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Ultrasonic Detection of Cracks in Studs and Bolts

Using Dynamic Predictive Deconvolution and Wave Shaping

*Dong-Man Suh, *Whan-Woo Kim, **Dae-Yen Kim, and **Jin-Gyun Chung

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 arc not detected carly cnough, they grow rapidly and causc 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 sizaing a small crack in the rool 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 duc to the Rayleigh wave is detected

between large regularly spaccd pulses from the thread. The delay time is the same as the propagation delay time of the slow

Rayleigh wave ang 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 bolis are used. But their degra-
dation has become a major issue in the nuclear industry
stnce the 1980°s due to the failure during operation (1§-14).

Generally, ultrasonic, magnetic parlicle and eddy cur-
rent testing procedures are carried out for boll inspect-
ions. Among these, ultrasonic inspeclion is the only one
which is expected to detect cracks in the thread region,
without removing the studs and bolts. However, by con-
ventional ultrasonic testing methods, it is difficult to de-
tect flaws such as stress-corrasion 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 amplitudc 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 ils
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 1o
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resolve the location and the size of a small crack in the
stud and boit thrcads.

To determine the location and the size of a small crack
in the stud and boll threads using Rayleigh waves, it is
important to cnhance the sharpness of ultrasonic wave-
forms. To this end, a modified wave shaping method is
propased which is based on the method in (5], Also, to
remove the strong multiple reflections from the regular
struclure of boll 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.

il . Crack Sizing by Tip Wave and Rayleigh
Wave

Among the two techniques in the convenlional pulse-
echo method, the shear-wave, angle-beam technique is
suilable for the studs with center-drilled holes, whilc the
longitudinal-wave, normal-beam, or longitudinal-wave
anglc-beam technique is suitable for the stud bolts and
nuts without center-drilled holes.

When an ultrasonic bcam travels into a thread region,
there is almost identical interval {(delay time) between cch-
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 he domin-
ated by a strong backscaticred reflection from the flank,

with the weaker diffracted waves from the thread root ar-
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Figure 1. Schematic showing ray palths for reflections from roots
of hreads.

riving al the same time. If the incident beam angle to the
flank of & thread is othcr than 90 degrees, the reflected
ultrasonic energy from the flank of the thread will not be
strongly detected in a pulse-echo measuremeni. Thus the
tip diffracted root signal will be the major response. Ac-
tually, the thread signals become smaller and less recogniz-
able while propagating through the bolt due to ulirasonic
attenuation and noise in the mediom. 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. Bul if there is a small crack in
the thread which starts at the base of the thread root and
proceeds at right angles 1o the boll 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: Ry, which is
diffracted by the crack tip, R, which diffracts from the
intersection of the crack and the root of thread, and Rg,
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, Ry, from the thread is
enhanced by the presencc of the crack, but its path
length, and hence the arrival time, is almost unchanged

from the crack free case. The tip signal Ry precedes R,
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Figure 2. Schematic showing ray paths for reflections from a
crack at the rool of a thread.

and the Rayleigh wave Rp 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 Afy of the sig-
nal Rp. By simple reasoning, it can be seen that the delay
time by which R follows R, is given by

NR= h/VR—'h sin G/VL‘ (l)

s0 that the crack height can be estimated by

h=Afe VnVL/(VL—VR sin 0), (2)

where Alg=delay time between the thread root and the
Rayleigh wave signal, Vz=Rayleigh wave velocity (2800
m/sec in steel), V2 = longitudinal wave velocity (5800 m/sec
in steel), #=angle between incident wave and bolt axis
and % =crack size. Also, we can estimale the crack size
by the delay time Afr between the tip diffracted signal Rr
and the main signal R,. It can be easily seen that the de-

lay time between these echoes is given by

Atr=2h sin 0/V,., )

so that the crack height can be estimated by

h= AtV /(2 sin 0, (4)



where Afr=delay lime 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, onc should substitute the shear
velocity Vr in place of the longitudinal wave velocity ¥y in
(1}-(4).

