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Abstract

Bolt degradation has become a major issue in the nuclear industry since the 1980's due to failure during operation. If 
small cracks in stud bolts are not detected early enough, they grow rapidly and cause catastrophic disasters. Their detec­
tion, despite its importance, is known to be a very difficult problem due to the complicated structures of the stud bolts. 
This paper presents a method of detecting and sizing a small crack in the root between two adjacent crests in threads. The 
key idea is from the fact that the Rayleigh wave propagates slowly along a crack from the tip to the opening and is 
reflected from the opening mouth. When there exists a crack, a small delayed pulse due to the Rayleigh wave is detected 
between large regularly spaced pulses from the thread. The delay time is the same as the propagation delay time of the slow 
Rayleigh wave and is proportional to the size of the crack.

To efficiently detect the slow Rayleigh wave, three methods based on digital signal processing are proposed: modified 
wave shaping, dynamic predictive deconvolution, and dynamic predictive deconvolution combined with wave shaping.

I. Introduction

In industrial facilities such as nuclear power plants, 
many kinds and sizes of bolts are used. But their degra­
dation has become a major issue in the nuclear industry 
since the 1980's due to the failure during operation [l|-[4].

Generally, ultrasonic, magnetic particle and eddy cur­
rent testing procedures are carried out for bolt inspect­
ions. Among these, ultrasonic inspection is the only one 
which is expected to detect cracks in the thread region, 
without removing the studs and bolts. However, by con­
ventional 미trasonic testing methods, it is difficult to de­
tect flaws such as stress-corrosion cracks or corrosion 
wastage in the threads. In many cases, a small flaw signal 
can hardly be distinguished from the complicated signals 
reflected from threads. When the flaw is quite small, the 
signal amplitude reflected from it is nearly equal in size to 
the typical noise signal.

In our new methods, the small, weak signals from 
Rayleigh waves propagating along the crack face to its 
opening in a bolt thread are useful for not only detecting 
the crack but also sizing it. This signal, appearing after 
one of the regularly spaced thread echos, can be used to 

resolve the location and the size of a small crack in the 
stud and bolt threads.

To determine the location and the size of a small crack 
in the stud and bolt threads using Rayleigh waves, it is 
important to enhance the sharpness of ultrasonic wave­
forms. To this end, a modified wave shaping method is 
proposed which is based on the method in [5]. Also, to 
remove the strong multiple reflections from the regular 
structure of bolt threads, a dynamic predictive decon­
volution method is proposed. These two methods can be 
combined to clearly show the location and size of a crack.

II. Crack Sizing by Tip Wave and Rayleigh 
Wave

Among the two techniques in the conventional pulse­
echo method, the shear-wave, angle-beam technique is 
suita비e for the studs with center-drilled holes, while the 
longitudinal-wave, normal-beam, or longitudinal-wave 
angle-beam technique is suitable for the stud bolts and 
nuts without center-drilled holes,

When an ultrasonic beam travels into a thread region, 
there is almost identical interval (delay time) between ech­
oes from any two successive threads, as is schematically 
shown in Fig. 1. If the incident beam is perpendicular to 
the flank of a thread, the pulse-echo signal will be domin­
ated by a strong backscattered reflection from the flank, 
with the weaker diffracted waves from the thread root ar-
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Fig니re 1. Schematic showing ray paths for reflections from roots 

of threads.

riving at the same time. If the incident beam angle to the 
flank of a thread is other than 90 degrees, the reflected 
ultrasonic energy from the flank of the thread will not be 
stron이y detected in a pulse-echo measurement. Thus the 
tip diffracted root signal will be the major response. Ac­
tually, the thread signals become smaller and less recogniz­
able while propagatin흥 through the bolt due to ultrasonic 
attenuation and noise in the medium. But we can detect 
and size a small crack from the small signals between the 
thread signals as follows. If bolt threads are in good con­
dition without any crack, the time intervals between the 
arrival times of the reflected signals from any two succes­
sive threads are identical. But if there is a small crack in 
the thread which starts at the base of the thread root and 
proceeds at right angles to the bolt axis, the delay times 
of signals from such a thread root are different from 
those of normal thread signals.

