when a bolt axial force of 220kN is introduced is shown in Figure 3.13.
From this result, the deformation of the bolt head was confirmed. According to Nitta et al. [72],
deformation of the bolt head has been confirmed, although the diameter and shape are different
from those of the target bolt in this study. Taking advantage of this property, a strain gauge is
attached to the bolt head to control the bolt axial force [73]. As can be seen from Figure 3.13,
when a probe with a horizontal bottom is installed on the bolt head, a space is created between the
probe and the surface of the bolt head. Since the probe has a diameter of 14 mm, the space between
the probe and the surface of the bolt head is increased by the bolt axial force from the displacement
of the surface of the bolt head with the bolt neck lengths of 95mm and 70mm shown in Figure

3.14. It became clear that they were different. It was also confirmed that the difference between



the bolt neck lengths of 95mm and 70mm has almost no effect on the amount of deformation of
the bolt head.

In addition, Arakawa et al. [74] reported that when an ultrasonic vertical probe was installed on
a curved surface for measurement, the contact conditions were different and the refraction angle
changed, and the contact conditions were set during the initial time of the ultrasonic measurement
waveform. It is possible that this change is included and is important information for evaluating
the bolt axial force.

From the above, it is considered that the important information when evaluating the bolt axial
force may be included in the initial time zone including the contact part between the ultrasonic

probe and the high strength bolt.

3.4. Bolt Axial Force Measurement Experiment

For the bolt axial force evaluation experiment, the specimens modelled with basic bolted joints
was created. In the bolt axial force evaluation experiment, the data of each bolt axial force was
acquired. However, the bolt axial force is an uncertain parameter and constantly changes with the
elapsed time. Therefore, it is necessary to always control the bolt axial force more accurately. In
order to constantly monitor the bolt axial force, two strain gauges are attached to the bolt shank to
control the bolt axial force (Figure 3.15). Deformation performance of each bolt differs depending
on the manufacturing error. Thus, all bolts used in the experiment were calibrated. In this study,

two bolts with a bolt length of 95mm and two bolts with a length of 70mm were used.

3.4.1. Bolt Axial Force Calibration of Bolts Used in the Experiment

To calibrate the bolt axial force, attached a bolt with a strain gauge used in the experiment to
the bolt axial force meter shown in Figure 3.16, and tightened it by 10kN with a torque wrench.
At that time, recorded the value of the strain gauge for each bolt axial force. The relationship
between strain and bolt axial force was calculated by calibration as shown in Figure 3.17. From
this result, it was confirmed that the relationship between strain and bolt axial force is slightly
different for each bolt. In the bolt axial force evaluation experiment, the bolt axial force was

introduced based on this result.
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3.4.2. Specimens and Measurement Method

The specimens used in this chapter are basic bolted joints, and their outlines are shown in Figure
3.18 and Table 3.2. The plate thickness was set based on the length under the neck of the bolt. The
steel grade of the base plate and the splice plate was SS400, the surface treatment was the
commonly used inorganic zinc-rich paint, and the bolts were F10T M22 of the same manufacturer
and lot. The two bolts were located approximately in the center of the bolt hole (24.5mm) and had
the same tightening conditions, but to distinguish between training and testing when applying
machine learning, as shown in Figure 3.18, they are called Bolt 1 and Bolt 2. Measurements were
taken from the top surface of the bolt head while avoiding marking of the bolt head by the one-
probe method for the bolt of such specimens. At that time, the bolt head and shank were left in
mill scale, the bolt axial force was introduced, and the measurement was performed in about 5
seconds per measurement after the probe was installed. The probe was removed after each
measurement and re-installed for measurement. Since it has been reported that the bolt axial force
varies at about 120kN or more due to the influence of aging [13], this study targeted the range of
120kN or more. For Bolts 1 and 2 of the same manufacturer and lot, the bolt axial force was
measured in 11 steps in the range of 120kN to 220kN at a pitch of 10kN. In addition, each bolt

was measured 5 times for each bolt axial force. In other words, each bolt was measured 55 times.

3.5. Extraction of Ultrasonic Waveforms Related to Bolt Axial Force

In the proposed method of this study, the axial force of the existing bolt is evaluated by using
the waveform shape without using the information of the ultrasonic propagation time. As a result
of the analysis by introducing the bolt axial force of the high strength bolt, it was confirmed that
the bolt head was deformed by the bolt axial force. However, in the field of crack detection, it is
said that the evaluation performance is inferior in the area near the probe [75]. This is because the
reverberation of the dial tone generated during ultrasonic measurement, which is called the dead
zone [76-77], is received directly under the probe, and the reflected signal from the crack is buried.
However, the situation is considered to be different because this study attempted to extract the

characteristics of the reflected wave by the shape of the reflecting surface instead of detecting
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cracks. Thus, a detailed analysis was performed on the waveform of the time zone (Initial time

zone) directly under the probe.

3.5.1. Extraction of Ultrasonic Waveforms Related to Bolt Axial Force Using Random Forest

First, it is necessary to confirm whether the signal related to the bolt axial force is included in
the initial time zone. Therefore, the ultrasonic measurement waveform was divided into several
zones, and bolt axial force evaluation was performed by applying machine learning to the raw
waveform data of each zone, and the evaluation accuracy in the initial time zone was confirmed.
The zones were set as shown in Figure 3.19, zone 1 is the entire ultrasonic measurement waveform,
and Zone 2 and 3 are the first and second reflected waves from the bottom of the bolt axis,
respectively. Zone 2 and 3 handle data for 4us when measured with a 10MHz probe centered on
the maximum amplitude value of the reflected wave, and for 6pus when measured with a SMHz
probe. Zone 4 is the data up to the reflected wave 1, and zone 5 is the time zone up to the first 6ps,
which is the initial time zone including the dead zone.

Breiman [78] states that random forests are easier to implement than other classifiers such as
NNs and SVMs, and have excellent evaluation capabilities without overfitting. Construction of a
classification model by deep learning based on one-dimensional convolution operation [79] is also
considered as an effective means, but in this research, the number of training samples is limited,
and one-dimensional data such as time history waveforms are data-expanded. Since it is difficult
to remove, the possibility that the model is overfitted cannot be denied. In addition, Hirokane et
al. [80] hit a high strength bolt with a hammer and evaluated the residual axial force of the high
strength bolt by various pattern recognition methods based on the obtained vibration waveform
data. Four machine learning algorithms, NN, SVM, decision tree, and random forest, are used to
evaluate the bolt axial force. And the random forest that used a large number of weak classifiers
to determine the output, could be recognized with the highest accuracy.

With reference to the above research, by applying the random forest to the zone related to the
bolt axial force in the ultrasonic measurement waveform, the zone related to the bolt axial force
was extracted. For this zone survey, a study case is provided in Table 3.3 using probes with
frequencies of SMHz and 10MHz. The raw waveform data measured by Bolt 1 is used as the

training data, and the raw waveform data measured by Bolt 2 is used as the testing data. There
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were 55 teacher data and 55 test data in each zone, and each was evaluated by the random forest
to confirm its accuracy. The outline and evaluation results of Random Forest are described below.

Random forest is an algorithm based on ensemble learning bagging [81], which classifies by the
results of multiple decision trees constructed from randomly selected training data and explanatory
variables. Bagging is a method of learning multiple models in parallel by bootstrap that restores,
extracts, and samples some data from training data. A conceptual diagram of the random forest is
shown in Figure 3.20.

Each decision tree is randomly sampled from the teacher data, allowing duplication, and can
reduce the probability of misclassification at the branch of the decision tree. On the other hand,
there is a drawback that it is easy to overfit because it tries to classify training data completely, but
Random Forest addresses this problem. Because multiple sampling data are generated by the
bootstrap, the correlation between each decision tree is low. In addition, they are classified by
majority vote, it is possible to reduce the effect of overfitting.

In Bolt 1, 10kN pitch waveform data measured from 120kN to 220kN of bolt axial force and
labeled bolt axial force feed them into machine learning. Each zone of the study case is tested in
the waveform data measured by Bolt 2. The random forest is used to evaluate with an accuracy of
10kN pitch. The waveform data was set to be sampled at a pitch of 0.01us in order to focus on
minute changes in the signal, and the Random Forest Classifier in the Python library
sklearn.ensemble was used to evaluate the bolt axial force. In order to construct a simple method,
the number of decision trees was set to 100, the character string was set to the Gini coefficient,
and the other parameters were set to the default values. The correct answer rate of the bolt axial
force evaluated in each case is shown in Figure 3.21.

In all cases, the accuracy rate was higher in the order of Zone 5, 4, 1, 2, and 3. Zone 5, which
has the highest accuracy rate, contains only the reflected signal (Zone 5) from the vicinity of the
bolt head including the dead zone, and the accuracy rate was about 50%. The dead zone is a region
that has not been noticed until now because it has been difficult to detect flaws due to the width of
the transmission pulse. Next, the accuracy rate is higher in the order of Zone 4 and 1, and these
zones include other signals in addition to the initial time zone including the dead zone. The correct
answer rate decreases as the number of signals other than the initial time zone is included, it is
considered that the order is in the order of Zone 4 and 1. In addition, it is considered that the correct

answer rate is lower in the case where the initial time zone is not included at all than in the case
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where the teacher data includes the initial time zone. It is also considered that there is less
information related to the bolt axial force in the reflected wave from the bottom of the bolt shank
than in the initial time zone. From this result, it can be said that the initial time zone contains
information related to the bolt axial force. Therefore, in this study, Zone 5 should be focused which

is only the initial time zone.

3.5.2. Analysis of Ultrasonic Waveforms in the Initial Time Zone

From the above examination, it was confirmed that the initial time zone of the measured
waveform data obtained by ultrasonic measurement from the bolt head includes a zone related to
the bolt axial force. However, because the initial time zone includes waveforms other than the zone
related to the bolt axial force, in order to evaluate the bolt axial force accurately, it is necessary to
further select only the zone related to the bolt axial force from within the initial time zone. From
this point onward, a study case was set up again in order to focus only on Zone 5 in Table 3.3. All
of these study cases focus on the initial time zone (Zone 5). Therefore, the initial time zone of the
ultrasonic measurement waveform was focused and it was confirmed the frequency band in that
range. Furthermore, based on the results, only the zone containing the information related to the
bolt axial force was selected by continuous one-dimensional wavelet transform (CWT).

