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ABSTRACT: The detection of structural defects and the measurement of applied loads in strands is important
to ensure the proper performance of civil structures, including post-tensioned concrete structures and cable-
stayed or suspension bridges. Ultrasonic guided waves have been used in the past to probe strands. This paper
reports on the status of ongoing collaborative studies between the Universities of California, Pittsburgh and
Bologna aimed at developing a monitoring system for prestressing strands in post-tensioned structures based

on ultrasonic guided waves and built-in sensors.

1 INTRODUCTION

High-strength, multi-wire steel strands are widely
used in civil engineering such as in prestressed con-
crete structures, and cable-stayed or suspension
bridges. Material degradation of the strands, usually
consisting of indentations, corrosion or even frac-
tured wires, may result in a reduced load-carrying
capacity of the structure that can lead to collapse. In
a survey involving the study of more than one hun-
dred stay-cable bridges Watson & Stafford (1988)
pessimistically reported that most of them were in
danger mainly because of cable defects. Strand fail-
ures that caused bridge collapses were documented
in Wales (Woodward 1988), Palau (Parker 1996),
and North Carolina (Chase 2001). Hence the need
for developing monitoring systems for strands that
can detect, and possibly quantify, structural defects,
as well as alert of any prestress loss.

Structural monitoring methods based on Guided
Ultrasonic Waves (GUWSs) have the potential for
both defect detection and stress monitoring. GUWs
have been used for the detection of defects in multi-
wire strands and reinforcing rods (Kwun and Teller
1994, 1995; Pavlakovic et al. 1999, 2001; Beard et
al. 2003; Reis et al. 2005) and for the evaluation of
stress levels in post-tensioning rods and multi-wire
strands (Kwun et al. 1998; Chen and Wissawapaisal
2002; Washer et al. 2002). The authors have used
GUWs for defect detection and stress monitoring in
seven-wire steel and composite strands (Rizzo and
Lanza di Scalea 2001, 2004, 2005; Lanza di Scalea
et al. 2003).

This paper summarizes representative results ob-
tained to date by the authors on the detection of de-
fects and the monitoring of prestress levels in
strands.

2 SAFE METHOD

The Semi-Analytical Finite Element (SAFE) method
is an effective tool to model waveguides of arbitrary
cross-section (Huang & Dong 1984; Hayashi et al.
2003). The authors have recently extended the
method to account for viscoelastic material damping
through complex stiffness coefficients (Bartoli et al.
2006). In the SAFE method, at each frequency w a
discrete number of guided modes are obtained. For
the given frequency, each mode is characterized by a
wavenumber, £, and by a displacement distribution
over the cross-section. For  axisymmetric
waveguides, it is convenient to develop the viscoe-
lasticity wave equations by using a cylindrical refer-
ence system, with the cross section lying in the -6
plane and the z-axis being parallel to the
waveguide’s longitudinal direction (see Figure 1a).
The displacement at a point is:

u(ra 67 Z, t) = ﬁeingei(&_‘”’) (1)

where ¢ is the time variable, i is the imaginary unit,
and n is the circumpherential order of the mode.
Subdividing the cross-section into finite elements,
the approximate displacement field in the element is:



u(e) =N (1") ﬁ(e)ei(n9+§z—wt)
(2)

where N(7) is the matrix of the shape functions and
U is the element’s nodal displacement vector.
Thus the displacement is described by the product of
an approximated cross-sectional finite element field
with exact time harmonic functions in the propaga-
tion direction.
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Figure 1. SAFE solutions for a 15.24mm steel rod embedded in
a 63.5mm grout layer and a 152.4mm concrete layer (axis-
symmetric modes). (a) system modeled; (b) phase velocity
curves; (c) attenuation curves; and (d) displacement mode
shapes of two modes at low-loss points.

The compatibility and constitutive equations can be
written in synthetic matrix forms as:
€e=Du, o= C'e

3)

where € and ¢ are the strain and stress vector, re-
spectively, D is the compatibility tensor and C~ is
the complex constitutive linear viscoelastic tensor.
More details on the compatibility operator can be
found in Hayashi et al. 2003.