Fig. 2 provides further detail in this situation for the 
case of longitudinal-wave, angle-beam illumination. When 
an angled ultrasonic beam encounters a crack in the root 
of a thread, some of the energy is converted into various 
waves diffracted or reflected from the tip of the crack and 
from the intersection of the thread root and crack, as 
shown in Fig. 2. The relevant echoes are: Rt , which is 
diffracted by the crack tip, /、，which diffracts from the 
intersection of the crack and the root of thread, and Rr, 
which travels as a Rayleigh wave along the crack face 
and radiates from the mouth where the crack opens at 
the root of the thread. The signal, Rr, from the thread is 
enhanced by the presence of the crack, but its path 
length, and hence the arrival time, is almost unchanged 
from the crack free case. The tip signal Rt precedes Ri 

Vl

Figure 2. Schematic showing ray paths for reflections from a 

crack at the root of a thread.

and the Rayleigh wave Rr occurs after the main echo R\. 
Thus we can estimate the crack size from the delay time 
of either of these signals.

Consider the Rayleigh wave delay time Zr of the sig­
nal Rr . By simple reasoning, it can be seen that the delay 
time by which Rr follows Ri is given by

AtR = MVR — h 新 이吃 (1)

so that the crack height can be estimated by

先=A队 4 */(*—* sin 0), (2) 

where A/j? = delay time between the thread root and the 
Rayleigh wave signal, * = Rayleigh wave velocity (2800 
m/sec in steel), Vl = longitudinal wave velocity (5800 m/sec 
in steel), B = angle between incident wave and bolt axis 
and h = crack size. Also, we can estimate the crack size 
by the delay time A/r between the tip diffracted signal Rt 
and the main signal Xi. It can be easily seen that the de­
lay time between these echoes is given by

^r = 2h sin 이*, (3)

so that the crack height can be estimated by

h = Am시Q sin 0), (4)
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where A/r = delay time between the tip-diffracted signal 
and the thread root signal. On the other hand, when using 
the shear-wave, angle-beam technique to detect a small 
crack in the thread root, one should substitute the shear 
velocity Vr in place of the longitudin시 wave velocity VL in 

(1)-(4).
To verify the theory, a carbon steel test specimen was 

fabricated with threads, and notches were machined into 
the test specimen locations shown in Fig. 3. The pitch-to-

Notch # L(mm) D(nm) W(mm)
1 3.0 0.5 0.2
2 3.0 1.0 0.2
3 3.0 2.0 0.2
4 3.0 3.0 0.2

Fig. 4 shows the A-scan display of the signals from 
stud threads containing the notches as observed by the 
longitudinal-wave, straight-beam technique. Threads with 
notches 0,5 mm deep produced very low amplitude signals, 
while those with 1.0, 2.0, 3.0 mm notches produced higher 
amplitude signals than the notch free threads noise. An 
expanded A-scan display showing the 0.5 mm notch sig­
nal is in Fig. 4(a). The notch signal Ri is reflected from the 

corner of the crack and thread root. As there is a small 
crack at the thread root, the signal Rr, which travels as a 
Rayleigh wave along the crack face and radiates from the 
crack mouth occurs after the thread signal Ri. But since 
the tip diffracted sign시 R「almost overlaps the R\ signal 
in time and is very weak in amplitude, it is not resolved.
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pitch interval is 3 mm. The notches are produced by 
EDM techniques with 0.5, 1.0, 2.0, and 3.0 mm depth, 0.2 
mm width, and 3.0 mm length. We have to select the center 
frequency of the transducer properly in order to discrimi­
nate successive thread echoes. The center frequency of the 
transducer must be greater than twice the pulse train fre­
quency of the thread signals. When the pitch-to-pitch dis­
tance is 3 mm and the angle between the incident wave 
and the thread wall is nearly zero in the longitudinal­
wave, straight-beam case, the pulse train frequency from 
threads is approximately 1 MHz in pulse-echo technique. 
In the 60 degree shear-wave, angle-beam technique, the 
pulse train frequency from threads is approximately 0.5 
MHz. The center frequency of transducers used in the 
test, 10 MHz, thus satisfies the above criteria and also 
gives good resolution.
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longitudinal-wave, straight-beam technique； (a) 0.5 mm 

nokh, (b) 1.0 mm notch, (c) 2.0 mm notch, (d) 3.0 

mm notch.

For the 1-mm notch, as shown in Fig. 와(b), the signal Rr 
is again seen. In addition, the signal Ri is much larger 
than R2 - These trends continue in Figs. 4(c) and (d). In 

particular, the amplitude of the trailing thread signal R2 
is decreased because the sound path is interrupted by the 
notch. As the crack size increases, the echo amplitude of 
the signal Ri decreases and eventually disappears due to 
the acoustic shadowing. But the Rayleigh wave appears 
after the notch signal R\ in Figs. 4(b), (c) and (d). From 
Fig. 4, the crack size can be determined by (2).