In order to improve the bolt axial force evaluation accuracy and establish a bolt axial force
evaluation method corresponding to the measurement of existing bolts, the ultrasonic measurement
waveform in the initial time zone was analyzed and the frequency in the zone related to the bolt
axial force was confirmed. The analysis focused on the data in the initial time zone obtained from
the study cases shown in Table 3.4. Figure 3.22 shows the raw waveform data of the initial time
zone at 180kN in Cases A, B, and C. Case A and Case B are measured at 10MHz, 5 waves can be
confirmed during the first 0.5us, and Case C is measured at SMHz, so 5 waves can be confirmed
during the first 1us. This is thought to be because the high voltage burst signals that drive the probe
were recorded in an overlapping manner because transmission and reception were performed using
the one-probe method. Therefore, it can be said that this burst wave does not contain information
related to the bolt axial force. After the burst wave, a waveform with irregular period and amplitude
can be confirmed. In this study, this waveform is called a beat waveform. After that, a waveform
in which the period becomes constant and the amplitude decreases at a constant attenuation rate

can be confirmed, and this is called the attenuation waveform. It is considered that the waveform
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after the burst wave includes a zone related to the bolt axial force, frequency analysis was
performed for that range and the frequency information in each time zone was confirmed. The
frequency components of the beat waveform and the attenuation waveform are as shown in Figure
3.23, and it can be confirmed from (b) that the attenuation waveform is about 4MHz in each case.
Also, from the beat waveform (a), it can be confirmed that signals in many frequency bands
including the attenuation waveform frequency of 4MHz and the center frequency of the probe are
mixed. Figure 3.24 is a scalogram at a bolt axial force of 180kN plotted by CWT using Gabor,
which is a general mother wavelet (MW). It can be confirmed that the attenuation waveform with
a frequency of 4MHz is generated from the middle of the beat waveform. A frequency larger than
10MHz can be confirmed in the beat waveform, but this is because the data in the initial time zone
has a large power and the amplitude is clipped as can be seen from the raw waveform data. From
these frequency analysis results, it is considered that the damping waveform does not contain
information related to the bolt axial force because the damping waveform is always a constant
frequency. On the other hand, the beat waveform contains many characteristic components, it is
possible that the zone related to the bolt axial force is in the beat waveform of the initial time zone.
Figure 3.25 shows the frequency band of each bolt axial force of the beat waveform. From this
result, no linear change with the increase in bolt axial force could be confirmed. However, in Case
A and Case B, the shape is different for each bolt axial force, so it is possible that the application
of machine learning is effective.

In order to select only the beat waveform that is considered to be the zone related to the bolt
axial force, it is needed to think about how to determine the boundary between the beat waveform
and the attenuation waveform. The beginning of the beat waveform is after the burst wave, 0.5us
after Case A and Case B, and 1ps after Case C.

To select only the beat waveform, it is necessary to remove the frequency of the attenuation
waveform. Therefore, from Figure 3.24, the bandpass was applied in the range of 7MHz to I0MHz
excluding the frequency smaller than 7MHz of the decay waveform and the frequency larger than
10MHz due to clipping, and the result of applying CWT was the scalogram shown in Figure 3.26.
Clipping is remarkable near the boundary between the burst wave and the humming waveform,
but even after applying CWT, it was confirmed that the amplitude decreased at 0.5us for Case A
and Case B and 1pus for Case C. It is considered that the occurrence of clipping has a small effect

on the analytical method of this study. The horizontal broken line shows the frequency at which
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the amplitude peaks in each case, and the amplitude on the broken line is normalized and shown
in Figure 3.27. Looking at the shape of each time zone in Figure 3.27, the shape becomes irregular
after the maximum amplitude near the burst wave, and finally the amplitude decreases sharply and
the shape is almost constant.

Therefore, in this study, in Figure 3.27, the zone with irregular shape was defined as the beat
waveform, and the end of the beat waveform was set. In the zone where the shape of the latter half
is almost constant, the place where the amplitude is first reduced by 90% was set as the end of the

beat waveform.

3.6. Extraction of Characteristic Signals by Applying Signal Processing by
Parasitic Discrete Wavelet Transform (P-DWT)

Among the components included in the measured waveform, in this study, it was aimed to
improve the effect of machine learning by focusing on the high-frequency components that are
thought to contain minute features such as time-localized signals. In order to acquire the high
frequency components of the selected beat waveform, signal processing, especially P-DWT was
chosen.

The following describes a method for extracting characteristic signals by applying signal
processing using P-DWT [62-63]. Attention is paid to high-frequency components that are
considered to contain minute characteristics in the extracted signal.

In order to acquire high-frequency components including minute characteristics of beat
waveforms, signal processing by P-DWT, which is effective for signal processing with non-
linearity, was performed. P-DWT is a method to acquire a feature signal that is to acquire the
characteristic signal by adding the frequency characteristics of the real signal mother wavelet
(RMW) created from the actually measured waveform to the decomposition flow of the
conventional discrete wavelet transform (DWT) as a frequency domain filter. The target waveform
and RMW are decomposed to the level where a filter is added by the base mother wavelet, it is

possible to sufficiently remove extra data.
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DWT, including P-DWT, can decompose the target signal into two components, Approximation
on the low frequency side and Detail on the high frequency side, for each level. The waveforms
selected in this study are unsteady waveforms, and in order to improve the accuracy of bolt axial
force evaluation, it is necessary to capture subtle changes that occur at the bolt head. Therefore, it
is important to pay attention to the Detail waveform, which is the detail of the selected waveform.
The following describes the process from RMW design to acquisition of Detail waveform by P-
DWT. There is no linear relationship between the waveform shape and the bolt axial force, but the
reproducibility of the waveform obtained by each bolt axial force is high. Here, due to the large
number of measured data, this chapter describes signal processing and machine learning by
presenting figures from Case A at a bolt axial force of 180 kN as a representative example.

The RMW is created based on any one data measured by the training bolt. In this study, in order
to acquire the feature signal from the important zone in the bolt axial force evaluation included in
the initial time zone. First, take out the target range shown by the solid line in Figure 3.28. Multiply
the waveform extracted from by a window function that becomes 0 sufficiently fast at a distance.
For the window function, the Hanning window function (Figure 3.29) that is considered to be
good in terms of both time resolution and frequency resolution is applied. Next, the Hanning
window function constructs RMW 1® by normalizing the real waveform obtained by the above

processing so that the norm becomes 1 in

e 1/2 (3-6)
IR = [ f ¢R<t1)2dt1] -1

This RMW was created with bolt axial forces of 10kN pitch from 120kN to 220kN. Figure 3.30
shows the RMW created by the above procedure. The calculation flow of P-DWT is shown in
Figure 3.31. The RMW is decomposed by the base MW to the level where a filter is added, and
the obtained time waveform data of the low frequency component or high frequency component
is converted into frequency domain data by Fourier transform.

For the base mother wavelet used here, the optimum mother wavelet was selected according to
the Akaike Information Criterion (AIC) [82]. In addition, since the signal processing capacity was
the best in the measurement data of this study, the filter was decomposed to level 5 by MW in
which RMW was selected by AIC. The frequency domain data of the obtained real part F? and

imaginary part F/ serve as a parasitic filter. The target waveform W is decomposed by DWT to
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level -1 to which a filter is added using the same base mother wavelet as above. The Fourier
transform of the obtained low frequency component or high frequency component waveform data
is the real part P2 ; and the imaginary part P/_,. Frequency domain data is obtained by filtering
using parasitic filters Ff and F/ for PR, and P/_,, respectively, and the approximation waveform
is obtained by inverse Fourier transform. And the Detail waveform was acquired. The two types
of waveforms obtained are shown in Figure 3.32. In this study, the Detail waveform was focused
on in order to evaluate the bolt axial force based on the details of the selected bolt axial force and

the related waveform.

3.7. Evaluation of Bolt Axial Force by Machine Learning

In order to evaluate the bolt axial force quantitatively, the bolt axial force is evaluated
recursively by machine learning. First, the teacher data needs to be in a state where the waveform
data and the bolt axial force are labeled, the classification was performed to give the information
of the bolt axial force to each waveform data. Next, the teacher data labeled by classification was
trained, and the bolt axial force was evaluated recursively by regression analysis [64-65] using
supervised machine learning, and its accuracy was examined. Regression analysis used the
linear model of the most common Python library, sklearn. In order to propose a simple evaluation
method, the set value was set as the default. In order to confirm the change in accuracy due to
signal processing, the raw waveform and the Detail waveform after signal processing are compared
and examined in each target range used as the teacher data of the study case. The classification

and linear regression are described below, and then the survey results are described.

3.7.1. Evaluation of Bolt Axial Force by Linear Regression Algorithm

Label each measured data with bolt axial force and classified them according to the study cases
in Table 3.4. Five teacher data were measured for each bolt axial force for Bolt 1 in Figure 3.18,
and the bolt axial force was labeled for all 55 training data in total. All the labeled data feed to

machine learning, and the bolt axial force is evaluated by the linear regression of the machine
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learning algorithm from the testing data measured by Bolt 2 which has no learning history based
on the training data classified.

In the research, multiple regression analysis is performed to predict one objective variable from
multiple explanatory variables. Multiple regression analysis is an analytical method that calculates
predicted values from data existing in M -dimensional space, and the model of multiple regression

analysis is expressed as
u (3-7)
y= Z BmXm + Bo
m=1

where, f5,, is the partial regression coefficient, which is calculated by the least squares method,
and S, represents the constant term. One coefficient is calculated for one explanatory variable, and
the predicted value is calculated by adding them together. A partial regression coefficient is set for
each value sampled at a pitch of 0.01us, and they are added together to calculate the objective
variable. By investigating the effect of each variable on the objective variable, it is possible to
predict the numerical value between pitches from the training data of 10kN pitch.

In order to evaluate the bolt axial force recursively and confirm its accuracy, the accuracy of the
evaluation method in this study is examined by investigating the error between the measured value
(correct value) and the predicted value (evaluated value). Figure 3.33 shows the mean absolute
percentage error (MAPE) of each of the examined cases by comparing the case where the teacher
data is the raw waveform and the case where the Detail waveform is used after signal processing.

As shown in Figure 3.33, it was confirmed that in all cases, when the Detail waveform after
signal processing was used as the training data, the MAPE was smaller than when the raw
waveform was used as the training data. In addition, it was shown that the proposed method of this
study, which uses Detail waveforms as training data, can evaluate cases from 120kN to 220kN
with a MAPE of 6% or less.

In Figure 3.34, the predicted values when the training data is the raw waveform and the Detail
waveform are plotted. As a threshold value, a broken line is shown with the same slope as the solid
line showing the measured value based on the error of MAPE 6% when the bolt axial force is
220kN. The predicted value when the teacher data was converted into a Detail waveform was
sufficiently close to the measured value, and it was confirmed that the accuracy was improved by

the signal processing of P-DWT. In Case A of Figure 3.34, the evaluation of 220kN when the
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Detail waveform is used as the teacher data is greatly deviated, so the overall evaluation accuracy
is low. The cause is the deviation of the probe installation position. It is conceivable that such a
large error can be suppressed by making the installation position of the probe constant.

Case A and Case B used a I0MHz narrow band probe, and Case C used a SMHz wide band
probe, but except for 220kN, which had a large evaluation error for Case A, the Detail waveform
was used as training data. The MAPE is 0.79%, and it can be said that the accuracy when the Detail
waveform of each case is used as the training data is about the same. Therefore, it can be said that
the pulse wave transmitted from the 10MHz narrow band probe and the SMHz wide band probe
has little effect on the evaluation accuracy in the proposed method of this study.

Except for 220kN of Case A, when the Detail waveform is used as the training data, it can be
confirmed that all the evaluations of Case A and Case B in Figure 3.34 are evaluated within the
broken line which is the threshold value. Moreover, since the proposed method of this study
focuses on the initial time zone, only the signal from the vicinity of the bolt head is included. From
these facts, it is considered that the bolt length does not affect the bolt axial force evaluation

proposed in this study.

