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ABSTRACT: The theory of acoustoelasticity has been the main concept behind most studies investigating the
stress level in different structural materials. In this paper, an alternative approach for stress assessment is in-
vestigated whereby signal characteristics are identified under different stress levels. The results of an experi-
mental investigation on longitudinal waves propagating perpendicular to the applied stress are presented. Ul-
trasonic signals were acquired from steel specimens subjected to different uniaxial tensile stress levels. Two
well known Digital Signal Processing (DSP) methods; the Fast Fourier Transform (FFT) and Chirp-Z Trans-
form (CZT), were used to analyse the signals in the frequency domain. Two other techniques; peak ampli-
tudes and signal energies, were used for investigating the acquired signals in the time domain. This study con-
firms that the acoustoelastic effects on ultrasonic signals are miniscule within the elastic range for
longitudinal signals travelling perpendicular to the applied stress. However, the results show a clear distinc-

tion between signal characteristics prior to and post yielding.

1 INTRODUCTION

The Structural Health Monitoring (SHM) field has
developed remarkably in the last few decades with
the adaptation of new techniques and technologies.
Several methods have been studied and introduced
by researchers for assessing the structural integrity
and safety of civil engineering structures (Chang &
Liu 2003, Giurgiutiu & Cuc 2005). SHM methods
are generally used for (1) validating the design as-
sumptions to improve the design specifications for
future use, (2) detecting anomalies and damages be-
fore and after disasters or extreme events to provide
the necessary information for rehabilitation, and
(3) monitoring the repairs to evaluate the effective-
ness of the applied works (Ko & Ni 2005). There
are many existing structures that are about to reach,
or have already reached, the end of their design life.
These structures first need to be identified and then
prioritized for required repairing and strengthening
actions. Thus, well-coordinated interdisciplinary re-
search was motivated by the lack of an effective and
a reliable tool that can fully achieve the aforemen-
tioned objectives (Ko & Ni 2005).

Non-destructive Testing (NDT) is a rapidly grow-
ing research area that has been offering solutions for
health assessment of structures. Materials and struc-
tures can be tested with NDT methods without de-
stroying their usefulness as opposed to destructive
techniques, which are generally more expensive and

time consuming. With few exceptions, NDT in civil
engineering has mostly been used: (i) to determine
material properties (e.g. concrete compressive
strength, water-cement ratio, modulus of elasticity,
dynamic modulus and Poisson’s ratio), (ii) to detect
defects (e.g. cracks/voids), and (iii) to locate em-
bedded reinforcement (e.g. steel bars and prestress-
ing strands). In addition to the important tasks of
identifying material properties and detecting dam-
age, the determination of stress levels in structures
is also important for structural condition assessment,
especially for highly stressed zones.

The Theory of Acoustoelasticity explains the de-
pendence of wave velocity on the stress state of the
material through which it travels. It is the most
widely used technique for stress measurement in
structural materials. The theory was first introduced
in 1953 (Hughes & Kelly 1953). The acoustoelastic
constants were shown to be specific for different
materials and to be translating the effect of a stress
field to ultrasonic wave velocities (Egle & Bray
1976). Since the late 1950’s, this theory has been
used as a non-destructive method for measurement
of the residual and applied stress levels of structural
materials such as aluminium, steel and timber (Egle
& Bray 1976, Duquennoy et al. 1999, Bergman &
Shahbender 1958, Si-Chaib et al. 2001, Santos &
Bray 2001, Sgalla & Vangi 2004). The linear rela-
tionship between the relative changes in the wave
velocity and the stress state of the material was used



eJSE

International

in all of these studies for stress measurement. The
sensitivity of this linear relationship was investi-
gated for various stress and wave directions (Egle &
Bray 1976). Figure 1 illustrates three possible wave
directions for an element under tension.
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Figure 1. Possible orthogonal directions and designations of
velocities in solids (Bray & Tang 2001).

The first and the second indices of the velocities
in Figure 1 represent the propagation of the wave
and the direction of the movement of the particles
(polarization direction) respectively. The velocities
which have the same direction of wave propagation
and polarization correspond to longitudinal waves
(e.g. Vi1, V2), meanwhile others represent the ve-
locities in a perpendicular plane, known as shear
waves (e.g. V12, V13).