The principle of virtual works with the compati-
bility and constitutive laws leads to the following
energy balance equation

[6utdT = [su” (pii)dV + | 5(uD) C'DudV  (4)
r vV V

where ' is the waveguide cross-sectional area, V' is
the waveguide volume, t is the external traction vec-
tor and the overdot means time derivative. The finite
element procedure reduces Equation 4 to the a set of
algebraic equations:

[A-¢B],, Q=p 5)

where the subscript 2M indicates the dimension of
the problem with M the number of total degrees of
freedom of the cross-sectional mesh. Details on the
complex matrices A, B and vector p can be found in
Bartoli et al. (2006). Setting p =0 in Equation 5, the
associated eigenvalue problem can be solved as
&(w). For each frequency @, 2M complex eigen-
values &, and 2M complex eigenvectors Q,, are ob-
tained, corresponding to right-propagating and left-
propagating waves. The first M components of Q,,
describe the cross-sectional mode shapes of the m-th
mode. Once &, is known, the dispersion curves can
be easily computed. The phase velocity can be
evaluated by the expression c,,=®/&car, Where & 18
the real part of the wavenumber. The imaginary part
of the wavenumber is the attenuation, att=_Eipgee, In
Nepers per meter.

Figure 1 shows the SAFE results for a 15.24 mm
(0.6 in)-diameter steel rod embedded in a 63.5 mm
(2.5 in)-outer diameter layer of grout and a 152.4
mm (6 in)-outer diameter layer of concrete. By sim-
ply discretizing a radius  (g)such multilayer
waveguide, the SAFE routine efficiently computed
phase velocity (Figure 1b), attenuation (Figure 1c)
and cross-sectional mode shapes (Figure 1d). Only
axis-symmetric modes are shown. Twenty-five
quadratic elements were use to discretize each of the
three layers. The particular displacement mode
shapes plotted correspond to small attenuation losses
of two modes at 310 kHz. It can be seen that no en-



ergy is present in the outer concrete layer at both of
these low loss points. However, one of the two
modes generates substantial displacements within
the steel rod. This kind of analysis can help design-
ing a structural monitoring system which concen-
trates the ultrasonic energy within the strands and
provides reasonably large inspection ranges.

3 DEFECT DETECTION

3.1 Experimental setup

Results will be presented for a high-grade steel 270,
seven-wire twisted strand with a total diameter of
15.24 mm (0.6 in). This is a typical strand for stay
cables and for prestressed concrete structures. The
nominal diameter of each of the wires was 5.08 mm
(0.2 in). A notch was machined, perpendicular to
the strand axis, in one of the six peripheral wires by
saw-cutting with depths increasing by 0.5-mm steps
to a maximum depth of 3 mm (Figure 2). A final cut
resulted in the complete fracture of the helical wire
(broken wire, b.w.), which was the largest defect ex-
amined. The smallest notch depth of 0.5 mm corre-
sponded to a 0.7% reduction in the strand’s cross-
sectional area. The largest notch depth of broken
wire corresponded to a 15.6 % reduction in the
strand’s cross-sectional area.

The strand was subjected to a 120 kN tensile
load, corresponding to 45% of the material’s ulti-
mate tensile strength, that is a typical operating load
for stay cables. The load was applied in the labora-
tory by a hydraulic jack operating in load control.
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Figure 2. Experimental setup for defect detection in a strand
using reflections of guided waves excited and detected by
magnetostrictive transducers (dimensions in mm).

Magnetostrictive transducers resonant at 320
kHz, were used to excite and detect GUWSs in the
strand (Figure 2). This frequency was chosen since it
is known to propagate with little losses in loaded,
free strands (Rizzo & Lanza di Scalea 2004b). The
distance between the transmitting and the receiving
transducers, d; in Figure 2, was fixed at 203 mm (8
in) in all tests. By sliding the transmitter/receiver
pair along the strand, tests were conducted at the
five different notch-receiver distances, d in Figure 2,
of 203 mm (8 in), 406 mm (16 in), 812 mm (32 in),
1016 mm (40 in), and 1118 mm (44 in). The latter
was the largest distance allowed by the rigid frame
of the hydraulic loading.

A National Instruments PXI® unit running under
LabVIEW® was employed for signal excitation, de-
tection and acquisition. Five-cycle tonebursts cen-
tered at 320 kHz, modulated with a triangular win-
dow, were used as generation signals. Signals were
acquired at sampling rate equal to 33 MHz and
stored after different number of digital averages,
namely 500, 50, 10, 5, 2 and 1 (single generation).