3.7.2. Evaluation of Bolt Axial Force for Untrained Nominal Length Bolts

By supporting the measurement of existing bolts, the method proposed in this chapter focuses
on the initial time zone and it is considered to be a method that is not easily affected by the bolt
length. Therefore, the data obtained by measuring the bolt neck length of 95mm in Case A was
used as the training data, and the bolt axial force was evaluated from the measured data of the bolt
neck length of 70mm in Case B.

The result was shown in Figure 3.35. At 200kN it was evaluated significantly by about 30kN
on average. In addition, because at 220kN it was evaluated significantly by 30kN or more, so it is
out of the range of the vertical axis in Figure 3.35. This is related to the fact that only the evaluation
of Case A at 220kN shown in Figure 3.34 deviates significantly. It is considered that one of the
factors is that the installation position of the probe was slightly deviated when the bolt axial force
of Case A was measured at 220kN. Except 200kN and 220kN, it can be evaluated with an error of
7% or less.so it is expected that the evaluation accuracy will be improved by adjusting the
installation position of the probe. In the future, a simple adjustment method for the installation

position of the probe should be considered.
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3.8. Proposal of Bolt Axial Force Evaluation Method for Bolt Oversized Hole

The bolt axial force evaluation method proposed in this chapter utilizes the deformation of the
bolt head. It was shown that the bolt axial force can be evaluated with high accuracy when the
standard bolt hole is 24.5mm. Thus, in the case of bolt with enlarged holes, the deformation of the
bolt head may be different from that in the case of standard holes. Therefore, the accuracy of the
evaluation in the case of bolt oversized holes is investigated here, and a bolt axial force evaluation
method for bolt oversized holes was proposed.

An overview of the specimens reproducing the bolt oversized holes is shown in Figure 3.36.
Table 3.5 shows the two cases considered, with bolt hole sizes r of 26.5 mm and 32 mm. It is
assumed that the effect on the displacement of the bolt head surface is small or large. The thickness
of the specimen does not affect the deformed shape of the bolt head as long as it is within the range
of tightening lengths determined according to the bolt length. In this consideration, the focus is not
on the plate thickness but on the size of the bolt hole. In order to investigate the effect of bolt head
deformation on the evaluation accuracy, the steel plates of the specimens were used in this
experiment in the unpainted mill scale condition. Bolt 1 is for the training data and Bolt 2 is for
the testing data, so that the bolts are tested with no learning history. In the case of the bolt oversized
hole, the position of the bolt is misaligned significantly. Hence, the bolt was placed in the center
of the bolt hole using the tool shown in Figure 3.37, which was fabricated by a 3D printer.

Before the experiment, the deformation of the bolt head was investigated by numerical analysis
in the case of bolt oversized holes. In order to investigate the deformation of the bolt head in the
case of a larger bolt hole, a case with a bolt hole of 32mm was analyzed. Figure 3.38 shows the
analytical model. The mesh shape is a hexahedron. To clarify the deformation of the bolt head, the
mesh size was set to 0.8mm for the bolt and washer and 8 mm for the steel. By applying forced
displacement to the bottom of the bolt shank, the tightening of the bolt was expressed. The
deformation of the bolt head was confirmed up to a bolt axial force of 220kN. Figure 3.39 shows
the deformation diagram of the analysis results at 220kN. The deformation magnification is shown
as 100 times, and it was confirmed that the bolt head deformed in the same way as in the case of a
standard hole (Figure 3.13). The shape of the bolt head when the bolt axial force is introduced is
shown in Figure 3.40 in comparison with the case of the standard hole. In actuality, displacement

in the loading direction occurs over the entire bolt head, but the displacement at both ends of the
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bolt head is always set to 0 for comparison. In the bolt axial force evaluation considering the
deformed shape of the bolt head, the influence of setting the displacements at both ends of the bolt
head always to 0 is small, because the bolt axial force is evaluated by the curvature of the probe
installation surface. It can be seen that the displacement of the bolt head surface is different from
that of the standard hole because the reaction force by the washer is not sufficiently secured due
to the large bolt hole and the steel sinks. Based on the results of the bolt head surface displacement,
the accuracy of the bolt axial force evaluation in the case of bolt oversized holes was discussed.

The method of measuring the bolt axial force, signal processing, and evaluation method are the
same as the procedure of the bolt axial force evaluation method proposed in this chapter. The probe
used is a narrow band of 10MHz. Bolt axial forces were measured every 20kN from 120kN to
220kN. At each bolt axial force level, Bolt 1 and Bolt 2 were measured 5 times each. This means
that there are 5 training data and 5 testing data for each bolt axial force level. The bolt axial forces
were evaluated by machine learning using a linear regression algorithm.

Figure 3.41 shows the results of evaluating the data for the 32mm bolt hole from the data of the
standard hole trained in 3.7. The predicted value was a larger evaluation of the bolt axial force than
the measured value. In addition, Figure 3.42 shows the result of evaluating the data of the bolt
hole 26.5mm from the data of the standard hole. Although the evaluation accuracy is not high by
any means, it was confirmed that the accuracy tends to be higher as the size of the oversized hole
is smaller. Considering Figure 3.40, it is possible that the shape of the bolt head surface has a
greater effect on the bolt axial force than the magnitude of the bolt head center displacement.

The data of 32mm bolt holes measured by Bolt 1 was used as training data, and the data of
32mm bolt holes measured by Bolt 2 was used as testing data. The results are shown in Figure
3.43. As in 3.7, the dashed line indicates the area where the error is 6%. The accuracy of the small
bolt axial force was low, but it was confirmed that the accuracy was better than 140kN. Therefore,
in the case of bolt oversized holes, it was shown that the bolt axial force could be evaluated by

using the data of the oversized holes as training data.
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3.9. Summary

This chapter proposed an axial force evaluation method for existing bolts focusing on the initial
time zone among the data measured from the bolt head by the one-probe method using ultrasonic
waves. By combining ultrasonic measurement, signal processing using P-DWT, and supervised
machine learning, a new bolt axial force evaluation method was conducted and its accuracy was

confirmed. The conclusions obtained are as follows:

1. Among the ultrasonic measurement waveform data obtained from the bolt head, the beat
waveform in the initial time zone contains information related to the bolt axial force.

2. An analytical investigation of the high strength bolts when the bolt axial force was introduced
confirmed that the effect of the bolt length on the amount of deformation of the bolt head was
small. Therefore, because the ultrasonic measurement data targets the data in the initial time
zone measured near the bolt head, it is considered that this method is not easily affected by
the bolt length

3. As aresult of applying the proposed method in this chapter to bolts of the same manufacturer
and lot, it was shown that MAPE can be evaluated at 6% or less when the bolt length of the
teacher data is the same. Because it was difficult to correct the deviation of the probe
installation position by the signal processing performed in this study, if it is different from the
bolt length of the teacher data, there is a possibility that the evaluation accuracy can be
improved by keeping the installation position of the probe constant.

4. Tt is considered that the information indicating the bolt axial force is more influenced by the
shape of the bolt head surface, which is the reflecting surface of the ultrasonic wave, than by
the displacement of bolt head center. It was shown that the bolt oversized hole could be

evaluated by using the data of the oversized hole as training data.

3-20



Generation of ultrasonic waves

Transmission within the material

Reception of

reflected wave
transmitted wave

Characteristic extraction

Evaluation

Figure 3.1 General ultrasonic measurement procedure

Monitor

==+ Signal processing
Analysis

Received data

I
]
1
I
1
1
]
1
! Pulser-Receiver
I
I
1
]
1
1
]

A/D Amplification
conversion Filtering

J

Received signal

Applicable to two probe method

Transmit/Receive
Probe

L

High voltage
Drive circuit

Figure 3.2

Pulse voltage output

Outline of ultrasonic transmission and reception (One probe method)

3-21



Figure 3.3 Ultrasonic pulser-receiver

Table 3.1 Pulser settings

Item Specifications
Pulse type Rectangle burst
Pulse voltage 50[V]
Pulse frequency 5 or 10[MHz]
Number of pulse waves |5 waves
Damping resistance 100[ QY]
Chirp ratio 100[%]
Resolution capacity 10| bit]
Sampling rate 100[MS/s]
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Figure 3.4 Rectangle burst (5 waves)
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Figure 3.5 Ultrasonic probes used in Chapter 3
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Figure 3.6 Engraved bolt head

Figure 3.7 Machine oil (Ultrasonic probe contact medium)
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Figure 3.8 State of the experiment
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Figure 3.13 Deformation when bolt axial force 220kN (Deformation magnification x30)
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Figure 3.16 Bolt axial force measuring instrument
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Figure 3.17 Results of bolt axial force calibration
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Table 3.2 Study case
Plate thickness Bolt shank length
Case
tg [mm] ts [mm] L [mm]
t22 22 22 95
t9 9 16 70
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Figure 3.19 Examination zone divided for zone extraction related to bolt axial force

Table 3.3 Study case for zone investigation related to bolt axial force

Case Probe type Bolt shank length Zone
[mm]
1
2
A 95 3
4
10MHz 5
Narrow band 1
2
B 70 3
4
5
1
SMHz i
C Wide band 95 ;1
5
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Table 3.4 Study case for bolt axial force evaluation

Case Specimen | Probe type Target bolt
A 22 10MHz M22 95mm
B 9 Narrow band | M22 70mm

5MHz
C t22 Wide band M22 95mm
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Table 3.5 Considered bolt hole size

Bolt hole diameter
Case
r [mm]
126.5 26.5
r32 32

Figure 3.37 Tool for placing the bolt in the center of the bolt hole
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Figure 3.38 Analytical model for bolt hole 32 mm

Z-axis displacement

[m]
+1.286e-05
+1.752e-06
-5.785e-06
-1.332e-05
-2.086e-05
-2.840e-05
-3.593e-05
-4.347e-05
-5.101e-05
-5.854e-05
-6.608e-05
-7.362e-05
-8.115e-05
-8.869e-05
-3.800e-04

Figure 3.39 Deformation when bolt axial force 220kN (Deformation magnification X 100)
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Chapter 4

Evaluation of Faying Surface Contact Condition
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4.1.0verview

The study of faying surface contact states has a long history, and it is a field that has been studied
since the time of Leonardo Da Vinci (1452-1519) [1]. Based on Da Vinci's research, Amontons
and Coulomb further developed the technology. They proposed Amonton-Coulomb's law [2],
which clearly states that "The force of friction is independent of the apparent area of contact.” The

apparent area of contact is given by
Wy (4-1)

A =2

where W, is the vertical force and Py is the average yield pressure. As shown in Figure 4.1, the
real contact area, which is the total area of the real contact points, is proportional to the load W,
and does not depend on the apparent contact area, and the total adhesion force is proportional to
the real contact area, which means that Amonton-Coulomb's law is valid. However, Rubinstein et
al. [3-4] reported that, as a result of macroscopic investigation of object slipping, it was confirmed
that a large number of small slips occurred up to the slip resistance R, (Figure 4.2). Based on their
research, some reports have suggested that there are exceptions to Amonton-Coulomb's law [5].
Therefore, it is considered that local slipping occurs repeatedly up to the static friction force, and
the faying surface is scraped by wear each time. The protruding part of the faying surface
repeatedly deforms elastically to form a real contact point [6]. Considering this fact, the inorganic
zinc-rich paints commonly applied to bolted joints in recent years have increased the number of
uncertain parameters. In the case of a bolted joint where the faying surface is coated with a paint
such as inorganic zinc-rich paint, the paint is scraped off by a load smaller than the slip resistance.
In other words, the faying surface contact condition is always changing at the load level where no
slip occurs. Under such conditions, various phenomena occur in the bolted joints, and it is
considered that the structural performance of bolted joints may be unclear, and the importance of
accurately evaluating the faying surface contact condition is increasing. Therefore, it is very
important to evaluate the faying surface contact condition of bolts in existing joints coated with
inorganic zinc-rich paint.