The sensitivity of these waves to the material
strain level is significantly affected by the polariza-
tion direction of the waves. As can be seen in Figure
2, the largest relative change in wave velocity is as-
sociated with longitudinal waves (V;) followed by
shear waves when particles vibrate parallel to the
applied load (V;;). However, stress measurement
with these two waves may not always be possible in
practice where the placement of transducers for
these velocities might not be practically possible.
This is due to the fact that structures’ ends may be
inaccessible, and if they are, distances between ac-
cess points are usually long. Furthermore, stress lev-
els usually vary along a structure’s length, which
complicates the problem of identifying stress levels.
Another important challenge is that the application
of acoustoelasticity to measure the applied or resid-
ual stresses in terms of wave speed or time of flight
(TOF) is not a reference-free technique since the
distance between the source and the receiver of the
ultrasonic wave needs to be known exactly (Junge et
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al. 2006). Furthermore, the dependency of ultrasonic
velocity with stress can be significantly non-linear
for some materials (Mishakin et al. 2006). There-
fore, stress measurement using longitudinal and
shear waves, where the particles vibrate perpendicu-
lar to the load requires more effective methods as
the sensitivity of these waves to the stress state of
the material is not significant.
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Figure 2. Sensitivity of longitudinal and shear waves to the
strain (Egle & Bray 1976).

Instead of using the relative changes in the wave
velocity, this paper investigates the dependence of
four different parameters of ultrasonic signals in
time and frequency domains on the stress state of
steel. Ultrasonic longitudinal signals, travelling per-
pendicular to the load (V;;, based on the nomencla-
ture in Figure 1), are acquired using a specially built
testing system from steel specimens under uniaxial
tension before and after yield under various stress
levels. V,, was chosen in this study because it is the
most likely velocity that can be acquired in the field
from thin-walled steel structures because of accessi-
bility issues. For the time domain analysis, the rela-
tionship of the applied stresses with the changes in
the peak amplitudes and the signal energy values of
the first three echoes of the acquired signals were
investigated. The other two parameters are obtained
using spectral analysis. The commonly used DSP
techniques; namely the Fast Fourier Transform
(FFT) and the Chirp-Z Transform, were used. All
results were normalized with the values correspond-
ing to the unstressed condition for eliminating the
effect of different test settings. The dependence of
the signal energy, time domain peak amplitudes, and
FFT and CZT peak values on the stress level of the
material are presented. The experimental results
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show that the effect of the stress state on the inves-
tigated signal characteristics may be used to detect
yield in steel.

2 EXPERIMENTAL PROGRAM

An experimental program was conducted to study
ultrasonic signal characteristics before and after
yield. The details of this program are described
next.

2.1 Specimen preparation and properties

All specimens were obtained from a quarter of an
inch thick ASTM A36 steel plate. The plate was cut
by a hydrocut waterjet machine to obtain sheet-type
test specimens. The specimens have the dimensions
of the rectangular sheet-type standard specimens
following ASTM Standard E8-04 (ASTM 2004).
Three initial tests were conducted to obtain informa-
tion about the material’s mechanical properties in
tension. For these tests, MTS 810 Hydraulic Materi-
als Testing System was used, which was controlled
by an MTS TestStar II controller that is pro-
grammed via a PC using MultiPurpose TestWare®
software (Model 793.10). The software allows the
user to customize and generate special test proce-
dures and store the test data from three channels,
namely; force, displacement and strain. Two differ-
ent MTS extensometers with one and two inch gage
lengths were used for acquiring strain data. The re-
sults of these three material tests showed that the
yield strength of the material is 310MPa (45ksi)
while the ultimate strength is 469MPa (68ksi). Fig-
ure 3 shows the stress strain relationship for the
specimen material.
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Figure 3. Stress-strain curve of steel used in this study.

