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Abstract

Troubles related to bolt relaxation and fatigue have occurred in many fields. In the automotive

industry, plastic-region tightening method is recognized as a good technique for preventing the

relaxation and fatigue of bolts. However, this method requires a special torque wrench and in-

volves a complicated procedure for stable tightening. Therefore, it is important that a new tight-

ening method and a wrench that simplifies plastic region bolt tightening are developed. Two types

of tensile tests using a torque wrench and a tensile tester were conducted for two different

strength bolts. The Mahalanobis distance (MD) technique was utilized for discriminating acoustic

emission (AE) signals from noise signals. We found that we can monitor the yield point of a high-

strength bolt during loading by AE monitoring combined with the MD technique. Here, we con-

ducted a feasibility study for controlling plastic-region tightening by AE techniques.
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1. Introduction

There have been many problems related to bolt relaxation and fatigue in many fields. For

example, an accident involving a Nozomi express train in Japan from which a bolt fell off was

caused by bolt relaxation [1]. Reliable bolt tightening is important to prevent problems and to

maintain the efficiency of a machine. In the automotive industry, a plastic-region tightening

method is known and used as a good method for preventing the relaxation and fatigue of bolts.

There are three basic bolt-tightening methods for use at a work site; torque control, angle control

and torque gradient control. The torque control method using a torque wrench is the most com-

mon method, although it cannot be applied to plastic-region tightening because of the relationship

between the axial force and the torque of bolts is affected by a fluctuation of the friction coeffi-

cient of bearing surfaces. Both the angle control method and the torque gradient control method

can be used for plastic-region tightening, although a special torque wrench is required and com-

plicated procedures are involved. Thus, the applicability of the tightening method is limited.

Therefore the development of a convenient plastic-region bolt tightening method is an important

industrial necessity.

Table 1 Bolt specifications
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It is well known that some steels generate acoustic emission (AE) during plastic deformation.

Therefore, there is a possibility to control plastic-region tightening by monitoring AE signals

during tightening. Here, a feasibility study of a plastic-region tightening control using AE tech-

niques is conducted.

2. Bolt Specifications and Experimental Procedures

2.1 Bolt Specifications

Two types of different strength bolts were tested. The specifications are shown in Table 1.

Bolt-A, made of carbon steel, has a strength designation of 4.8; which, according to JIS B 1051-

2000 [2], corresponds the tensile and yield strength of 420 MPa and 340 MPa, respectively. On

the other hand, bolt-B, made of SCM435, has a strength designation of 10.9, indicating the tensile

and yield strength of 1040 MPa and 940 MPa, respectively. In general, in the manufacturing

process for high-strength bolts, thermal treatment is carried out after cold forging. Therefore, a

thermal treatment was applied in the manufacturing process of bolt-B.

2.2 Experimental Procedures

The bolts were loaded in axial tension in two ways; using a torque wrench (experiment-1)

and a tensile tester (experiment-2). Figure 1 shows the experimental setup for experiment-1. The

bolt was set to a hydro-mechanical axial tension meter and an AE-sensor was mounted on the bolt

head. An axial load was applied by a torque wrench, and AE signals and axial tension were

monitored during the tightening. Detected AE signals were amplified 40 dB by a preamplifier and

digitized by an A/D converter. To monitor just those AE signals produced by the plastic defor-

mation of the bolts, a tensile test is conducted. Figure 2 shows the experimental setup for experi-

ment-2. The sensor position and monitoring conditions are the same as in experiment-1. The bolt

is loaded with axial tension in a constant stroke at 1 mm/min. Only bolt-A was tested in experi-

ment-1; both bolt-A and -B were tested in experiment-2. Sampling conditions during the bolt

tightening tests (both experiment-1 and -2) are shown in Table 2.

Table 2 Sampling conditions during bolt tightening test.

Fig. 1 Experimental setup for experiment-1. Fig. 2 Experimental setup for experiment-2.

± 4.50.028,19225

Measuring range [V]Trigger level [V]Sampling pointsSampling frequency [MHz]

± 4.50.028,19225

Measuring range [V]Trigger level [V]Sampling pointsSampling frequency [MHz]
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3. Experimental Results

3.1 Result for Experiment-1

In this test, bolt-A shown in Table 1 was loaded using a torque wrench and axial tension and

cumulative AE counts were monitored during the tightening. Figure 3 shows the relationship

between cumulative AE counts and the axial tension on the bolt. Apparent electronic noise was

manually excluded before analyzing the data. The yield load calculated for bolt-A is 19.7 kN,

although changes were not observed at this load. As the AE signals were observed from early

stage of the test, most of the AE signals detected seem to be friction noise.

Fig. 3 Relationship between cumulative AE counts and axial tension

3.2 Results for Experiment-2

To remove the friction effect and to investigate the characteristics of AE signals due to bolt

deformation, tensile tests of bolt-A and -B were conducted with a tensile tester. The results for

bolt-A and -B are shown in Figs. 4 and 5, respectively. The relationship between the axial tension

and elongation is also shown in these figures. The yield load estimated from the elongation-axial

diagram (solid line in Fig. 4) for bolt-A is 23 kN. Although the authors expected that the cumula-

tive AE counts increase simultaneously with the start of plastic deformation (23 kN), it rapidly

increased only from 26 kN. On the other hand, the cumulative AE counts for the bolt-B test rap-

idly increased at around the expected yield load (56 kN), which is estimated from the load-

elongation diagram (Fig. 5).