The faying surface contact condition due to bolt tightening in Chapter 2 was clarified
analytically. Therefore, in this chapter, it was investigated whether the condition of the analysis

actually occurs. In the case of a plate coated with inorganic zinc-rich paint, the faying surface
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contact condition may be different from that of an uncoated plate due to the peeling of the paint.
In such a situation, the distribution of contact pressure was confirmed by scanning the ultrasonic
probe on the plate surface in a bolted joint coated with inorganic zinc-rich paint. Furthermore,
Minami et al. [7] pointed out that the coating thickness of inorganic zinc-rich paint affects the slip
coefficient. Hence, specimens with different coating thickness on backside of steel plate and bolted
joint faying surfaces were used, and data for each coating thickness was obtained. These data were

fed into machine learning to quantitatively evaluate the coating thickness.

4.2. Reproduction of Actual Faying Surface Contact Condition by Analysis

In Chapter 2, the faying surface contact condition of the 1 by 2 bolt joint was confirmed when
the bolt was tightened. The analysis revealed that the distribution of contact pressure was
concentrated just below the washer. It was confirmed that the contact pressure spread
concentrically around the bolt, and the contact pressure at the edge was completely zero. A weak
contact pressure was confirmed by overlapping two small contact pressures between the bolts. The
bolt pitch p is limited by

p =12t (4-2)
A maximum bolt pitch of 144mm is possible when the 12mm splice plate used in this study is the
target. Therefore, the faying surface contact condition for the case of long bolt pitch was
investigated and compared with the case of short bolt pitch again.

The analytical model is shown in Figure 4.3. 205kN bolt axial force was introduced for all bolts.
Only the top face of the base plate was fixed. The symmetry condition was set for the nut side. In
this analysis, a slip coefficient of 0.6, which is the average value of a large number of experiments
conducted in [8-9], was set as the slip coefficient. However, since the analysis was conducted
without tensile or compressive loading, the slip coefficient is not considered to have a significant
effect. The mechanical properties and plate thickness configuration were set to be the same as in
the analysis of Chapter 2. The mesh was set to be an 8-node solid element (hexahedron) with a
size of 2mm, since more detailed contact pressure and stress distributions were to be investigated
in this analysis. No load was applied, and only the bolt axial force was introduced in the numerical

analysis.
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The distribution of contact pressure at the faying surface of the base plate obtained from the
analysis is shown in Figure 4.4. The range of low contact pressure, below 10MPa, was indicated
by black scale. A large contact pressure is observed just below the washer, and the pressure spreads
in concentric circles around the bolt, but the damping rate is large. The stress distribution in the
longitudinal direction of the splice plate is shown in Figure 4.5. For the case with short bolt pitch,
the stress at the center between bolts is large, and for the case with long bolt pitch, it can be
confirmed that the stress spreads greatly in the x-axis direction between bolts. In other words, when
several bolts are arranged in a bolted joint, the force between the bolts is considered to be acting
in the direction that the splice plate is separated from the base plate. This phenomenon can be seen
in the deformation diagram in Figure 4.6. The distances between the base plate and the splice plate
between the bolts were confirmed when a bolt axial force of 205kN was introduced to the two
bolts. In the case of the bolt pitch of 75mm, the distance was 57.69um, and in the case of the bolt
pitch of 144mm, it was 5081.66um. Since the coating thickness of inorganic zinc-rich paint is
usually 75um, it is possible that the base plate and the splice plate are far apart when the bolt pitch

is long.

4.3. Effect of Actual Faying Surface Contact Condition on the Structural

Performance of Bolted Joints

In the analysis of bolt axial force introduction only, it was confirmed that most of the friction
forces in the bolted joint acted directly under the washer. In the conventional analysis of bolted
joints, a uniform slip coefficient is often set for the faying surface. However, it is not clear how
the slip resistance of bolted joints is affected when the slip coefficient may vary with the contact
pressure distribution. Therefore, the difference between the structural performance evaluated when
the slip coefficient is set to match the distribution of the analytical results and the structural
performance evaluated when the slip coefficient is set to be constant for all faying surfaces is
clarified.

Figure 4.7 shows the cases that were compared. The case where all faying surfaces are set to

0.6, which is the conventional method, is designated as Case 1. The case where the contact pressure
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is set to u = 0.6 for areas where the contact pressure is larger than OPa, and u = 0 for areas where
the contact pressure was OPa is called Case 2. In addition, Case 3 is the case in which the slip
coefficient is divided into three types based on the contact pressure distribution. Case 3 is that u =
0.6 is directly under the washer, i.e., the same as the size of the washer. u = 0.4 is the area where
the contact pressure is greater than OPa, and = 0 is the area where the contact pressure was OPa.
The analytical model with a bolt pitch of 75mm shown in Figure 4.3 was used. The bottom of the
splice plate was changed to the fixed side, and a tensile load was introduced at the top of the base
plate.

The load at which the relative displacement between the base plate and the splice plate is 0.2mm
was compared as the slip resistance. The results of the analysis are shown in Figure 4.8. According
to Figure 4.8, it was confirmed that the slip resistance of Case 1 and Case 2 were approximately
the same. In other words, it can be said that only the area where the contact pressure around the
bottom of the washer is applied is important in evaluating the slip resistance. In Case 3, it was
confirmed that the slip resistance was significantly reduced. Therefore, it is clear that slip
coefficient for the area with contact pressure governs slip resistance. In the current regulations [10],
the entire faying surface is defined by a constant slip coefficient. In addition, most of the studies
are based on it for experiments and analyses. However, the results of the analysis in this study
revealed that the contact pressure spreads concentrically around the bolt. Based on the results of
this analysis, the case where inorganic zinc-rich paint is applied is considered. The faying surface
coated with inorganic zinc-rich paint is subjected to contact pressure, which causes it to peel and
crumble. As a result, it can be said that the slip coefficient is not constant because the faying surface
condition changes. Therefore, if research is conducted to evaluate the structural performance of
bolted joints with high accuracy, it is considered important to define the slip coefficient for each
contact pressure distribution. In addition, by considering the distribution of contact pressure, there
is a possibility of clarifying the process of load transfer in bolted joints under various conditions.
Identification of contact pressure distribution is important for structural performance of bolted
joints. Therefore, in this chapter, the method to evaluate the distribution of contact pressure was

considered.
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4.4. Evaluation of Contact Pressure for Different Bolt Axial Force Level

Up to the above, the faying surface contact condition was confirmed analytically. As a result of
the analysis, it was confirmed that when the bolt axial force was introduced into the bolt joint, the
force acted in the direction of peeling of the plates between the bolts. It was also confirmed that
most of the frictional force of the bolted joint was borne around the washer. Identification of
contact pressure distribution is important for structural performance of bolted joints. Thus, it is
necessary to establish a method to evaluate the distribution of contact pressure. Therefore, in this
chapter, an experiment was conducted to evaluate the contact pressure according to the bolt axial
force level, focusing on the space between bolts in a bolted joint. It is believed that the higher the
adhesion of the interface, the higher the transmittance of the ultrasonic wave and the higher the
power of the received wave [10-11]. Then, considering the results of the analysis in this study, the
theory of ultrasonic characteristics is as shown in Figure 4.9 for the two-probe method. If the bolt
axial force is large, the Intensity of the received wave signal will be weak or zero because the plate
between the bolts will be less adherent. On the other hand, when the bolt axial force is small, the
plate between the bolts has a high degree of adhesion, so the ultrasonic transmission is high, and a

signal with a large Intensity is received. Based on this law, experiments were conducted.

4.4.1. Specimen and Measurement Method

When the faying surface is coated with inorganic zinc-rich paint, there are many uncertain
parameters such as roughness and coating thickness, which may prevent the accurate measurement
of contact pressure. Thus, the unpainted mill scale specimen was used in this experiment. An
overview of the specimen is shown in Figure 4.10. Based on the results of the analysis, the
specimen was modeled with a bolt pitch that can easily reproduce plate to plate delamination
between bolts. The ultrasound equipment used was the same as the one used in Chapter 3. Both
the transmitter and receiver were 10MHz ultrasonic probes. The transmitting ultrasonic waves
were set as shown in Table 4.1.

In order to accurately control the bolt axial force, the relationship between the strain value of
the strain gauges and the bolt axial force was calculated in advance using an axial force gauge [12].
Calibration of the bolt axial force was performed for all the bolts used. Since the total plate

thickness of the specimen used in this experiment was 64 mm, the bolts used in this experiment
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had a neck length of 100mm. The results of the bolt axial force calibration are shown in Figure
4.11. The mechanical properties and torque coefficient values of the bolts used (F10T M22) are
shown in Table 4.2. The bolt axial force was introduced at a pitch of 20kN from 120kN to 220kN.
A torque wrench was used to tighten the bolts, referring to the values of the strain gauges. Five
measurements were conducted at each bolt axial force level. Two probes were placed between the
two plates between the bolts and the measurements were conducted using the two-probe method.
In order to conduct the measurement under the same conditions, a technique was devised to keep
the force of the probe constant. It is possible that the pushing force of the ultrasonic probe affects
the Intensity of the received signal. For this reason, it is necessary to keep the force of the ultrasonic
probe constant during the measurement. To keep this in mind, we devised a method to keep the
force of the probe constant in order to conduct the measurement under the same conditions. A
spring-loaded jig made by a 3D printer, as shown in Figure 4.12, was used to keep the force of the
probe constant. Machine oil was used as the contact medium between the probe and the plate, and

a certain amount was applied to the bottom of the probe using a dropper.

4.4.2. Evaluation of Contact Pressure by Intensity of Received Wave and Frequency Level

The raw waveform data measured at each bolt axial force level is shown in Figure 4.13. These
raw waveform data are the average of five measurements. The frequency bands are shown in
Figure 4.14. These data were normalized by the value of the largest received signal. Therefore,
the Intensity of the signal indicates the magnitude of the contact pressure. No linear variation with
bolt axial force level was observed. Hence, it was difficult to prove the theory of ultrasonic
characteristics described above from the two figures. According to the results, transmission waves
could not be received when the bolt axial force was 0 kN. Therefore, it is presumed that the plates
are close to non-contacting each other. However, it is considered difficult to evaluate the contact
pressure quantitatively in the case of the mill scale specimens, where the steel has no coating.
Since the frequency bands are almost the same for all bolt axial forces and no signal can be
identified at the frequency of multiples, it is considered that no harmonics [13-14] are generated.
Harmonics are said to be generated at the interface between steels. If the adhesion between steels
is strong, the two steels are completely integrated and the same frequency will reach the receiver.