3.2 Wavelet feature extraction

Two time windows were selected for the direct sig-
nal and the defect reflection measured by the re-
ceiver. The gated waveforms were then processed
through the Discrete Wavelet Transform (DWT) us-
ing the Daubechies of order 40 (db40) mother wave-
let. For a 33 MHz sampling frequency, the 320 kHz
frequency of interest was contained in the sixth level
of DWT decomposition, according to

fi=AxF/2 (6)

relating the reconstructed frequency f; at level i to
the center frequency F of the mother wavelet, the
scale 2/, and the signal sampling frequency 4. Thus
the sixth level was the only one considered in the
further analysis (pruning). Representative results of
the pruning process are shown in Figure 3, present-
ing the signals reconstructed from the first six DWT
detail decomposition levels (D;, D,..., Dg¢). The
original signal was taken without any averages. The
D¢ reconstruction correctly identifies (at around 140
usec) the reflection from a 2.5mm-deep notch in one
of the helical wires of the strand. Since levels 1 to 5
will merely reconstruct noise, they were eliminated
in the DWT analysis process.
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Figure 3.—Sighalé reconstructed after pruning the DWT coeffi-
cients at the first six decomposition levels.

Subsequently to pruning, the sixth decomposition
level was subjected to the thresholding process. The
threshold chosen to select the relevant wavelet coef-



ficients is an important variable that affects the sen-
sitivity of the defect sizing. An optimum threshold
combination for the direct signal and the defect re-
flection was searched based on obtaining the largest
sensitivity to defect size through a variance-based
reflection coefficient.

It was found that the larger sensitivities were ob-
tained when setting more severe thresholds on the
defect-reflected signals, with little effect of the
thresholds imposed on the direct signal. Based on
the findings in Rizzo & Lanza di Scalea (2006), op-
timum thresholds were fixed at 20% of the maxi-
mum wavelet coefficient amplitude for the direct
signal, and at 70% of the same quantity for the de-
fect reflection.

A “reflection” Damage Index vector (D.I.) was
constructed from the ratios between certain features
of the reflected signal, Feciion, and the same fea-
tures of the direct signal, F e :

DL {Fﬂ—} ™

Fdirect,i

After parametric studies, the following four fea-
tures were used to compute a four-dimensional D.L:
variance, root mean square, peak amplitude and
peak-to-peak amplitude of the thresholded wavelet
coefficients at level 6. All D.I. components showed
a quite linear dependence in a semi-logarithmic
scale on the notch depth, and a relatively negligible
dependence on the defect position for notches be-
tween 1.5 mm and 3 mm in depth. The experimental
data for two of these components are shown in Fig-
ure 4. The results for very small notches, below 1
mm in depth, were less stable against varying dis-
tances due to the poorer SNRs of the defect reflec-
tions. The results for the broken wire case (Smm-
deep notch) also showed an increased dependence
on the notch-receiver distance, with D.I. components
generally increasing for defects located further away
from the receiver. This trend is opposite to what
would be expected considering wave attenuation ef-
fects, and its origin is probably associated with the
interference of multiple propagating modes that is
distance dependent. It was also found that the D.I.
component based on the variance of the wavelet co-
efficient vector (Figure 4) had the largest sensitivity
to notch depth compared to all other components.
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Figure 4. Components of the Damage Index vector measured
from the variance and from the root-mean-square of the thresh-
oldded wavelet coefficients at the sixth decomposition level.

3.3 Statistical defect classification

A multivariate statistical analysis was performed to
discriminate the defect indications from random
noise which may be present in the measurements.
The Mahalanobis Squared Distance (MSD), D, was
used as the discordancy test according to:

D, =({x }-{=}) [KT ({15 ®)

where {x } is the potential outlier vector, {X} is the
mean vector of the baseline, [K ] is the covariance
matrix of the baseline and 7 represents a transpose
matrix. In the present study, since the potential out-
liers were always known a priori, both z- and D,
were calculated exclusively without contaminating
the statistics of the baseline data.

The baseline distribution was obtained from the
ultrasonic signals stored after averaging over ten ac-
quisitions and corrupted by two different levels of
white Gaussian noise. The noise signals were cre-
ated by the MATLAB randn function. The random
noise increased the sample population and simulated
possible variations in SNR of the measurements that
can be originated, in practice, by a number of factors
including changing sensor/structure ultrasonic trans-
duction efficiency, and changing environmental
temperature affecting ultrasonic damping losses.
The randn function generates arrays of random
numbers whose elements are normally distributed
with zero mean and standard deviation equal to 1.
The function was pre-multiplied by a factor that de-
termines the noise level. Factors equal to 0.01 and
0.1 were considered as “low noise” and “high
noise”, respectively. For each noise level, 300 base-
line samples were created.