2.2 Testing system

The testing system used for the experiments is com-
posed of three main units in addition to the MTS

Electronic Journal of Structural Engineering, 9 (2009)

810 Testing System used for material tests. The core
of the system is the Panametrics 5S900PR pulser-
receiver which is computer-controllable through
GPIB IEEE488 or RS-232 communication ports and
with a maximum bandwidth of 1 kHz — 200 MHz.
The multi-position switchable high-pass and low-
pass filters of the pulser-receiver were set to the
lowest and the highest positions respectively during
the ultrasonic measurements to disable filtering the
signals with the device.

Ten MHz Panametrics longitudinal wave trans-
ducers (Model V112-RM) were used to transmit and
receive the signals. These cylindrical shaped finger-
tip size contact transducers have a diameter of 9mm
(0.35in) and a height of 11mm (0.42in). The trans-
ducers were attached to the mid-section of the
specimens using a lightweight C-clamp (Figure 4)
after Sonatech Inc.’s ultrasomc testing couplants
(Ultragel IT and SonoGlide®) were applied on the
specimen’s surface.

The last component of the testing system is a PC
equipped with a digitizer board (Acqiris Model
DP310) operating up to 420MS/s sampling rate, and
MATLAB software. The received signals were digi-
tized with 400MS/s sampling rate (2.5ns time steps)
and stored in the computer to be used for subsequent
signal processing applications. Figure 5 shows a
schematic of the experimental setup instrumentation
for the through-transmission measurement mode.

SPECIMEN
C CLAMP

TRANSDUCERS

Figure 4. Configuration of transducers for through transmis-
sion operation mode.

2.3 Test database

Seven ultrasonic tests were conducted. The ultra-
sonic measurements were taken with the pulse-echo
(P/E) mode for two of the seven tests where a single
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Figure 5. Experimental setup: P, applied tension force; T/R,
transmitting transducer; R, receiving transducer; P/R,
pulser/receiver; A/D, digitizer.

transmitter/receiver transducer is placed on one sur-
face of the material and back surface echoes are re-
ceived by the same transducer. The rest of the ex-
periments were conducted with the through-
transmission (TT) mode which is basically placing
two transducers on opposite faces of the specimen.
This mode results in an acquired signal where the
back surface echoes are preceded by the main bang
that directly reaches to the receiver transducer.

The first four of these tests were pilot tests where
the specimens were loaded in the elastic region of
the material (up to stress level, o, equal to 276MPa
()). Signals were acquired at stress intervals, Ao, of
69MPa (10ksi). Following the pilot tests, three
specimens were tested up to failure and ultrasonic
measurements were acquired before and after yield.
A higher stress resolution (smaller stress incre-
ments) was chosen close to and beyond yield. Des-
ignation of tests and the stress levels where the ul-
trasonic measurement were taken are shown in
Table 1. Results obtained from these tests formed
the experimental database used in this study.

Table 1. Summary of tests and ultrasonic measurements.

Test # | Test Mode Stress Levels of Ultrasonic Measurements

Test 1 TT 0, 69, 138, 207 and 276MPa

Test 2 TT 0, 69, 138, 207 and 276MPa

Test 3 P/E 0, 69, 138, 207 and 276MPa

Test 4 P/E 0, 69, 138, 207 and 276MPa

Test 5 TT 0,69,138,207,276,310,345,379,414,448 and 469MPa

Test 6 TT 0,69,138,207,276,310,345,379,414,448 and 469MPa
0, 69, 138, 207, 276, 293, 303, 310, 328, 345, 379, 414,

Test7 TT 431, 448 and 469MPa

Test 8 T 0, 69, 138, 207, 276, 293, 303, 310, 328, 345, 362, 379,

396,414, 431 and 448MPa
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3 ANALYSIS OF EXPERIMENTAL DATA

Most of the previous studies in ultrasonic NDT for
stress measurement are based on acoustoelasticity
where the main idea is measuring the variation in
the time of flight of the ultrasonic wave through a
material with a known thickness. Subsequently a re-
lationship between the stress state and the wave ve-
locity may be established. As was mentioned before,
such a relationship is directly related to the type of
ultrasonic wave (e.g. longitudinal or shear wave)
and the direction of the particle vibration relatively
to the direction of applied load. The use of longitu-
dinal signals travelling perpendicular to the applied
stress suffers from lower accuracy due to the fact
that acoustoelastic effect is not as pronounced as it
is in other directions (e.g. Vi; in Figure 1). Thus, the
current study investigates the acquired ultrasonic
signals in terms of four different parameters in both
time and frequency domains.