If the adhesion between the steels is weak, the longitudinal vibrations of the ultrasonic waves cause
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the steels to slightly separate and stick together, and the frequency at the interface is said to change

by an integer factor. This is the mechanism of harmonic generation.

4.5. Evaluation of Contact Pressure Distribution on Faying Surface

It was confirmed that it is difficult to evaluate the contact pressure in the bolted joints with mill
scale using the above measurement method. However, the faying surface contact condition may
be different for bolted joints coated with inorganic zinc-rich paint. The inorganic zinc-rich paint is
usually 75um thick. When inorganic zinc-rich paint is subjected to pressure by tightening bolts,
the coating thickness could change in response to the contact pressure. In this chapter, the
distribution of contact pressure on bolted joints coated with inorganic zinc-rich paint is

experimentally evaluated. The specimen used and the measurement methods are described below.

4.5.1. Specimen and Measurement Method

In order to experimentally clarify the distribution of contact pressure magnitude and contact
pressure, a specimen (Figure 4.15) was prepared with a bolt axial force of 205kN, the design bolt
axial force, introduced. The bolt axial force was accurately introduced by strain gauge control.
Figure 4.16 shows the points to be measured and the measurement method. The measurement
method was a two-probe method, in which ultrasonic probes were placed on the front and back of
the plate, and separate probes were used for transmission and reception. There are 13 measurement
points as shown in Figure 4.16. In order to reduce the variation of the measurement data, each
point was measured 3 times. A 5 MHz broadband probe was used for transmission, and a 10MHz
broadband probe was used for reception. The frequency characteristics of each are shown in
Figure 4.17 and Figure 4.18. The reason why the receiving side was set to high frequency was to
consider the possibility of harmonics [13-14] being generated at the interface of the plates. The

ultrasonic characteristics are the same as in Table 4.1.

4.5.2. Evaluation of Contact Pressure Distribution on Faying Surface
In this investigation, the Intensity of the received ultrasonic signal is important. When the two-

probe method using ultrasonic waves is applied, the law of Figure 4.19 devised by the author is
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expected. When the plates are not in contact with each other, ultrasonic waves can be transmitted
between the steels as the inorganic zinc-rich paint is extruded and hardened, but the Intensity is
low. When the plates are in contact with each other, a large intensity is observed. Therefore, the
higher the contact pressure, the higher the Intensity.

Thus, the raw waveform data measured at each measurement point is shown in Figure 4.20.
These raw waveform data are the average of the data obtained from three measurements. Overall,
P1, the one with the shorter edge distance, had the highest Intensity. This experiment is evaluated
based on the law of Figure 4.19. Therefore, it can be said that the contact pressure of P1 is high.
In PS5, P6, and P7, which have longer edge distances on the opposite side, we can see that the
Intensity gradually weakens toward the edge. Similarly, P11, P12, and P13 showed a gradual
decrease in Intensity toward the outside, and no transmitted waves were received for P8, P9, and
P10 except for P8. In other words, inorganic zinc-rich paint is flowing into the material due to the
low contact pressure. There was almost no difference in the magnitude of Intensity between the
bolts P2, P3 and P4. The Intensity is also similar to P5 and P11. When the faying surface was
coated with inorganic zinc-rich paint, no contact was suggested between the bolts, except for P1,
where the outermost bolts, P7, P10 and P13, had an Intensity of 0, indicating no contact. The reason
for the large P1 may be the short edge distance. The fact that the outer contact pressure was OPa
suggests that the numerical analysis conducted in Chapter 2 and this chapter was approximately
accurate. However, no contact was observed between the bolts, indicating that the bolt pitch of
75mm was not completely non-contact. It is also possible that the plates between the bolts became
in contact due to the crushing of the coating under the washers. It is conceivable that, contrary to
expectations, the slip resistance may have increased. This is truly an uncertain influential
parameter. Therefore, it is considered very important to evaluate the structural performance of
inorganic zinc-rich paint when it is applied. Figure 4.21 shows the two-dimensional contours of
contact pressure created based on the raw waveform in Figure 4.20. The magnitude and damping
of the contact pressure are also almost the same as the results of the analysis. Due to the small
number of measurement points, the figure is angular, but the distribution of contact pressure is
almost the same as the analysis. Hence, the possibility of understanding the faying surface contact

condition by ultrasonic measurement was demonstrated.
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4.6. Evaluation of Inorganic Zinc-Rich Paint Thickness on Backside of Steel

Plate and Faying Surface

The contact pressure distribution of bolted joints coated with inorganic zinc-rich paint can be
evaluated by the above experiment, and it is confirmed that Base plate and Splice plate are in
contact between bolts when the bolt pitch is 75Smm. In the case of contact between inorganic zinc-
rich paints, the coating thickness is one of the factors that affect the slip coefficient of bolted joints.

In this section, an attempt was made to evaluate the coating thickness on faying surfaces, which is assumed

to influence the slip coefficient. This study was based on related research on coating thickness measurement.

4.6.1. Relationship Between Coating Thickness on the Faying Surface and the Slip Coefficient and Related
Research on the Coating Thickness Measurement

In the current Japanese design standards for steel roadway bridges [15], the design slip
coefficient of a bolted joint is determined by the faying surface treatment during construction, and
if the faying surface is coated with inorganic zinc-rich paint, the slip coefficient is 0.45 regardless
of the coating thickness. However, it has been reported that the slip coefficient depends on the
coating thickness of the faying surface [7, 16], and the ISO design standard specifies [17] the slip
coefficient depending on the coating thickness of inorganic zinc-rich paint. The specification for
road bridges sets the slip coefficient at 0.45 for coating thicknesses of 50 pm or more, and some
standards suggest a slip coefficient of 0.6 for coating thicknesses of 60 um or more. On the other
hand, it has also been observed that the slip coefficient decreases if the coating thickness is too
large. Thus, there is a need for a method to accurately determine the coating thickness of bolts in
existing joints.

The coating thickness of the inorganic zinc-rich paint coated on bolted joints is said to decrease
with age and slipping due to earthquakes. The authors [18] conducted a slip resistance test on
bolted joint specimens with inorganic zinc-rich paint coated on the faying surface, and found that
the paint thickness decreased after the test. In addition, Ishihara et al. [19] reported the variation
of the slip coefficient when repeated slip occurred in the bolted joint, assuming actual earthquake
damage, and experimentally clarified that the slip coefficient changed with each slip.

As described above, it is said that the slip coefficient differs depending on the coating thickness

of the faying surface in bolts in existing joints. However, since the coating on the faying surface
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is on the back side of the steel, it is difficult to evaluate the coating thickness accurately without
dismantling the bolted joint, and the evaluation method has not yet been established. Coating
thickness measurements are generally made on surface coatings, and techniques have been
developed to measure coating thickness using spectral interference [20], electromagnets [21], eddy
currents [22], infrared [23], and ultrasonic waves [24]. Contact-type electromagnetic thickness
gauges have been developed for measuring the thickness of dried and solidified coatings, including
inorganic zinc-rich paints, and are often used to measure the thickness of magnetic materials such
as bolted joints.

Thus, conventional coating thickness evaluation is based on formulas using correlations
between light interference intensity, electric current, etc. and coating thickness, mainly for the
purpose of measuring surface coating thickness. However, none of them can be applied to the
measurement of the faying surface coating thickness on the backside of steel plate.

Studies have been conducted to evaluate the coating thickness on the backside of a steel plate.
Tohmyou et al. [25-29] conducted ultrasonic measurements from the surface of steel plates to
evaluate the coating thickness of steel plates and other materials with bag structures for industrial
products. There, acoustic resonance phenomenon was used and a method was proposed to evaluate
the coating thickness on backside of the steel plate. At frequencies of several 10 MHz,
measurement of coating thicknesses below 100 um, which is equivalent to the wavelength,
becomes difficult due to superposition of reflected waves. Thus, the use of high-frequency
ultrasonic waves of 100 MHz suppresses the superposition of reflected waves and enables the
evaluation of coating thicknesses of several 10 um. In this study, the evaluation of coating
thickness is attempted by considering the superposition of reflected waves that occur at coating
thicknesses of 100 pum or less, since the study is conducted using a 10 MHz ultrasonic probe, which
is commonly used. Recently, studies have been conducted to evaluate the features of measured
waveforms by learning them as training data and using machine learning [30]. It is possible that
not only the coating thickness on the backside of a steel plate but also the coating thickness on the
bolted joint faying surface can be evaluated. By superposition of reflected waves, the waveform
shape during the time period including the reflected waves from the bolted joint faying surface
changes with coating thickness, which is learned and analyzed by machine learning.

In machine learning, evaluation with random forests, which are easier to implement than other

classifiers such as NNs or SVMs and have features that reduce overfitting, is considered.
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While Tohmyou et al. were able to evaluate the coating thickness on the backside of a single
steel plate using 100 MHz ultrasonic waves, this study uses the more common 10 MHz ultrasonic
waves to evaluate the coating thickness on backside of steel plate and bolted joint faying surfaces.
Hence, an ultrasonic measurement method for coating thickness on the backside of steel plates and
bolted joint faying surfaces is established by applying machine learning. First, the coating
thickness on the backside of steel plate is evaluated. Next, an attempt is made to evaluate the
coating thickness on the faying surface of two plates, such as bolted joints, using the same method

as that used for the evaluation of the coating thickness on the backside of steel plates.

4.6.2. Overview of each interface of bolted joints and ultrasonic measurements

In a two-media transmission system, when an ultrasonic wave is vertically incident on a certain
medium 1 and transmitted to medium 2, the transmission coefficient t;, and reflection coefficient
11 of the sound pressure at the interface between medium 1 and medium 2 are determined by the

acoustic impedance Z of each medium and can be expressed as follows [31].

b= 2 (4-3)
2=z +7,

- Zy— 12y (4-4)
2Tz, 47,

In this study, the double-plate coated with inorganic zinc-rich paint are connected to each other
and ultrasonic waves are injected from one surface (Figure 4.22). In general, the acoustic
impedance of steel is 46 and that of air is very small, 0.0004. In addition, the acoustic impedance
of the inorganic zinc-rich paint used in this study is 6.55. Hence, the transmission coefficient of
sound pressure from inorganic zinc-rich paint to steel is about 1.75 times, and that from steel to
inorganic zinc-rich paint is about 0.25 times. If the interface is air, the wave is reflected with the
same sound pressure as the incident wave.

Therefore, the ultrasonic wave transmitted through the interface 2 and reflected at the interface
3 with the sound pressure about 1.31 times larger than that of the ultrasonic wave at the incident.
However, the ultrasonic wave with a sound pressure about 0.44 times larger than that of the
incident ultrasonic wave is considered to reach the faying surface, which is interface 4. The
interface 4 is the contact between the coating films. The surface of the inorganic zinc-rich paint is
unevenness [18], and according to tribology [32], a field concerned with friction, wear, and
lubrication, the contact condition may be as shown in Figure 4.23. This figure shows that the true
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contact area is sufficiently smaller than the apparent contact area. In general, the true contact area
depends on the load, but the sum of the true contact areas is only a few hundred thousandths to a
few hundredths of the apparent contact area. Therefore, at interface 4, the proportion of air is large,
and most of the ultrasonic waves are reflected and received as reflected signals.