The same approach was taken to generate a large
number of data for the damaged conditions. Six of
the seven total notch sizes discussed in Section 3.1
were considered. The ten-average signals acquired
for each of the six defects were corrupted by the low
noise level and the high noise level, generating a to-
tal of 300 samples for each damage size. These sam-
ples represented the testing data of the algorithm. A
total 2100 samples data were thus collected for each
noise level.

The added noise can be quantified in terms of
SNR by the following expression:

i=l i=l1

N N
SNR [dB]:IOLogLZsiz/N ZME/NJ
9)

where s; and u; are the amplitudes of the ultrasonic
signal and of the noise signal, respectively, and N is
the number of points. The SNR between the direct
signal and the two 0.01 and 0.1 noise levels was
about 43 dB and 23 dB, respectively. The SNR be-



tween the reflection from the 3 mm-deep notch and
the two 0.01 and 0.1 noise levels was about 32 dB
and 12 dB, respectively. Clearly, the latter two val-
ues decreased with decreasing notch depth.

3.3.1 Defect detection results — “low” noise

The MSD computed from the four-dimensional D.I.
of all samples, including the baseline data and the
damage data, calculated for the low noise level of
0.01 are summarized in Figure 5a. The mean vector
and the covariance matrix were determined from the
300 D.I. vectors associated with the undamaged
condition of the strand. The discordancy values of
the damaged conditions were calculated in an exclu-
sive manner. The horizontal line in this figure repre-
sents the 99.73% confidence threshold value of
21.579. Eight baseline samples are outliers, thus
false positive indications. Clear steps can be seen for
increasing levels of damage. All damaged conditions
were properly classified as outliers, thus there were
no false negative indications. The MSD values
showed good discrimination between all defect
sizes, including the smallest notch depths, confirm-
ing that it is advantageous to combine multiple
GUW features to provide a large sensitivity to the
defects. Nevertheless, compared to previous multi-
variate outlier analyses in structural monitoring ap-
plications, the dimension of the D.I. was still kept at
a very low value by selecting only four features of
the GUW signals containing the essential informa-
tion of interest owing to the effectiveness of the
DWT decomposition.
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Figure 5. Mahalanobis squared distance for the baseline (un-

damaged) and damaged strand data corrupted with the low-
level noise (a) and the high-level noise (b).

3.3.2 Defect detection results — “high” noise
Following the same approach, the MSD results of
the D.I. corrupted with the high noise level of 0.1
are shown in Figure 5b. The 99.73% confidence
threshold was now computed as 18.137. Compared
to the low noise results of Figure 5a, it is clear that
the heavier noise corruption compromises the ability
to detect the notch depths below 2.0 mm, corre-
sponding to a 5% reduction in strand’s cross-
sectional area. The ratios of correctly classified out-
liers below 5% area reduction were only 12/300,
7/300 and 1/300 for notch depths of 0.5 mm, 1.0 mm
and 1.5 mm, respectively. Above the 5% area reduc-
tion, the sensitivity to defect detection was also de-
graded with the increasing noise level; for example,
the MSD values for the 2 mm notch depth in Figure
5b are four orders of magnitude smaller than the cor-
responding values in Figure 5a. The reduced number
of false positive indications (three against eight) is
the only improvement over the low noise level.

Table 1 summarizes the number of outliers de-
tected in the multivariate analyses for both levels of
noise considered; the outliers are false positive indi-
cations for the baseline data (Damage Size 0) and,
instead, correct indications of anomalies for the de-
fect data.

Table 1. Results of defect detection for outlier analysis: num-
ber of outliers n/300 for the various damage sizes and two lev-
els of noise.

Noi Damage Size (notch depth — mm)
se 0 05 1.0 15 20 3.0 5.0
leve (b.w.)
1
0.0 & 300/ 300/ 300/ 300 30 300/
1 3 300 300 300 @/ 0/ 300
0 300 30
0 0
0.1 3/ 12/ 7 1/ 300 30 300/
3 300 300 300 @/ 0/ 300
0 300 30
0 0

4 PRESTRESS LEVEL MONITORING

Experiments were conducted on three strands, each
embedded in a 152 mm (6 in) x 152 mm (6 in) X
1016 mm (40 in) concrete block (Figure 6). A layer
of grout was also present in the strand ducts. After
the concrete cured, two of the strands were post-
tensioned at two different stress levels, namely 70%
and 45% of U.T.S. The third strand was left un-
stressed to provide a total of three different
prestressing conditions.
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Figure 6. Experimental setup for monitoring prestress levels in
a seven-wire strand embedded in a concrete block from
through-transmission ultrasonic measurements.