Figures 6 and 7 show examples of detected AE signals. Signal-(A) was monitored during the

tightening of bolt-A at 27.5 kN. Signal-(B) was monitored during the tightening of bolt-B at 63.5

kN. The durations of the two signals are quite different. Total cumulative AE counts are also dif-

ferent between bolt-A and bolt-B. These differences may be caused by the existence of the heat

treatment, because most of the AE may have already been produced during the manufacturing

processes and few AE is observed without heat treatment.



288

Fig. 4 Cumulative AE counts and elongation during a loading test for bolt-A. The yield point is

indicated by an open circle.

Fig. 5 Cumulative AE counts and elongation during a loading test for bolt-B. The yield point is

indicated by an open circle.

Fig. 6 AE signal observed during bolt-A

test at 27.5 kN.

Fig. 7 AE signal observed during bolt-B

test at 63.5 kN.
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4. Discriminant Analysis

Many noise signals were monitored during the bolt loading tests; therefore, techniques that

discriminate AE signals from noise signals are required. In this study, the Mahalanobis distance

(MD) approach was examined to attain this objective.

4.1 Definition and Calculation of the Mahalanobis Distance (MD)

Formally, the MD is defined by equation (1),
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]  denotes the sample variance of the reference data and R  denotes the sample

correlation coefficient matrix of the reference data [3, 4].

Figure 8 explains the method to distinguish AE signals and noise signals using MD.  Here,

two-dimensional representation of multi-dimensional space is shown. Group A is assumed to be

AE signal group, Group B noise group, and it is assumed that the data of each group have distri-

bution as shown.  When the new AE data is obtained, the Mahalanobis distance between the data

and each group (DA and DB) are calculated. When the DA is smaller than DB, a detected AE data

is estimated as an AE signal (belonging to Group A).  If DA > DB, the detected signal is noise,

belonging to Group B.

In this study, eleven AE parameters were used for the calculation of MD. The following pa-

rameters are used (see also Fig. 9);

1. Mean and variance of amplitude (2 parameters).

2. Peak magnitude

3. AE signal rise time

4. The count using the threshold of half of the peak magnitude

5. Mean and standard deviations of a power spectrum calculated for every section of the

analysis signal divided into three parts (6 parameters).

Group A

Group B

x1

x2

AD

BD

Fig. 8 Image of MD between groups A and B.

Peak magnitude

FFT 1 FFT 2 FFT 3

( x  ,    s  )1 1 ( x  ,    s  )2 2 ( x  ,    s  )3 3

Count

Fig. 9 AE signal parameters used for calcu-

lating MD.
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4.2 Cluster Analysis for Deciding on Reference AE Data

Cluster analysis seeks similar samples by comparing sample parameters (in this study, 11 pa-

rameters were used) and by forming a homogeneous group. We used the Ward method for cal-

culating similarity [3]. By conducting cluster analysis, the dendrogram as shown in Fig. 10 is

obtained. We decided reference AE signals used for MD calculation by this cluster analysis.

AE Signals

Electronic Noises

Friction Noises

Reference Group

Fig. 10 Example of a dendrogram determined by cluster analysis.

4.3 Results of the Discriminant Analysis

Figures 11 and 12 show the relationship between the inverse of the MD and the cumulative

count of AE for bolt-A and –B tests To clearly show the results, the MD was changed into an

inverse number. Twenty-two signals randomly selected from the AE group determined by cluster

analysis were used to make a reference group. The starting point for plastic deformation is indi-

cated by an arrow in the figures. For bolt-B testing (see Fig. 12), the highest 1/MD value is larger

than 0.3 after the plastic deformation started. This shows the possibility that MD can be used for

discriminating AE from noise. Furthermore, the result suggests that the plastic-region tightening

of bolts can be controlled by monitoring AE and utilizing the MD technique. On the other hand,

for bolt-A testing (see Fig. 11), the value of 1/MD is small even after the plastic deformation

started. Considering the result together with that in Fig. 4, it appears difficult to control the plas-

tic-region tightening of a bolt without undertaking thermal treatment in the manufacturing proc-

ess by AE monitoring.
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Fig. 11 Discrimination results Fig. 12 Discrimination results



291

Fig. 13 Cumulative AE counts selected by MD and elongation during loading tests for bolt-B.

Figure 13 shows the relationship between the cumulative AE counts and tensile elongation

during the loading test for bolt-B. The difference from Fig. 5 is that the noise data are separated

from the AE signals by an MD technique. Figure 13 shows that the starting point for plastic de-

formation can be clearly determined by monitoring AE signals. Although not the subject of this

report, there is the possibility for hydrogen induced cracking to occur, especially in the case of a

high-strength bolt when plastic-region tightening is conducted. Therefore, special caution is re-

quired if there is a possibility of hydrogen induced cracking in the conditions that the bolts are

used.

5. Conclusions

 A feasibility study was conducted to control plastic-region tightening of bolts using AE tech-

niques. The results can be summarized as follows;

1) Two types of tensile tests using a torque wrench and a tensile tester were conducted for two

types of different strength bolts.

2) AE signals due to deformation were hardly observed for the low strength bolt since most of

the AE signals had already been produced during the manufacturing process.

3) Cumulative AE counts of the high strength bolt increased rapidly near the yield load. This

indicates the possibility of monitoring the initiation of plastic deformation by AE monitoring.

Although the noise signals were monitored with AE signals.

4) The MD technique is utilized for discriminating AE signals from noise.

5) The yield point of a high-strength bolt during tensile load testing can be monitored by AE

monitoring combined with MD technique.
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