The coating to be measured in this study is the coating on backside of a single steel plate and
the coating on the measurement side of the faying surface of two plates, which is assumed to be a
bolted joint, and will be referred to as the target coating in this study. Figures 4.24 and Figures
4.22 show images of ultrasonic measurements on one and two plates, where ultrasonic
measurements are conducted using the single probe method, where transmission and reception are
conducted with a single probe. Interface 1 is the measurement surface, interface 2 is the interface
between the measurement surface coating and the steel plate, and interface 3 is the interface
between the steel plate and the target coating. Interface 4 is the backside surface in the case of a
single plate or the faying surface in the case of two plates.

In this study, an ultrasonic pulser receiver is used to output high-voltage pulses and transmit and
receive longitudinal ultrasound waves with a 14 mm diameter 10 MHz ultrasonic vertical probe
(PN 10C10N, Japan Probe). The settings of the ultrasonic pulser receiver are shown in Table 4.3.
Also, no filtering process was performed in the ultrasonic pulser receiver, and the raw waveform
data was acquired as it was. A certain amount of machine oil was applied to the probe contact point
using a dropper as the probe contact medium. To constant the pushing force of the probe, a 1 kg
weight was placed on top of the probe as shown in Figure 4.25. Measurements were made after
waiting for about 5 seconds per measurement for the probe to settle. The gain was kept constant

for all measurements.

4.6.3. Effects of superimposed reflected waves on the target waveform

In order to evaluate the target coating thickness, this study focuses on a group of reflected
waves generated during a time period when ultrasonic waves make a single round trip to the steel
plate on the measurement side. In this paper, this group of reflected waves is called the target
waveform. The use of general 10 MHz ultrasonic waves may result in the superposition of reflected
waves that are difficult to separate from the target waveform. An example of superposition of
reflected waves that can be expected to be superimposed on the target waveform is shown in

Figure 4.26. It is also possible that the information on target coating thickness might be buried by
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the superposition of reflected waves, as shown in Figure 4.27, due to multiple reflections between
each interface. Therefore, preliminary experiments were conducted on two steel plates to clarify
the effect of each interface on the target waveform based on the reflection wave assumed in Figure
4.26. The same steel plate was used for the measurement side in the preliminary experiments, with

a thickness of 28 mm.

a). Influence of the measurement surface coating on the target waveform

To clarify the effect of the target coating on the target waveform, ultrasonic measurements
were performed on a single plate with (Figure 4.24) and without (Figure 4.28) target coating on
the measurement surface, and the target waveforms with and without target coatings are shown
in Figure 4.29 for comparison. When there is a coating on the measurement surface, the
amplitude is significantly reduced. It is considered that the transmitted and received waves
penetrate the interface 2 twice, resulting in attenuation of the energy. The waveform shape is
relatively stable when there is no coating on the measurement surface, whereas when there is a
coating on the measurement surface, the wavelength collapses and an interference reaction can
be observed in the vicinity of approximately 10 ps. This can be assumed to be due to the multiple
reflections at interface 1 and interface 2 shown in Figure 4.26. If there is a coating on the
measurement surface, the waveform shape changes according to the target coating thickness,
which could affect the target coating thickness evaluation. Therefore, in this study, the coating

on the measurement surface is removed.

b). Influence of the target coating on the target waveform
To confirm that the shape of the target waveform changes with target coating thickness,
ultrasonic measurements were performed on a single plate as shown in Figure 4.28 with target
coating and Figure 4.30 without target coating, and the target waveforms are compared in
Figure 4.31. The amplitude is lower when there is a target coating. The rise time of the reflected

wave is the same, suggesting that both waves are first reflected at interface 3.

c¢). Influence of plates being joined to each other
Measurements were taken with a single plate as shown in Figure 4.28 and with two plates as

shown in Figure 4.32 to confirm the effect of the plates being joined together. two plates were
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joined using F10T M22 high-strength bolts, tightened with an axial bolt force of 205 kN. Figure
4.33 compares the target waveforms measured with one and two plates. Ultrasonic waves
transmitted through interface 3 are almost totally reflected at interface 4 in the case of a single
plate, but in the case of two plates, some ultrasonic waves are transmitted through interface 4
according to the contact pressure distribution, and a decrease in amplitude can be observed. When
transmitted through the faying surface, the superposition of reflected waves from the interface 5
may be superposed on the target waveform, but there is almost no change in wavelength or
waveform shape, and the two waveform shapes are similar. This suggests that if the two plates are
joined, the transmittance at interface 4 may be small. However, the effect of contact pressure on

the target waveform should be investigated in the future.

4.6.4. Outline of specimens for evaluation of coating thickness

To evaluate the coating thickness on the backside of steel plate and on the faying surface,
ultrasonic measurements are conducted on a single plate and on two plates. To evaluate the
backside of steel plate, steel plates with different coating thicknesses were used only between the
bolts on the backside, as shown in Figure 4.34. To evaluate the faying surface coating thickness,
steel plates with two bolt holes were used and specimens were fabricated with a combination of
two different plate thicknesses, 28 mm and 16 mm. Figure 4.35 shows an overview of the two
plates specimen. Five different coating thicknesses were applied between the bolts on the faying
surface, since the distance between the bolts was used as the measurement position. The steel
plates used for the specimens were coated with approximately 80 um inorganic zinc-rich paint
over the entire surface of the steel plates with the mill scale removed. Case A has a coating
thickness of 80 um. Except for Case A, the coating thicknesses in the order of Case B, C, D, and
E were 60, 40, 20, and 0 um, respectively, and the thicknesses were gradually reduced using
sandpaper while checking with an electromagnetic coating thickness meter (Figure 4.36). The
maximum error of coating thickness within and around the black frame in Figure 4.34 should not
exceed 20 um. Before measuring the specimens, the coating thickness was again measured at the
five locations shown in Figure 4.37 in the range where the coating thickness was adjusted using
an electromagnetic coating thickness meter. Figure 4.38 and Figure 4.39 show the coating
thicknesses at the five locations measured from a steel plate 28 mm and 16 mm thick, respectively.

The five values in each case are the values at measurement positions 1 to 5 from the left,
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corresponding to the measurement positions in Figure 4.37. The dashed lines indicate the targeted
coating thickness when the coating was removed. The five objective variables for machine learning
were 80, 60, 40, 20, and 0 um. For the steel plate surface, only the coating on the measurement
surface was completely removed to eliminate the influence of the coating on the measurement
surface. The two plates specimens were made up of two different thicknesses of the same coating
thickness, and were joined to each other by tightening F10T M22 high-strength bolts with bolt

axial force of 205 kN. The mechanical properties of the specimens are shown in Table 4.4.

4.6.5. Overview of machine learning for coating thickness evaluation

For target coating thickness evaluation, the “RandomForestClassifier” of the
“sklearn.ensemble” library in Python 3.7.6 was used. In order to establish a simple method, the
number of decision trees is 100 and the decision trees are split using the measure of impurity,
which is calculated as the Gini coefficient. This divides the child nodes so that the difference
between the impurity of the parent and child nodes is maximised. The minimum number of samples
required to form a leaf was set to 1, and other parameters were set to default. Since the results of
the evaluation by the random forest [33, 34] are different each time, the evaluation is repeated 100
times and the probability of the value predicted by each testing data is calculated.

For the construction of classification models, evaluating the application of deep learning based
on one-dimensional convolutional neural networks (IDCNN) etc. [35] can be considered as an
effective means, but the number of training samples is limited in this study, and one-dimensional
data such as time history waveforms are difficult to expand, so there is a possibility that overfitting
could occur. Therefore, the application of a random forest was attempted in this evaluation method.

The k-fold cross-validation [36, 37] is carried out by dividing all the acquired ultrasound
measurement data into k pieces, one of which is the testing data and the remaining k-1 pieces are
the training data. During data partitioning, the data are randomly assembled and evaluated using a
random forest. By calculating the average accuracy, which is the average of k evaluations, it is

confirmed that this method is not overfitting and that it is versatile.

4.6.6. Evaluation of coating thickness on the backside of steel plate
In this study, the target coating thickness is evaluated from the waveform shape using machine

learning without separating the multiple reflected waves in the target waveform. For this purpose,
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ultrasonic measurements were conducted on specimens with different target coating thicknesses,
and the acquired ultrasonic measurement data were divided into training data and testing data.

The five objective variables for machine learning were 80, 60, 40, 20 and 0 pm. For the steel
plate surface, the coating on the measurement surface was completely removed only at the
measurement position in order to remove the influence of the coating on the measurement surface.
A total of 10 specimens were used, with two different plate thicknesses and five different coating
thicknesses.

Ultrasonic measurements were conducted on five specimens each of a 28 mm steel plate and
a 16 mm steel plate as shown in Figure 4.28, each at five measurement points as shown in Figure
4.37. In other words, 25 ultrasonic measurement data were obtained from each of the 28 mm and
16 mm steel plates. The normalized target waveforms acquired from the 28 mm and 16 mm steel
plates are compared for each case in Figure 4.40. Here, the ultrasonic measurement data measured
at measurement position 3 are compared, showing the waveforms in the state to be applied to
machine learning.

A comparison between a 28 mm steel plate and a 16 mm steel plate shows that the wavelengths
are almost identical between 1.5 pus. Comparison of the cases shows that in each case there is an
interference response in the waveform at about 0.5 ps, and that the shape is different in each case.
These waveforms were applied to machine learning to evaluate the coating thickness on the
backside of steel plate, and cross-validation confirmed the accuracy of the evaluation method
considered in this study.

First, 25 reflection signals acquired from a 28 mm steel plate were used as training data and
25 reflection signals acquired from a 16 mm steel plate were used as testing data for evaluation
using a random forest. The evaluation was repeated 100 times and the probabilities of the values
predicted by each testing data are shown in Table 4.5. It was observed that the higher the backside
of steel plate coating thickness, the higher the percentage of correct responses. The probability of
the value being evaluated as 0 um tended to be higher when the coating thickness on the backside
of steel plate was less than 40 pm. The reason for this is thought to be that, under 40 um, interface
3 and interface 4 are extremely close to each other and the time difference between the generation
of each reflected wave becomes small, making it difficult for changes to appear as a waveform
shape. In the Specifications for Highway Bridges, the coating thickness that ensures a slip

coefficient of 0.45 is 50 um, so the evaluation accuracy over 50 um, which is important in practice,
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is considered to have the potential to be sufficiently accurate. Furthermore, the fact that steel plates
of different thicknesses are evaluated as testing data suggests the possibility of using steel plates
of any thickness to obtain coating thickness training data, which could be applied irrespective of
plate thickness.

Next, k-fold cross-validation was conducted by dividing the 50 acquired ultrasonic
measurement data into 10 parts. k-fold cross-validation results showed an average accuracy of 0.82

for the single plate specimens used in this study.

4.6.7. Evaluation of coating thickness on faying surface

The 25 data measured from the 28 mm steel plates of each specimen were used as training data,
and the 25 data measured from the 16 mm steel plates of each specimen were used as testing data
for evaluation using random forests.

The normalized target waveforms for evaluation obtained from a 28 mm steel plate and a 16
mm steel plate are compared for each case in Figure 4.41. Here the ultrasonic measurement data
measured at measurement position 3 are compared, showing the waveforms in the state to be
applied to machine learning.