To verify the theory, a carbon sleel test specimen was
fabricated with threads, and nolches were machined into

the test specimen locations shown in Fig. 3. The pilch-lo-

Notch #4  Notch #3  Kotch #2 Notch #1

i i
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Noteh Coomd | DCom) | W(om)
1 3.0 0.5 0.2
2 3.0 1.0 0.2
3 30 | 2.0 07
4 i 1.0 0.2

Figure 3. Dimensions of the test specimen.

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 1o select the center
frequency of the transducer propertly in order lo discrimi-
nate successive thread echoes. The cenler frequency of the
transducer must be greater (han twice the pulse train fre-
quency of the thread signals. When the pitch-lo-pitch dis-
tance is 3 mm and the angle belween the incident wave
and the thread wall is nearly zero in the longitudinal-
wave, straighl-beam casc, the pulse lrain {requency from
threads is approximately 1 MHz in pulse-echo technique.
In the 60 degree shcar-wave, angle-beam technique, the
pulse train frequency from threads is approximaltely 0.5
MHz. The center frequency of transducers used in Lhe
test, 10 MHz, thus satisfies thc above criteria and also

gives good resolution,
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Fig. 4 shows the A-scan display of the signals from
stud threads conlaining the notches as obscrved by Lhe
longitudinal-wave, straight-bcam technique. Threads with
noiches 0.5 mm deep produced very low amplitude signals,
while those with 1.0, 2.0, 3.0 mm nolches produced higher
amplitude signals than the notch free threads noise. An
cxpanded A-scan display showing the 0.5 mm nolch sig-
nal s in Fig. 4(a). The notch signal R, is reflected from the
corner of the crack and thread root. As therc is a small
crack at the thread root, the signal Rg, which travels as a
Raylcigh wave along the crack face and radiates from the
crack mouth occurs alter the thread signal R,. But since
the lip diffracted signal Ry almost overlaps the R, signal

in time and is very weak in amplitude, it is not resolved.

15¢ T T T ! T T T v T
160 [~ T
i RI Ri
50 [0 n
L
3
= ol i
e
E |
<
50 [ x .
3 Rayleigh wave
-100 [0 1
)’A
150 1 PR | . 1 . { " 1
0 100 200 300 400
Time(0.01 psec/point)
150
100 -1
RI T~
T Rayleigh wave
50 -
LT3 F l
g
2
3ol -
£
< L
-50 L t .
b

-100 -

Y31 QL U VU SN NEPUNN NI SPINS AU SR PR RPN ST |
-50 0 S0 100 150 200 250 300 350 400 450 S00 S50

Time(0.01 ysce/point)



Amplitude

Amplitude
<
~T

Ultrasonic Detection of Cracks in Studs and Bolts Using Dynamic Predictive Deconvolution and Wave Shaping 47

150 T T T T T T T YT

s R1 :

100 | \ -

Rayleigh wave

'
w
(=3
T
i
1

-100 |- -

R P PN PR PR JPUN YO RPN SR SR B P I
-50 ¢ 50 100 150 200 250 300 350 400 450 500 550
Time{0.¢1 psec/point)

150 T T T T T T T

R1

T T

T :

Rayleigh wave

.
~
A

T T T T T T T T T T T T
1

-125

150 FUNE NP NPT ST NI UEPE A NI SIS G RN
-50 0 SO 100 150 200 250 300 350 400 450 500 S50

Time{0.01 psec/point)

Figure 4. Ultrasonic signals from threads with notches using the
longitudinal-wave, straight-beam technique: {a) 0.5 mm
notch, (b) 1.0 mm notch, {c} 2.0 mm notch. (d) 3.0
mm hoich.