Before the digitized signals were analysed, a
Moving Average Filter was utilized to remove the
random noise. The moving average filter is a type of
Finite Impulse Response (FIR) filters and it is one
of the most commonly used filters in DSP due to its
ease of use (Smith 2002). Moving average filters
average a specified number of data points of the in-
put signal and it are mathematically defined as:

lil= 2 i+ ] m

where M is the number of points used in computing
the moving average, x[i] and y[i] are the input and
the output signals, respectively. An example of the
acquired, digitized and filtered signal is shown in
Figure 6a. Even though the figure demonstrates only
the first three echoes, more were acquired and
stored. However, only the first three echoes were
investigated in this study due to the lower ampli-
tudes and more noise of the following echoes.
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Figure 6. Acquired ultrasonic signals and the changes in the
amplitude due to applied load [ 0 =379MPa (55 ksi)].

3.1 Time domain analysis

After the digitized signals were acquired and filtered
under various stress levels, they were analysed in
the time domain. First, the maximum positive peak
amplitudes of the first three echoes for all stress lev-
els (see Figure 6a) were analysed. The decrease in
the amplitude, due to applied load, of the first back-
surface echoes for the unloaded and for the 379MPa
(55ksi) stress condition and are demonstrated in
Figure 6b. Since different measurement settings and
test conditions may affect the voltage of the ac-
quired signals, all the peak values were normalized
with the peak value corresponding to the unstressed
(initial) condition of the set of data that was detected
for the same echo under different stress states. The
results from this and the other analysis methods are
presented in Section 4.

In addition to the peak value analysis, calculation
of the signal energies for the first three echoes was
the second phase of time domain analysis. The sig-
nal energy for a digital signal is defined as:

E=Y il (2)

All signal energy values were also normalized
with the initial (unstressed) value of energies calcu-
lated for the same echo under different stress levels.

3.2 Frequency domain analysis

Two well known DSP transformation techniques,
the Fast Fourier Transform (FFT) and the Chirp-Z
Transform (CZT) were used for the spectral analysis
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of the signals. FFT is a powerful algorithm for im-
plementing the Discrete Fourier Transform (DFT).
It is frequently used by researchers and scientists in
many fields including NDT in civil engineering.
The DFT of a discrete sequence, x(n), is:

N-1
Xk — Zx(n)e—j(Zﬂ'/N)nk

n=

k=0,---,N -1 3)

The FFT algorithm implements the above equa-
tion of length N with a frequency resolution of
Af = f,/N where f, is the fixed sampling fre-
quency (Wang 1990). Therefore, to increase the fre-
quency resolution with the FFT algorithm, N should
be as large as practical (Daponte et al. 1995). At this
point, using N as the closest power of two or zero
padding becomes a disadvantage of FFT. Hence,
this research investigated using the CZT for an in-
creased frequency resolution without any zero pad-
ding (Nair et al. 1991).

The CZT of a sequence, x(n), is given by:

x(n)A"W™ (4)

n=0 n=0

where k =0, 1,..., M-1; M is an arbitrary integer; n
=0, 1,..., N-1; and A and W are complex numbers in
the form of:

A=A and W= We ™ (5)

The terms W, and AW, are the starting angular
frequency and the angular frequency increment in
the z-plane, respectively. Since these numbers can
be picked by the user of the algorithm, a bandwidth
of interest in the frequency domain can be evaluated
for any desired resolution. For ultrasonic signals, the
bandwidth of interest is usually around the working
frequency of the transducers where higher resolu-
tion than for the neighbouring ranges is desired
(Daponte et al. 1995).