The evaluation by random forest was repeated 100 times, and the probabilities of the values
predicted by each testing data are shown in Table 4.6. we observed that for values over 40 um
there was an accuracy rate of over 80 %. For all coating thicknesses, the maximum error in the
predicted value was 20 um, which is different by one step, and no error of more than two steps
occurred. The time difference between the generation of each reflected wave is small at 20 pm or
less because the interface 3 and 4 are extremely close, and it is difficult to see changes in the
waveform shape, which may be the reason for the low accuracy. 40 pm, as shown in Figure 4.41,
the characteristics of the interference were greatly expressed at around 0.5 ps, which may be the
reason for the high accuracy of the evaluation. This is considered to be the reason for the high
accuracy of the evaluation.

Furthermore, k-fold cross-validation was applied by dividing the 50 acquired ultrasonic
measurement data into 10 parts. k-fold cross-validation results showed an average accuracy of 0.84
for the specimens used in this study. A possible reason for the improved accuracy compared to the

evaluation of the coating thickness on the backside of a single steel plate is that the narrower range
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of measurement positions results in a smaller variation of the coating thickness on the faying

surfaces.

4.7. Summary

In this chapter, the quantitative evaluation of the distribution of contact pressure and the coating
thickness of inorganic zinc-rich paint was considered in order to evaluate the faying surface contact
condition, which is uncertain influential parameters in bolted joints. The slip coefficient acting on
the faying surface should be considered based on the distribution of the contact pressure. In the
case of a bolted joint where a bolt axial force of 205kN was introduced, it was confirmed that the
slip coefficient according to the distribution of contact pressure governed the slip resistance. If slip
coefficients can have variation with contact pressure, slip resistance will be affected by such effect.
Identification of contact pressure distribution is important for structural performance of bolted
joints. Therefore, there is a need to establish a method to evaluate the distribution of contact
pressure. The importance of evaluating the faying surface contact condition was confirmed.

The contact pressure of the bolted joint was evaluated according to the level of bolt axial force.
The evaluation of unpainted bolted joints was difficult. However, when the surface is coated with
inorganic zinc-rich paint, the conditions for ultrasonic measurement are different because the
inorganic zinc-rich paint flows into the area with low contact pressure. The signal transmitted
through the faying surface was investigated by the two-probe method using ultrasonic waves. As
a result, a large signal was observed around the bolt, while no contact was observed in other. The
results of the analysis and the experiment were in almost same, indicating that there may be a
correlative relationship between the intensity of the steel adhesion and the transmitted ultrasonic
waves. In addition, it was found that the distribution of contact pressure could be evaluated.

The determination of the slip coefficient of a bolted joint is determined by the faying surface
contact condition. Therefore, in this chapter, a method is developed to evaluate coating thickness
of high-strength bolted joint faying surfaces coated with inorganic zinc-rich paints by ultrasonic
measurement with the application of machine learning. Measurements were conducted on
specimens with five different coating thicknesses reproduced in the experiment. The ultrasonic

measurement from the steel plate surface focused on a group of reflected waves generated during
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the time when the ultrasonic waves make a single round trip on the measurement side of a single
plate, and machine learning with random forests was applied to evaluate the coating thickness on
the backside of steel plate and the faying surface.

When 10 MHz ultrasonic waves are used to evaluate target coating thickness, the larger the
coating thickness, the higher the evaluation accuracy tends to be, and for coating thicknesses of 20
um or less, changes in waveform shape are unlikely to be apparent. In addition, the evaluation
method studied in this study has the potential to be applied regardless of the plate thickness of
bolted joints by acquiring coating thickness training data using steel plates of arbitrary thickness.

In order to construct a simpler method for evaluating coating thickness, an ultrasonic
measurement method that applies machine learning based on the shape of the raw waveforms was
attempted. However, further improvement of the accuracy requires the extraction of characteristic

signals by signal processing.
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Figure 4.3 Bolt tightening analysis model
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Figure 4.4 Distribution of contact surface pressure in faying surface of the base plate
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Figure 4.5 Stress distribution in the load direction on faying surface of the splice plate
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Figure 4.6 Deformed shape of splicing plate due to introduction of bolt axial force
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Figure 4.10 Outline of mill scale specimen
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Table 4.1 Ultrasonic characteristics

Pulse type Rectangle burst
Pulse frequency 5 waves
Damping resistance | 100Q

Sampling frequency |100MHz
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Figure 4.11 Results of bolt axial force calibration with a bolt length neck of 100 mm
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Table 4.2 Mechanical properties and torque coefficient values of bolts used

Test piece Product
Strength | Yield strength | Stretch | Aperture | Tensile load | Hardness Torfp.le
[N/mm2] [N/mmz] (%] [%] KN HRC coefficient
1061 1104 22 69 335 35 0.137

Ji
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Figure 4.13 Raw waveforms at each bolt axial force level
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Figure 4.15 Specimen for evaluation of faying surface contact condition
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Figure 4.16 Measurement points and measurement methods
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Figure 4.18 Frequency characteristic of I0MHz wide band probe
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Figure 4.21 Two-dimensional contour diagram of contact pressure
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Figure 4.22  Ultrasonic transmission and reception for evaluation of coating thickness

on faying surface
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Figure 4.23  Image of true contact area based on tribology

Table 4.3 Ultrasonic pulser receiver setting value

Item Specifications
Pulse type Rectangle burst
Pulse voltage 50[V]
Pulse frequency 10[MHZ]
Number of pulse waves |5 waves
Damping resistance 100[Q]
Chirp ratio 100[%]
Resolution capacity 10[bit]
Sampling rate 100[MS/s]

Ultrasonic probe

Coating on measurement surface

Interfacet — & & =~
SS400 .
Target coating
Interfaced _______ L1 ,/
Interface 4 W

Figure 4.24  Ultrasonic measurement on a single plate
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Figure 4.25  Ultrasonic measurement with constant pushing force of the probe
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Figure 4.26 Reflected waves that are expected to be superposed of reflected waves from

interface 4
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Figure 4.28 Ultrasonic measurement on a single plate

(without coating on measurement surface)
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Figure 4.29 Comparison of target waveforms with and without target coating on the
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Figure 4.30  Ultrasonic measurement of a single plate without target coating
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Figure 4.31
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Figure 4.33  Comparison of target waveforms measured on a single plate and two plates

Figure 4.34 Condition of backside of steel plate and faying surface for each study case
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Figure 4.35 Overview of specimens for evaluation of coating thickness on faying surface

Figure 4.36  Contact type electromagnetic coating thickness meter
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Figure 4.38 Coating thickness of 28 mm steel plate
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Figure 4.39  Coating thickness of 16 mm steel plate

Table 4.4 Mechanical properties of the specimen

Soeci Steel Yield stress | Tensile strength
cimen ee

P Y% N/mml | N/mm’

28 mm steel plate 286 437

16 mm steel plate 55400 267 423
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Figure 4.40 Comparison of normalized target waveforms obtained from a single plate

Table 4.5 Accuracy of the evaluation of the coating thickness on the backside of steel plate

. Testing data
Predicted value —a5 6 T 20um | 20pm | Opm
Ll ool | el |1l |l |l
80 100 8 0 0 0
60 0 92 12 0 0
40 0 0 60 9 0
20 0 0 0 55 44
0 0 0 28 36 56
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Figure 4.41 Comparison of normalized target waveforms obtained from 28 mm and 16 mm

steel plates

Table 4.6  Accuracy of coating thickness evaluation of

bolted joint faying surfaces

. Testing data
Pfed‘?;‘:i]value 80um | 60um | 40pm | 20pm | Opm
[%] | [%] | [%] | [%] | [%]
80 88 | 18 0 0 0
€0 12 | %2 0 0 0
40 0 0 100 0 0
20 0 | 0 L 0 | 60 | 26
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5.1. Conclusions

For the maintenance of steel structures, it is necessary to accurately evaluate the structural
performance of existing high strength friction bolted joints. However, the problem is that the
structural performance of existing bolts cannot be accurately evaluated because the bolted joints
contain uncertain parameters that affect the structural performance [1-28]. In addition, in recent
years, inorganic zinc-rich paint has been applied to the faying surface of bolted joints, which may
increase the uncertain influential parameters. Slip resistance [29], which is one of the indices to
evaluate the structural performance of bolted joints, is described below:

Ry =No-po-m-n (5-1)

This equation is determined mainly by the values of the designed bolt axial force N, and the slip
coefficient . It is possible that these parameters are decreasing due to the effects of earthquakes
and aging, but there is currently no method that can accurately evaluate them. Therefore, in this
study, the effects of bolt axial forces, misalignment between washers and bolts, and bolted joint
faying surface contact condition on the structural performance of bolted joints were considered
analytically. Based on these considerations, a quantitative evaluation method using ultrasonic
waves was proposed for bolt axial force and coating thickness on faying surface, which have the
greatest influence on the structural performance of bolted joints.

Conclusions of this study are described as follows:

B To clarify the effect of uncertain parameters on the structural performance of bolted joints by
numerical analysis

The analysis was conducted assuming actual phenomena that may occur. Firstly, an analysis
considering the variation of the bolt axial force was conducted. In the above equation, Ry is
determined by the total bolt axial force when the slip coefficient is constant. However, the stress
distribution differs depending on the variation of the bolt axial force, which affects the order in
which the bolts slip. Secondly, the misalignment of the bolt and washer was considered in the
analysis. The results showed that the stresses concentrated in the bolt hole walls and that the
distribution was not symmetrical but could be locally uneven. Finally, to clarify the actual faying
surface contact condition, the distribution of contact pressure by tightening bolts was confirmed.
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Based on the distribution, an analytical model that does not generate frictional force in the area
with low contact pressure was considered. As a result, it was shown that the slip resistance may be
determined almost entirely by the contact pressure around the bolt. This fact was clarified in the

experiments in Chapter 4.

B To propose a non-destructive evaluation method of bolt axial force of bolted joints by applying
machine learning

A quantitative evaluation method of bolt axial force, which is an important parameter to evaluate
the slip resistance, was proposed. The conventional method of evaluating bolt axial force uses the
correlation between bolt elongation and bolt axial force. However, since the performance of each
bolt varies, there is still an issue of accuracy. In this study, a method for evaluating the bolt axial
force using ultrasonic waves was proposed, focusing on the deformation shape of the bolt head.
By applying an original signal processing to the waveform analysis, characteristic signals were
extracted from the waveform in the initial time zone with a lot of noise. Furthermore, by combining

machine learning, a highly accurate method for evaluating the bolt axial force has been developed.