For the shear-wave, angle-beam examination, a 60-de- 
gree transducer was used. Figs. 5(a) and (b) show the 
thread signals with 2.0 and 3.0 mm deep notches. The 
notched thread signal Ri is reflected at the corner of the 
notch and thread root. In Figs. 5(a) and (b), the Rayleigh 
wave Rr appears after the notch signal However, it 
was difficult to discriminate Rayleigh wave signals Rr 
after Ri for 0.5 mm and 1.0 mm notches.
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Figure 5. Ultrasonic signal from threads with notches using the 

shear-wave, angle-beam technique； (a) 2.0 mm notch, 

(b) 3.0 mm notch.
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ID*.  Digital Wave Shaping by Modified Least 
Squares Method

To determine the location and the size of a small crack 
in the stud and bolt threads, it is important to enhance 
the sharpness of ultrasonic waveforms. In this section, a 
wave shaping method is presented to improve the resolut­
ion of the system based on the signal from a reference. A 
similar technique was used in [5] and our technique is a 
more generalized one [6],

A. Conventional Wave Shaping Technique

Given a reference signal a(n), we want to find the 
mathematical operator f(n) that will transfer a(n) into a 
desired waveform d(n) by the convolution of a(n) with 

f(n), i-e.,

^W = a(M)*/(w),  (5)

where (*)  means the convolution operation. However, the 
finite length of fM will introduce errors and conse­
quently the waveform q(n) computed by the convolution 
of a(n) with the finite-length f(n) is not equal to the 
desired wavefonn d(n). When the length of f(n) is m + 1, 
q(n) is computed as

m
/、 ( E f(s)a(n-s\ w = 0, 1,…，m+N, z 、 

Q(n)= s=o (6)
( 0, n>mN,

where N +1 is the length of the reference waveform. 
Thus it is necessary to obtain the optimized coefficients 
of the finite-length f(n) that will result in as small an er­
ror as possible. In this paper, the error is defined in the 
least-squares sense as

oo

E= E (d(n)-q(n))2. (7)
n = 0

From (6) and (7), error E can be expressed as

m+N ! m \ 2 co

E= E 何3)- £ /(s)(z(n-5)l + L d(n)2. (8)

The optimized coefficients of f(n) can be found by min­
imizing the error E in (8). By

=0' " = ⑼

we obtain

m m+N m+N
£ /(5) E a(n-s)a(n-j)- £ 
s = 0 n = 0 ” = 0

_/ = 0, 1,…，m. (10)

By defining and gj as

꺼 +N

rj-s= L

… (11) 
幻=E 

M = 0

(10) can be expressed as 

m
E f(s)r^s = gj, ; = 1, m. (12)
s = 0

Notice that rj-s is the autocorrelation of a(n) and gj is 
the correlation of d(n) with a(n). Thus 나le optimized co­
efficients of f(n) can be obtained by solving the Allow­
ing matrix equation:

The minized error will then be

oo m
Emin=£ d(n}2 - f(n)g(n). (14)

M = 0 M — 0

B. Wave Shaping by Modified Least Sq니ares Method

Even if the operator is computed by (13) using a re­
ference signal from a root of threads without any crack, 
the performance of the operator is not satisfactory in some 
cases due to the minute differences between the signals 
from threads. The performance can be improved signific­
antly by the following modified least squares method.

If we use two reference signals ai(n) and a2(.n) from 
threads without any cracks, the error E in (8) can be 
rewritten as

E= E 2d(n)- f(s)al(n~s)~ X 丿f(s)“如一이 

\ s=o s=0 )
8

+ E d(n)2. (15)
m == m + iV + 1

To obtain optimized operator coefficients, (9) is applied 
to (15), which gives

(m+N m+N 、

E d(n)adn-j) + L d(n)a2(n-j)}
”=0 M=0 /

w r m +N m +N
= £ /(이 E ax{n~s}ax{n~j) + 22 a2(n-s}ax(n~j)

5 = 0 L n = 0 n-0
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m+N m+N .
+ E a}(n-s)a2(n~j) + a2(n-s)a2(.n-j),

n=0 M=0 J

7 = 0, 1,…，m (16)

Using (11), (16) can be represented as

m
L /(S)[^ll(7-s) 4T21O-S)+ 尸 12(厂s) + ^220-s)] 

s = 0

= 2[g心)+g2(»], 7=0, 1,…，m (17)

where rki is the correlation of ak(n) with ai(n) and gk is 
the corr이ation of d(n) with 까(初. The optimized oper­
ator can be obtained from (17) and the minimized error 
will be

co m
Emin 그 4 E #3)2-3 E 丿f(S)成 (s) +£山)]