Figure 7 shows the FFT and the CZT of the third
back-surface echo for the o =345MPa (50ksi) stress
level. Using these two DSP techniques, the first
three echoes of the ultrasonic signals for every
stress level were analysed in the frequency domain
and their peak values were stored. To eliminate the
effect of test settings and the attenuation in the sec-
ond and the third back-surface echoes, similar to
time domain analysis, every set of data for the peak
values of FFT and CZT for the same echo, was
normalized with the initial (unstressed) value of the
data set.
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Figure 7. FFT and CZT of the third back-surface echo for
345MPa (50 ksi) stress.

4 EXPERIMENTAL RESULTS AND
DISCUSSION

The results are presented in graphical form sepa-
rately for the four different parameters considered in
this study, namely; the peak amplitude, signal en-
ergy, FFT and CZT peak amplitudes. It should be
noted that, the stress values in Table 1 are the target
stress levels at which ultrasonic signals were
planned to be acquired. However, the exact target
stress levels were not always achievable because of
the sensitivity of the testing system. Therefore, the
actual stress values applied by the MTS testing ma-
chine were recorded during ultrasonic measure-
ments and these exact values were used with the
corresponding values for the graphical analysis of
results. In addition to the normalization of the inves-
tigated parameters, the stress and strain values were
also normalized with respect to the yield stress and
yield strain values respectively that were obtained
from the material tests.

The results of the time and frequency domain
analysis for the peak amplitudes, signal energy, FFT
and CZT are presented in Figures 8-11. The varia-
tions in the inspected parameters are shown with re-
spect to the applied stress level as percentage of
yield stress and the ratio of strain level to the yield
strain level in logarithmic scale. Furthermore, all
data sets were divided into three intervals. Two of
these stress intervals correspond to stress levels be-
low 90% (shown with red circle markers in figures)
and above 110% of the yield strength (shown with
yellow diamond markers in figures). The third in-
terval was defined to be in between these two per-
centages; i.e. a transition interval (shown with blue
triangle markers in figures).

Electronic Journal of Structural Engineering, 9 (2009)

1.8
1.6
8 8
1.2 9
N A
§ 1 d QA
§ 0.8
A~ 06 || ©Below90% of Yield im
0.4 [— ATransition Interval @
0.2 = © Above 110%of Yield
0
0 20 40 60 80 100 120 140 160
% of Yield Stress
1.8
1.6 :
1.4
o 1.2
£ i
s 1 A
g 0.8
= 06 || @Below90%ofvield | 4
0.4 |—{ ATransition Interval —g—@gw
0.2 [—<© Above 110%of Yield
I
0

0 1 10 100
Strain/Yield Strain (log)

Figure 8. Results of time-domain analysis: Relationship of
normalized peak amplitude with the stress state and strain level
of steel.
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Figure 9. Results of time-domain analysis: Relationship of
normalized signal energy with the stress state and strain level
of steel.
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Figure 10. Results of frequency-domain analysis: Relationship
of normalized FFT peaks with the stress state and strain level
of steel.
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The amplitudes of the acquired signals are very sen-
sitive to several factors such as the tightening of the
clamps and the amount of couplant used between
the transducer and the specimen. A procedure was
devised and strictly followed to minimize such un-
necessary sources of uncertainty. The transducers
were detached in between every ultrasonic meas-
urement and then reattached using the same clamps
and applying the same pressure level after replenish-
ing the couplant between the transducer and the
specimen. Nevertheless, even small changes in the
initial data that is used for normalization cause the
data to be scattered especially for the stress levels
before yielding. The results of spectral analysis
show relatively stable distribution at stress levels
lower than the yield stress as compared to the results
obtained from the time domain analyses. However,
it can be seen from the results of both time and fre-
quency domain analysis that a clear trend is ob-
served for all parameters where the data points be-
fore yielding are scattered around and mostly above
1.0. Furthermore, the normalized values in this first
stress interval are not below 0.9 for peak amplitude,
FFT and CZT peaks and 0.8 for signal energy pa-
rameters.

In contrast to the first stress interval, the figures
for all investigated parameters correlate in the tran-
sition interval, where the normalized values show a
decreasing trend. This drop is down to 0.4 for nor-
malized signal energies while it is around 0.6 for
other methods.