For the 1-mm noich, as shown in Fig. 4(b), the signal Rz
is again seen, Tn addition, the signal R, is much larger
than R.. These trends continue in Figs. 4(c) and (d}. In
particular, the amplitude of the trailing thread signal R.
is decreased because ihe sound path is interrupted by the
notch. As the crack size increases, lhe echo amplitude of
the signal R. decreases and eventually disappears duc to
the acoustic shadowing. But the Rayleigh wave appears
after the notch signal R, in Figs. 4(b), (¢} and (d). From
Fig. 4, the crack size can be determined by (2).

For the shear-wave, angle-beam examination, a 60-de-
gree (ransducer was used. Figs. 5(a) and (b) show the
thread signals with 2.0 and 3.0 mm deep notches. The
notched thread signal R, is reflected at the corner of the
notch and thread root. In Figs. 5(a) and (b), the Rayleigh
wave Rg appears after the notch signal R,, However, it
was difficult to discriminate Rayleigh wave signals Rg

after R, for 0.5 mm and 1.0 mm noiches.
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Figure 5. Ulrasonic signal from threads with notches using the
shear-wave, angle-beam technique; {a) 2.0 mm notch,
(b) 3.0 mm notch.



II. Digital Wave Shaping by Modified Least
Squares Method

To determine the localion and the stze of a small crack
in the stud and bolt threads, it is important (o 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@(»), we want to find the
mathematical operator f(»n) that will transfer a(») into a
desired waveform d(») by the convolution of a(n) with
f(m), 1e.,

din)y=aln) * f(n), (5)

where (%) means the convolulion operation. However, the
finite length of f(#) will introduce errors and consec-
quenily the waveform g{#) computed by the convolution
of a(n) with the finite-length f(2) is nol equal to the
desired waveform d(#). When the length of f(3) is m +1,
¢(n) is computed as

Y f)aln—s), n=0,1, -, m+N,
g(n) = ‘=nf ) ) (6)
0, n>my,

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

least-squares sense as

E=

e

(d(n)-q()’. N

D

From (6} and (7}, error £ can be expressed as

m+N

" 2 o
£="Y (b0~ T f@atn-9) + 5 dwr. @®
n=0 s=0 n=m+N+1
The oplimized cocfficients of f{#n) can be found by min-

imizing the ertor £ in (8). By

AE
W—O, n=0,1 -, m Q)

we obtain

m+N mAN

Ef(S) Z_: aln—s)an—7)= ¥ dian-j),

n=10
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7=0,1, -, m (10)

By defining 7;-s and g; as

Tios= mZ aln—s)a(n- ),

(1
gi= L dimaln-j),
n=0
(10} can be expressed as
Z f{s)rj--s:gj, j=0.|."‘. ”. (I2)
s=0

Notice that 7,-; is the aulocorrelation of a(n) and g; is
the correlation of d(») with @(#}. Thus the optimized co-
efficicats of f(») can be obtained by solving the follow-

ing matrix equalion:

Yo %Y1 - Tm f(o) 8o
et P 1
7’.1 7"0 . 7.1 f() _ 821 . (13)
Fm Fm1 o+ To f(m) &m
The minized etror will then be
Emn=Y dn)* =3 fim)gin). (14)
n=t) n=g

B. Wave Shaping by Modified Least Squares 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 lhe opcrator is not satislactory in some
cases due 1o the minule differences hetween the signals
from threads. The performance can be improved signific-
antly by the following modified least squares method.