M=0 s=0

m+N r m m 】
+ E E f(s)ai(n-s) E /(s)a2(w-s) L (18) 

n = 0 Is = 0 5 = 0 J

In general, when the number of reference waveforms is a, 
the optimized operator can be obtained from the follow­

ing：

L /(5)E L rik{j-s)= a £ gi(f)( > = 0, 1,…，m. (19) 
s = 0 1= 1 k= 1 /=I

C. Experimental Res니Its
Fig. 6 shows an ultrasonic signal obtained from threads 

with a crack. The center frequency of the transducer is 10 
MHz. In this case, as can be seen from the figure, it is 
difficult to detect a Rayleigh wave. To apply our wave 
shaping method to this case, the desired signal in Fig. 7 is 
used. The desired signal in Fig. 7 is a portion of the refl­
ected signal from the first thread root in Fig. 6 with nega­
tive part truncated properly. Two reference signals were 
used to find the optimized operator coefficients. Thus the 
optimized operator coefficients are obtained from (19) 
with a =2. By applying the operator to the signal in Fig. 
6, the processed signal is obtained as shown in Fig. 8. 
From Fig. 8, the small crack can be easily detected.

As the ultrasonic waves continue to propagate through 
a material, the waves experience exponential-type attenu­
ation. To compensate for this, we use the concept of win­
dow by which each wave is normalized to unity, as can 
be seen in Fig. 8.

IV. Dynamic Predictive Deconvolution

As can be seen from Fig. 1, ultrasonic sign시s from
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Figure 6. Ultrasonic signal from threads with a crack.
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Figure 7. Desired signal.

studs and bolts have strong reflections from roots of 
threads. To efficiently determine the location and the size 
of a small crack, these large regularly spaced pulses can be 
removed by predictive deconvolution technique [7]. Based 
on the fact that the large regularly spaced pulses are 
correlated with each other, the predictive deconvolution 
estimates the next signal value using the previous signal 
values, over a predictive distance. An optimized operator 
is used to remove the predicted regular signal so that the 
events such as defects can be extracted and investigated 
more easily.
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The optimized prediction operator can be found by

2 E
n T =0, w = 0, 1, m, 
dp(n)

(22)

From (22),

m D-\ O-l

L E £ Rin +D)R(n~j\
S = 0 M = 0 M = 0

j = 0, 1, ■■■, m. (23)
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n =0

(23) can be expressed as

Time(0.01gsec/point)
E 伙； = 1, •••, m. (25)

s = 0

Figure 8. Processed signal by the proposed wave shaping method.

After briefly summarizing the predictive deconvolution 
technique, we propose the dynamic predictive deconvolut­

ion method where the predictive distance for each pred­
iction is adjusted from the previous predictive distance 
depending on the test environments.

A. Predictive Deconvolution

If it takes 7)seconds for an ultrasonic wave to travel 
from a thread root to the next thread root, the time inter­
val between two consecutive echoes is 2Ti. Let the inci­
dent wave from the transducer to the threads is x(t). 
Then the reflected wave R(t) from the threads can be 

expressed as

N
R(t) = E RkX(t-2kT^ (20)

k-1

where N is the number of threads and Rk is the amplitude 
of the reflected wave determined by the attenuation char­

acteristics of the threads.
Let 7?(n) be the sampled version. If the length of the 

prediction operator /> is w +1 and the number of sample 
points corresponding to the distance between two con­
secutive thread roots is D, then the error between the 
actual signal and the predicted signal (for example, the 
error between R2 and estimated R2 predicted from Ri in 
Fig. 1) can be expressed as

D-l / m \ 2

E= E 7?(n+£))-E ZXs)R3-s) . (기)
M=0 \ s=0 /

Thus the optimized coefficients of p(n) can be obtained 
by solving the following matrix equation:
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디gure 9. Application example of predictive deconvolution tech­

nique； (a) signal received at a transducer, (b) processed 

signal by predictive deconvolution.
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r0 …rm 飾)) rD
r\ r0 …rm-\ AD =

rm rm-\ r0 .P(m). .戶Q +m _

(26)

Using the optimized coefficients, the estimated value for
m

R(n +Z)) can be computed as £ p(s) R(n-s).
s = 0

An application example of the predictive deconvolution 
technique is shown in Fig. 9. Fig. 9(a) shows an 니tra- 
sonic signal obtained from threads without any crack. By 
applying the predictive deconvolution technique to the 
signal in Fig. 9(a), the processed signal in Fig. 9(b) is 
obtained. From Fig. 9(b), it is easy to see that there are 
no cracks in the threads under inspection.