The sudden decrease in the transition interval is
followed by a relatively stable behaviour until fail-
ure where the data values are concentrated below a
certain threshold for all methods. The results show
that all the normalized data points in this final inter-
val are smaller than 0.6 for the signal amplitude,
FFT and CZT peak value methods whereas the up-
per limit for the signal energy method was found to
be equal to 0.4.

A statistical analysis of the repeatability of the re-
sults was performed for all four investigated pa-
rameters. The data points corresponding to the three
stress intervals were analysed by obtaining the sta-
tistical descriptors, mean and standard deviation, for
all four methods. The results from the statistical
analysis are presented in Table 2.

The results in Table 2 support the aforemen-
tioned observation about the existence of a clear
threshold under which it may be said that the mate-
rial has yielded. It also shows that the spectral
analyses (FFT and CZT) result in lower standard
deviations compared to time-domain parameters
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Table 2. Statistical descriptors for the three stress intervals.

Investigated | Statistical Stress Interval (% of Yield Stress)

Method | Parameters <90% 90%< <110% | >110%
Peak Mean 1.084 1.114 0.509
Amplitude | Std. Dev. 0.139 0.092 0.135
Signal Mean 1.154 1.207 0.219
Energy Std. Dev. 0.248 0.173 0.176
FFT Peak Mean 1.059 1.075 0.417
Std. Dev. 0.099 0.070 0.183

CZT Peak Mean 1.060 1.073 0.426
Std. Dev. 0.099 0.073 0.182

within the elastic range. It can be seen that the stan-
dard deviation values of peak amplitude method for
the transition and final intervals are lower than those
for all other methods. However, the intensity of the
decrease in the mean values after yield should be
considered as the main criteria for determining the
best method for yield detection. By studying the re-
sults for the final stress interval (above 110% of
yield strength), it can be said that the normalized
signal energy method results in a larger decrease
compared to the other three methods. Moreover, the
standard deviation for this technique is lower than
the ones for spectral analysis for the final stress in-
terval. Therefore, even though all investigated
methods show great potential as a yield detection
technique, it is clear that the signal energy method
has greater potential for yield detection in steel
structures than other methods.

5 CONCLUSIONS

High localized stresses are likely to occur in steel
structures at critical sections and in the presence of
crack-like geometrical conditions (Connor et al.
2007). This might result in the occurrence of
stresses above the yield strength of the material at
these critical locations and might lead to costly fail-
ures if not identified and treated with the necessary
retrofitting strategies.

The dependences of four different time and fre-
quency domain ultrasonic signal parameters on the
stress state of steel were investigated. ASTM A36
plate type steel specimens were tested under uniax-
ial tension. Ultrasonic longitudinal signals travelling
perpendicular to the applied load were acquired un-
der different stress conditions with a specially built
NDT system. Only the first three echoes of the sig-
nals were analysed as the following echoes con-
tained relatively more noise for high stress condi-
tions. Investigations in the time domain included
studying the peak positive amplitudes and signal en-
ergies, while the Fast Fourier Transform (FFT) and
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Chirp-Z Transform (CZT) were used for spectral
analyses.

The obtained data were normalized with the ini-
tial unstressed value of every data set of the same
echo. The statistical descriptors of uncertainty
(mean and standard deviation) were calculated after
dividing the data into three stress intervals chosen
with respect to the yield stress of the material. Sud-
den decreases in the normalized parameter values
were observed for all four methods at stress levels
that are above yield whereas the data are mostly un-
changed within the elastic region of the material.
Despite the weakness of acoustoelasticity in predic-
tion of stresses for the presented test setup, all four
parameters analysed in this paper showed high po-
tential for being used as an ultrasonic non-
destructive yield detection technique for steel struc-
tures. The method can be used in practice by obtain-
ing a reference data set from an unstressed dummy
specimen under no applied stress and normalizing
the data for the stressed conditions with this value.
The presented methods will be improved and veri-
fied for different conditions (e.g. different thick-
nesses of specimens, temperature conditions, and
surface roughness) in future research so that it can
serve practitioners more accurately in investigating
high stress localizations in steel structures.
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