If we use two reference signals @,(%) and a>(») from
threads without any cracks, the error £ in (8) can be

rewritten as

m+N m m 2
E= ¥ (2d(n}— S fSan-9~ ¥ f(S)az(n—S))

H=0 -0 =0

+ Y dwy (1)

To obtain optimized operalor coefficients, (9) is applied

to (15), which gives

2( Y doain-)+ 5 din)asn— j))

n it n=40
L3 m+N m N

=3 f(S){ Y oan-ain-D+ T axn—siain-j)
0 n=0 n=0
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m+N m+N

+ ¥ aln—9an-)+ Y a:in—s)ain-;}|,

n=0

J=0,1, ., m (16)

Using (t1), (16) can be represented as

2 fSMrng- trag-o Trog-s trag-)

s5w0

=2lgp F&upd. 7=0,1, -, m, an

where 74 is the correlation of ax(») with ad#n) and gs is
the correlation of #(n) with ax(n). The optimized oper-
ator can bc obtained from (17) and the minimized error
will be

oy m
Enin=4 2 dn) -3 3 f(gus +&x9]
n={ =0

mtN m m
+1 )_: f(a(n—s) L. f(sda(n—-s)|. (18}

In general, when the number of reference waveforms is a,

the optimized operator can be obtained from the follow-
ing:

Mt

YL

s=0 1=

nt «
=1

rai-o=a ‘Z Ly, F=0,1,--,m (19)
=1

k=1

C. Experimentat Results

Fig. 6 shows an ulfrasonic signal obtained rom threads
with a crack. The center frequency of the transducer is 10
MHz. 1In this case, as can be seen (rom 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 fo find the optimized operator coefficients. Thus the
optimized operator coefficicnts are obtained from (19)
with o =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 ¢rack can be easily detected.

As the ultrasonic waves continue to propagate through
a malerial, the waves experience exponential-type attenu-
ation. To compensale for this, we use the concept of win-
dow by which cach wave is normalized to unity, as can

be scen in Fig. 8.
V. Dynamic Predictive Deconvolution

As can be secen from Fig. 1, ultrasonic signals 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 efficientty determine the location and the size
of a small crack, these large regularly spaced pulses can be
removed by prediclive deconvolution technique [7). Based
on the fact thal the large repularly spaced pulses are
correlated with each other, the prediclive deconvolulion
estimates the next signal value using the previous signal
values, over a prediclive distance. An optimized operalor
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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Figure 8. Processed signal by the proposed wave shaping method.

After briefly summarizing the prediclive 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 environmendts.

A Predictive Deconvolution

If it takes 7, seconds for an ultrasonic wave to lravel
from a thrcad root to the next thread root, the time inter-
val between two consecutive echoes is 27,. Let the inci-
dent wave from the transducer to the threads is x(f).
Then the reflected wave R(¢} from the threads can be

expressed as
N

R@#)= 2. Rex(t—2kT ), (20)
F 2T

where N is the number of threads and Ry is the amplitude
of the reflected wave determined by the attenuation char-.
acteristics of the threads.

Let R(n) be the sampled verston. If the length of the
prediction operator p is m +1 and the number of sample
points corresponding Lo the distance be{fween two con-
secutive thread roots is £, then the error between the
actual signat and the predicted signal (for exarnple, the
error between R; and estimated R; predicled from R, in

Fig. 1) can be expressed as

=Y (R(n D)= p) R(n—s))z. @)

n=0 s=0
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The optimized prediction operator can be found by

dE

3 p(n) =0, n=0,1, . m (22)

From {22),

m D-b b-1

L L p9Rn-)RO=9)=T Rin+DIR(n—),
7=0 1 . (23)

By delining 7;-5 as

#iea= ¥ Rtn—j)Rn-s). 24)

n=0

{23} can be expressed as
Y opsyris=rj0. j=0,1,-m (25)
-0

Thus the optimized coeflicients of p(n) can be obtained
by solving the following matrix equation
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Figure 9. Application example of predictive deconvolution lech-

nigue; (a) signal received at a transducer, (b) processed
signal by predictive deconvolution.
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Fo ¥i o T H0y rp

i1 Yo 't Fm- p2{); ¥p

. . . = . (26)
Tm Pm-1 ** 7o plm YD +m

Using the optimized coefficients, the estimated valuc for

R(% +D) can be computed as L. ps) R(n—s).
$=1

An application example of the predictive deconvolution
technique is shown in Fig. 9. Fig. 9(a) shows an ultra-
sonic signal obtained [rom threads without any crack. By
applying the predictive deconvolution technique lo the
signal in Fig. 9(a), the processed signal in Fig. 9(b) is
obtained. From Fig. 9(b), it is easy 10 scc that there are

no cracks in the threads under inspection.