Two novel features of GUWs were considered for
this task. The first feature examined was the amount
of ultrasonic energy leakage among the individual
wires comprising the strand (“interwire” leakage). It
was, in fact, anticipated that such leakage increases
with increasing level of prestress as a consequence
of the increasing interwire stresses. The second fea-
ture examined was any shift in the frequency of
maximum ultrasonic transmission relative to the ex-
citation frequency. Such shift was expected to occur
as a result of the changing wave dispersion with in-
creasing interwire contact.

A through-transmission ultrasonic setup, schema-
tized in Figure 6, was adopted for this investigation.
A broadband transducer (Pico sensor©, Physical
Acoustic Corporation) was used to excite waves in
the central wire at one of the strands’ ends. The
waves were detected by two Pico sensors located on
the central wire and on the peripheral wire at the
strands’ opposite ends. Toneburst signals were ex-
cited by sweeping the generation frequency from
100 kHz to 700 kHz.

Figure 7a shows the “energy leakage” feature,
here quantified as the ratio between the root-mean-
square of the signal detected in the peripheral wire
and that of the signal detected in the central wire.
This ratio was computed so as to make the meas-
urements robust against changes in the excitation
voltage or in the coupling conditions of the excita-
tion transducer. The figure shows that the amount of
interwire leakage indeed increases with increasing
prestress levels. It is also shown that the sensitivity
to prestress level is not uniform throughout the fre-
quency range, with maximum sensitivity to stress
being achieved at around 300 kHz.

Figure 7b plots the results of the frequency shift
feature, computed as the relative shift between the
frequency of the maximum amplitude detected
through-transmission (fmax) and that of the excitation
toneburst (fexc). It can be seen that such shift is sen-

sitive to the presence of prestress in the strands, al-
though it appears less effective than the interwire
energy leakage in discriminating the exact level of
applied stress. These results, however, suggest that
frequency shifts can be very effective for detecting a
complete loss of prestress. The shifts are uniform in
a large frequency range (350 kHz — 700 kHz), which
can be useful when considering the use of other sen-
sors (e.g. magnetostrictive) embedded in the grout
for monitoring prestressing strands in real structures.
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Figure 7. Stress-sensitive features. (a) Energy leakage from
center to peripheral wire; and (b) shift between excitation fre-
quency and peak transmission frequency.

5 CONCLUSIONS

Due to the high probing frequencies and reasonably
large propagation distances, Guided Ultrasonic
Waves (GUWSs) are good candidates for the struc-
tural health monitoring of loaded strands.

Modeling the multimode and dispersive character
of GUWs in the cylindrical waveguide is important
to interpret the measurements and, ultimately, to de-
sign an efficient monitoring system. A semi-
analytical finite element method was used to model
GUW propagation in steel rods embedded in grout
and concrete. This technique is being extended to
model twisted, embedded waveguides representing
seven-wire, prestressing strands in concrete.

A reflection-based Damage Index vector was used
to detect notch-like defects in the strands. The Dis-
crete Wavelet Transform (DWT) was employed to
compress each GUW measurement to four coeffi-
cients. A four-dimensional Outlier Analysis was
then performed to discriminate indications of
notches from noise simulated in the laboratory. The



notches considered were located as far away as
1,100 mm from the sensors. The algorithm was able
to properly flag notches as small as 0.5 mm (0.7%
strand’s area reduction) for SNRs on the order of 32
dB. For higher noise levels, corresponding to SNRs
on the order of 12 dB, the properly flagged notches
were as small as 2 mm (5% strand’s area reduction).

In a parallel study, through-transmission meas-
urements were collected to identify wave features
sensitive to prestress levels in strands embedded in
post-tensioned concrete blocks. The amount of wave
energy leakage between the central wire and the pe-
ripheral wires was one stress-sensitive feature identi-
fied. The shift between excitation frequency and
peak transmission frequency was another stress-
sensitive feature identified. Both of these features
are being investigated further to assess their applica-
bility to a monitoring system where sensors are em-
bedded along the length of a strand in a real struc-
ture.
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