(RT)-th signal Rk-\너owever, if the \k~ \) 
th signal contains errors, the prediction for the ^-th signal 
cannot be accurate. Thus, in the proposed dynamic pre­
dictive deconvolution method, each prediction is peiform- 

ed based on 나le first received signal
The signal in Fig. 11(a) was obtained by applying pre­

dictive deconvolution to a signal collected from a test 
specimen which has a crack only at the third thread root. 
Although the processed signal clearly shows that the third 
thread root has a crack, it does not give accurate infor­
mation after the third thread root. The signal in Fig. 11 
(b) was 아Maincd by applying dynamic predictive decon­
volution to the signal collected from the same specimen. 
Fig. 11(b) clearly shows that the test specimen has a 
crack cmly at the third thread root.

B. Dynamic Predictive Deconvolution
In conventional predictive deconvolution technique, it is 

assumed that the prediction distance D is constant. Alth­
ough this assumption is valid for many applications, D 
often needs to be adjusted to D +& for the Z-th prediction 
depending on the location of the transducer, the struct나re 
of bolt threads, and the sampling frequency.

Consider Fig. 10 which shows the location of the trans­
ducer and the structure of thread roots. The distance di 
from the transducer to the z-th thread root is

50 100 150 200 250 300 350 4()0

Time (0.01 p sec/point)

Figure 10. A test environment showing the location of the trans­

ducer and the various distances to the thread roots.

(27)

(28)

Dynamic Predictive Deconvolution
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Figure 11. Comparison of the results of predictive deconvolution 

and dynamic predictive deconvolution ； (a) signal 

processed by predictive deconvolution, (b) signal 

processed by dynamic predictive deconvolution.

附+0 — 1)乙
"=一万/一'

The angle Oi can be computed as

w+(?一阮).

In the proposed dynamic predictive deconvolution method, 
the prediction distance is adjusted for each prediction 

using (27) and (28).
In the predictive deconvolution method, prediction for 

the ^-th signal Rkx(t~2kTA) is .performed based on the
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V. Dynamic Predictive Deconvolution 
Combined with Wave Shaping

By wave shaping, it is possible to enhance the sharpness
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Figure 12. Dynamic predictive deconvolution combined with 

wave shaping ； (a) signal received at a transducer, (b) 

processed signal by wave shaping, (c) further pro­

cessed signal by dynamic predictive deconvolution. 

of ultrasonic waveforms. Dynamic predictive deconvol­
ution can be applied to the wave-shaped signals to give 
clearer picture of the conditions of a stud (bolt). An ap­
plication example of the dynamic predictive deconvolution 
combined with wave shaping is shown in Fig. 12. Fig. 12
(a) shows an ultrasonic signal obtained from threads with­
out any crack. By applying the wave shaping technique to 
the signal in Fig. 12(a), 나wave-shaped signal in Fig. 12
(b) is obtained. The sign시 in Fig. 12(c) is obtained by ap­
plying the dynamic predictive deconvolution technique to 
the wave-shaped signal in Fig. 12(b). From Fig. 12(c), it 
is easy to see that there are no cracks in the threads 
under inspection.

VI. Conclusions

We have proposed a method by which we can detect 
and size very small cracks in the thread roots of studs 
and bolts. The key idea is from the observation that the 
Rayleigh wave propagates slowly along a crack from the 
tip to the opening and is reflected from the opening 
mouth. When there exists a crack, a small delayed pulse 
due to the Rayleigh wave is detected between large regu- 
larly spaced p니ses from the thread. The delay time is the 
same as the propagation delay time of the slow Rayleigh 
wave and is proportional to the size of the crack. In spite 
of the complex geometry of the threads of a stud bolt, the 
Rayleigh wave technique can identify a small crack in the 

root of the threads (as small as 0.5mm).
To efficiently detect the slow Rayleigh wave, three 

methods based on the digital signal processing techniques 
have been proposed: modified wave shaping, dynamic pre­
dictive deconvolution, and dynamic predictive deconvol­
ution combined with wave shaping. The effectiveness of 
these methods has been demonstrated by several examples.

In general, there are a large number of bolts in a sys­
tem. Thus, for some applications, it is crucial to decrease 
the time needed for 니trasonic test. To this end, the fabri­
cation of ASIC (Application-Specific Integrated Circuit) 
for dynamic predictive deconvolution combined with 
wave shaping is currently under study.

Also, it is expected that the proposed methods can be 
used for ultrasonic inspection of other materials. Obvio­
usly, some modifications will be necessary depending on 
the characteristics of the test material.
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