B. Dynamic Predictive Deconvotution

In conventional predictive deconvolution technique, it is
assumed thal (he prediction dislance D is constant. Alth-
ough this assumption is valid for many applications, D
often needs to be adjusted to D +4, for the -th prediction
depending on the location of the transducer, the structure
ol 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 d.
{rom the transducer to the {-th thread root is

Transducer

Figure 10. A test environmeni showing the location of the trans-
ducer and the vanous distances to the thread roots.

d,. = m . (27)
cosd;

The angle & can be compuled as

H ) ) (28)

gt —
0i=tan (W+(i—I)L

In the proposed dynamic prediclive deconvolution methad,
the prediction distance is adjusted for ecach prediction
using (27) and (28).

In the predictive deconvolution method, prediction for
the k-th signal Rex(t-2kT)) is performed hased on the

(k-1)-th signal Rex(¢-2(£-1)T). However, if the (£-1)
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 perform-
ed based on the first received signal R x(¢£-2T)).

The signal in Fig. 11(a) was oblained by applying pre-
dictive deconvolution to a signal collected (rom a test
specimen which has a crack only at the third thread root.
Although the processed signal clearly shows that the third
thread rool has a crack, it docs not give accurate infor-
mation aflter the third thread rootl. The signal in Fig. 11
(b} was obiained by applying dynamic predictive decon-
volution 1o the signal collected from the same specimen.
Fig. 11(b} clearly shows that the test specimen has a
crack only at the third theead root.
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Figure 11, Comparison of the results of predictive deconvoiution
and dynamic predictive deconvolution: {a) signal
processed by prediclive deconvolution, (b) signal
processed by dynamic predictive deconvelution.
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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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12. Dynamic predictive deconveolution 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.
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of ultrasonic waveforms. Dynamic predictive deconvol-
ulion can be applicd 10 the wave-shaped signals lo give
clearer picturc 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(s), the wave-shaped signal in Fig. 12
(b) is obtained. The signal in Fig. 12(c} is obtained by ap-
plying the dynamic predictive deconvolution technique 10
the wave-shaped signal in Fig. 12(b). From Fig. 12{c). i1
13 casy lo see thal there arc no cracks in the threads

under inspeclion.

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 (he observation thal the
Raylcigh wave propagates sfowly along a crack lrom the
lip to the opening and is reftecled from the opesing
mouth. When there exists a crack, a small delayed pulse
due to the Rayleigh wave is detecled belween large regu-
larly spaced pulses from the thread. The delay time is the
same as the propagation defay tme of the slow Ravleigh
wave and s proportional (o Lhe size of the crack. In spite
ol the complex geometey of the lhreads of a stud boll. the
Rayleigh wave lechnique can identily a small crack in the
root of the threads (as small as 0.5mm).

To cfficiently detect the slow Rayleigh wave, three
methods bascd on the digital signal processing technigues
have heen proposed : modilied wave shaping, dynamic pre-
dictive deconvolution, and dynamic prediclive deconvol-
ution combincd with wave shaping. The elfecliveness of
these methods has been demonsirated by several examples.

In general, there are a kazge number of bolls in a sys-
tem. Thus, for some applications, it is crucial to decrease
the Lime needed for ulirasonic test. To this cnd, the fabri-
cation of ASIC (Application-Specific Integraled Circuit}
for dynamic predictive deconvolution combined wilh
wave shaping ts currently under study.

Also, il is expected that the proposed methods can be
uscd lor ultrasonic inspection of other malerials. Obvio-
usly, somc modifications will be necessary depending on

the characicristics of the test material.
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