B To propose an evaluation method for contact pressure distribution and coating thickness of
inorganic zinc-rich paint

In Chapter 2, it was shown that most of the actual bolted joints are not in contact with the steel.
In order to clarify the problem experimentally, a method using the characteristics of transmitted
ultrasonic waves was used. As a result, the effectiveness of the analysis was demonstrated. In the
case of unpainted plates with black skin, ultrasonic waves easily penetrated the interface, making
it difficult to quantitatively evaluate the intensity of contact pressure. However, when the plate
was coated with inorganic zinc-rich paint, the faying surface contact condition was in different
condition due to the peeling of the inorganic zinc-rich paint, indicating the possibility of evaluating
the contact pressure. In addition, a method for evaluating the thickness of inorganic zinc-rich paint,
which is believed to have a direct effect on the slip coefficient, was proposed. In this experiment,
a one-probe ultrasonic method was used to measure the thickness of inorganic zinc-rich paint under
pressure. A highly accurate evaluation by machine learning was confirmed even in the raw
waveform condition. Therefore, the capability to evaluate the coating thickness using ultrasonic

waves was demonstrated.
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Finally, the numerical analysis considered in Chapter 2 confirms that the most influential
uncertain parameters on the slip resistance of bolted joints are the bolt axial force and the slip
coefficient. Therefore, in Chapter 3, the method of evaluating bolt axial forces by combining
ultrasonic waves, signal processing and machine learning was proposed, and its accuracy was
confirmed. Furthermore, in Chapter 4, the combination of ultrasonic waves and machine learning
was considered for faying surface contact conditions. First, an attempt was made to evaluate the
contact pressure of bolted joints coated with Inorganic zinc-rich paint. Next, an evaluation of the
coating thickness on the backside of steel plate and on faying surface was attempted. This study
shows the possibility of quantitatively evaluating bolt axial forces and faying surface contact
conditions, which are the most important parameters in the evaluation of the structural
performance of bolted joints. The results of this study could enable quantitative evaluation of the
structural performance of bolts in existing joints in the future, considering uncertain influential

parameters.

5.2. Recommendations

Based on the conclusions of this study, the following suggestions are made for more accurate

evaluation of the structural performance of high strength bolted friction joints.

I. The bolt axial force and the slip coefficient are important for evaluating the slip resistance.
The accuracy of bolt axial force evaluation has been improved in recent years, including the
results of this study. On the other hand, the slip coefficient is affected by the faying surface
contact condition, which is difficult to measure, so there is still room for further study.
However, since this study made it possible to evaluate the contact pressure distribution and
the coating thickness of inorganic zinc-rich paint, it is necessary to revise the numerical
analysis in the future. In particular, an analysis that represents a realistic contact surface is
required. Furthermore, clarification of the deformation performance of inorganic zinc-rich
paints, which have been used in recent years, on faying surfaces will enable accurate
evaluation of the slip coefficient.
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II.

IIL.

The evaluation of the bolt axial force in a bolted joint also remains to be studied. In this study,
the ultrasonic waves showed a characteristic signal when the reflecting surface showed
curvature. Thus, the evaluation can be made from the fact of the bolt head deformation caused
by the introduction of bolt axial force. However, it is not clear how the characteristics of
ultrasound reflected by curved surfaces affect the shape of the signal. Therefore, in the future,
wave analysis will be carried out in order to clarify the characteristics of the reflected wave
when the surface where the ultrasonic wave is as close as possible to the probe has a curvature.
Furthermore, the evaluation of bolt axial forces in the case of corroded bolts needs to be
considered. In fact, it is necessary to improve the accuracy of evaluating bolt axial force levels
that consider the safety factor and other factors. In the future, it is planned to consider bolt

axial force levels that should be evaluated in consideration of the safety factor, etc.

Slip testing of bolted joints by tensile testing is essential for evaluating the slip coefficient.
However, the phenomena occurring on the faying surface may be uncertain and contain a huge
amount of information. Since it is difficult to conduct experiments that reproduce all
phenomena occurring on faying surfaces, it is desirable to develop machine learning that

combines the results of many researchers, including the results of this study.

5-5



References (Chapter 5)

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

Nishimura, A., Taido, Y., Sera, S., Hozumi, S. and Mitani, T.: On the Scattering of Clamping
Forces of High-Strength Bolts in Actual Structural Joints, Proceedings of the JSCE, No.180,
pp-1-9, 1970.8.

Fukuoka, T. and Takai, T.: Mechanical Behaviors of Bolted Joint During Tightening Using
Torque Control, JSME International Journal Series A Solid Mechanics and Material
Engineering, Vol.41, No.2, pp.185-191, 1998.

You, R., Ren, L. and Song, G.: A Novel Comparative Study of European, Chinese and
American Codes on Bolt Tightening Sequence Using Smart Bolts, International Journal of
Steel Structures, Vol.20, No.3, pp.910-918, 2020.

Wang, Y.Q., Wu, J K., Liu, H.B. and Xu, S.T.: Modeling and Numerical Analysis of Multi-
Bolt Elastic Interaction with Bolt Stress Relaxation, Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, Vol.230, No.15,
pp.2579-2587, 2015.

Minami, K., Tamura, H., Uchida, D., Shirahata, H., Yoshioka, N., Tsutsui, K. and Fujino, D.:
A Study on Initial Value Setting Method for Relaxation Tests in High Strength Bolted Joints,
Journal of JSCE Al (Structural Engineering & Earthquake Engineering), Vol.76, No.3,
pp-496-509, 2020.

Abid, M., Khalil, M.S. and Wajid, H.A.: An Experimental Study on the Relaxation of Bolts,
UM Engineering Journal, Vol.16, No.1, pp.43-52, 2015.

Ishihara, Y., Kobayashi, G., Minada, O. and Nishimura, N.: Characteristic Investigation and
Cyclic Slip Experiment of HSFG Bolted Joints Which were Damaged by Earthquake, Journal
of the JSCE A1, No.745, 1-65, pp.53-64, 2003.10.

Wang, F., Ho, S.C.M. and Song, G.: Monitoring of Early Looseness of Multi-Bolt Connection:
A New Entropy-Based Active Sensing Method Without Saturation, Smart Materials and
Structures, Vol.28, No.10, pp.1-7, 2019.

Marshall, M.B., Lewis, R., Howard, T. and Brunskill, H.: Ultrasonic Measurement of Self-
Loosening in Bolted Joints, Proceedings of the Institution of Mechanical Engineers, Part C:

Journal of Mechanical Engineering Science, 2011.

5-6



[10]Jiang, Y., Zhang, M. and Lee, C.H.: A Study of Early Stage Self-Loosening of Bolted Joints,
Journal of Mechanical Design, Transactions of the ASME, Vol.125, pp.518-526, 2003.

[11] Tanihira, T., Kamei, M., Ishihara, Y. and Taido, Y.: Carrying Capacity Test for Friction Joint
of High-Strength Bolt from a Removed Foot-Way Bridge Used Under 17 Years, JSCE Journal
of Structural Engineering, Vol.36 A, pp.1087-1096, 1990.3.

[12]Kanou, M., Tanihira, T., Ishihara, Y., Kobayashi, G. and Nishio, H.: /& /778 /L kil /7 D84
EAIZBE9 5 EBRAIBISE, JSCE 55 56 IRk ol <, [-B162, pp.324-325, 2001.10.

[13]1shihara, Y., Kobayashi, G., Kano, M., Kamei, M. and Tanihira, T.: The Influence of Reduction
and Variation of Bolt Tensions by Aging on Limit States of HSFG Bolted Joint, Journal of
JSCE, Vol.763, VI-63, pp.33-42, 2014.6.

[14] Temitope, S.J.: Condition Monitoring of Bolted Joints, Ph.D. Thesis, University of Sheffield,
Sheffield, UK, 2015.6.

[15]Rafik, V., Combes, B., Daidié, A. and Chirol, C.: Experimental and Numerical Study of the
Self-Loosening of a Bolted Assembly, Advances on Mechanics, Design Engineering and
Manufacturing II, pp.85-94, 2019.

[16]Kikukawa, S., Murata, K. and Nishimura, A.: Secular Changes of Slip Resistance of Friction-
Type Bolted Joints in Structural Members, Kawasaki Steel Giho, Vol.11, No.4, pp.127-135,
1979.

[17] Takai, T., Yamaguchi, T. and Yamashina, K.: Analytical Study on Influence of Irregularity on
Slip Strength of High Strength Bolted Friction Type Joint, JSCE Journal of Structural
Engineering, Vol.61 A, pp.605-613, 2015.3.

[18]Takai, T., Peng, X. and Yamaguchi, T.: An Analytical Study on Load Carrying Characteristic
of High Strength Bolted Friction Type Joint with Thick Filler Plate, Journal of JSCE Al
(Structural Engineering & Earthquake Engineering), Vol.71, No.1, pp.1-9, 2015.

[19]Tanaka, A., Masuda, H., Wakiyama, K., Tsujioka, S., Hirai, K. and Tateyama, E.: Experimental
Study on High Strength Bolted Friction Joints with Oversized and Slotted Holes, JSSC Steel
Construction Engineering, Vol.5, No.20, pp.35-44, 1998.12.



[20]Mori, T., Yamazaki, N. and Yamaguchi, J.: Slip and Yield Resistance of Friction Type of High
Strength Bolted Connections with Over-Sized Holes, Journal of the JSCE, No.794, 1-72,
pp-157-169, 2005.7.

[21]Murakoshi, J., Sawada, M., Yamaguchi, T., Peng, X. and Ootake, A.: Slip Resistance Tests of
Friction-Type High-Strength Multi Bolted Joints with Coated Contact Surfaces by Inorganic
Zinc Rich Paint on Thick Plate, Journal of JSCE Al (Structural Engineering & Earthquake
Engineering), Vol.70, No.1, pp.94-104, 2014.

[22]Peng, X., Yamaguchi, T., Takai, T., Murakoshi, J. and Sawada, M.: FEA Study on the Slip
Behavior of High Strength Multi Bolted Friction Type Joints with Thick Plates by Structural
Dimensions, Journal of JSCE Al (Structural Engineering & Earthquake Engineering), Vol.69,
No.3, pp.452-466, 2013.

[23]Kamei, Y., Matsuno, M. and Nishimura, N.: An Analytical Study on Slip Strength of Multi
HSFG Bolted Joints in Tention, Journal of JSCE, No.640, 1-50, pp.49-60, 2000.

[24] Geoffrey, L.K., John, W.F. and John, H.A.S.: Guide to Design Criteria for Bolted and Riveted
Joints, Second Edition, American Institute of Steel Construction, Inc., 1987.

[25] Tamura, H., Minami, K., Yoshioka, N., Uchida, D., Moro, M., Hama, T. and Hirao, K.
Applicability of Pretensioned Bolted Joints Including Different Contact Faces, Journal of
JSCE Al (Structural Engineering & Earthquake Engineering), Vol.76, No.2, pp.255-274,
2020.4.

[26] Murakoshi, J., Sawada, M., Yamashina, K., Yamaguchi, T. and Ishihara, D.: Study of Influence
on Slip Coefficient of High Strength Bolted Friction Type Joints by Painting Condition and
Exposure Term, Journal of JSCE Al (Structural Engineering & Earthquake Engineering),
Vol.73, No.1, pp.40-53, 2017.

[27]Minami, K., Mori, T. and Sugiya, T.: BEELH OARFEN 5 1RV MEF-O T XY M 712 K&
TR, JSCE 55 59 [RIME R TR <, 1-587, pp.1171-1172, 2004.9.

[28] Tajima, J.: /& /178 /v N EEEREE SRR, 55 2 iR, B, 1966.11.

[29] B AE B th 2 TSR R T 35« [FIARRL-TIHE - SREDAAHR, 2017.11.



