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Ulirasonic Guided Waves for Steel Bar
Concrete Interface Testing

by Won-Bae Na,” Tribikram Kundu and Mohammad R. Ehsani’

ABSTRACT

The feasibility of detecting and quantifying delamination at the inter-
face between steel bar and concrete using ultrasonic guided waves is inves-
tigated in this paper. These waves can propagate a long distance along the
reinforcing steel bay or concrete beam as guided waves and are sensitive t0
the interface bonding condition between the steel bar and concrete. The tra-
ditional ultrasonic methods are good for detecting large voids in concrete
but not very efficient for detecting delamination at the interface between
concrete and steel bar since they use reflection, transmission and scattering
of longitudinal waves by internal discontinuities. In this study, special
solid couplers between the steel bar (or concrete beam) and ultrasonic
transducers have been used to launch flexural cylindrical guided waves (or
lamb waves) in the steel bar (or conicrete). This investigation shows that the
guided wave testing technique is an efficient and effective tool for health
monitoring of reinforced concrete structures.
Keywords: delamination, ultrasonic waves, cylindrical guided waves,
lamb waves, steel bar, reinforced concrete, nondestructive testing.

INTRODUCTION

Infrastructures play vital roles in transporting civilian and mili-
tary personnel and goods. The majority of infrastructures are made
of reinforced concrete because reinforced concrete has several ad-
vantages over other materials. However, sometimes this material
does not perform well during its service life because of poor design,
poor construction, inadequate material selection, a more severe en-
vironment than anticipated or a combination of these factors. As a
result, some structures may have severe internal or external deteri-
oration. The deterioration may consist of cracks, corrosion, void,
delamination or separation between concrete and reinforcing steel
bars and so on. Of course, these discontinuities are interrelated; in
other words, one kind of discontinuity may affect or create another
kind. For example, the corrosion of a reinforcing bar can develop a
delamination, the delamination of concrete can invoke spalling of
concrete cover and voids in posttensioning ducts can accelerate the
corrosion of the tendon in some chemical environments (National
Research Council, 1991; Concrete Society, 1996). Among; those dis-
continuities, corrosion and corrosion induced discontinuities may
be the most critical problems since these discontinuities have
caused undesirable accidents and catastrophic failures of infrastruc-
tures (National Research Council, 1991; Concrete Society, 1996). The
corrosion is mainly caused from deicing chemicals and sea salt.

In order to prevent accidents and failures, there have been sev-
eral research efforts such as the development of alternative deicing
materials, innovative use of sodium chloride, application of other
reinforcements and development of repairing or rehabilitation
techniques. Although many alternative deicing materials and in-
novative uses of sodium chloride have been developed, one study
shows that the use of deicing salts is still more economic than the
alternative, less effective deicers (National Research Council, 1991).
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For alternative reinforcements, nonmetallic fiber reinforced poly-
mer and epoxy coated steel reinforcement still have some limita-
tions that deter them from replacing conventional materials for
most cases. In addition, since existing aging infrastructures contain
mostly steel reinforcement, it is imperative to develop promising
repair or rehabilitation techniques to reduce accidents and the costs
associated with structural failures. However, without precise detec-
tion, the repair or rehabilitation will be expensive and time con-
suming. That is why promising and reliable testing techniques
need to be available. The testing technique must predict which part
of a structure has a problem and then appropriate repairs to or re-
habilitation of the deteriorated region will be carried out.

Today, nondestructive testing (NDT) plays an increasingly sig-
nificant role in health monitoring and maintenance of infrastruc-
tures (Achenbach, 2000). There are several NDT methods that have
the potential for detecting corrosion and/or corrosion induced dis-
continuities. These include electrochemical, X-ray, ground penetrat-
ing radar, impact echo and ultrasonic methods (Broomfield, 1997;
Rens et al., 2000; Scott et al., 2000; Sansalone and Carino, 1989). All
of these methods are at different stages of their development. How-
ever, there is no single testing method which is good for detecting
all kinds of discontinuities. Effectiveness of a testing technique de-
pends on the type of discontinuities and structures under testing.

In comparison to other methods, ultrasonic methods have not
been developed very well for corrosion detection in reinforced con-
cretes. Some investigators applied this method to test voids at the
interface between grout and stee] tendons in ducts (Pavlakovic et
al, 1998). They have used time of flight differences to identify those
discontinuities. In spite of the limited application of ultrasonic
methods in concrete testing, this technique can be efficiently used
for testing different types of discontinuities if guided ultrasonic
waves are used. Important characteristics of guided waves are that
they can propagate a long distance and have several wave modes
that can be sensitive to different types of discontinuities. Thus, if we
develop well designed devices and techniques for transmitting,
propagating, receiving and analyzing guided waves, corrosion and
corrosion induced discontinuities-can be detected.

Therefore, the objective of this study is to investigate the feasibil-
ity of guided ultrasonic waves to test for a delamination at the in-
terface between steel bar and concrete. Such delamination can be
corrosion induced or due to poor fabrication. To this aim, a number
of specimens have been fabricated. These specimens contain differ-
erit amounts of separation (0, 25, 50 and 75% of the concrete steel in-
terface). These separations are fabricated artificially. Some speci-
mens have stirrups in addition to longitudinal reinforcements,
while others have longitudinal reinforcements only. Two experi-
mental setups have been devised for both relatively high and low
frequency transducers and four transmitter/ receiver arrangements
are designed to generate, propagate and receive guided waves
through the steel bars and concrete. Two kinds of guided waves —
lamb and cylindrical — are propagated by these transmitter/ re-
ceiver arrangements. Lamb waves propagate in platelike structures
such as plate and beam and cylindrical guided waves propagate in
cylindrical structures such as pipes and cylindrical rods or bars. The
received signal is digitized by a data acquisition board and software
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produces V(f) curves — received signal voltage amplitude versus
frequency curves. Using these curves, the amount of separation is
quantified and some modes corresponding to the peaks of the V(f)
curves are investigated in detail.

A theory of the guided wave propagation in cylindrical bars em-
bedded in a solid is briefly presented in the theoretical study sec-
tion. A detailed description is omitted since it is available in the lit-
erature. In this section, dispersion curves of the specimens under
investigation are presented. To generate the phase velocity disper-
sion curves, the specimens are modeled as a steel bar embedded in
an infinitely thick concrete medium and the material properties of
concrete and steel are obtained from an ultrasonic test and material
handbook. Phase velocity dispersion curves are then examined to
see which experimental points correspond to which guided wave
modes and which are located in what region of the dispersion
curve plots.

EXPERIMENTAL SETUP

For the first two sets of specimens, the diameter and length of
steel bars are 22 mm and 914 mm (0.9 in. and 36 in.), respectively.
The dimension of concrete is 127 by 127 by 610 mm (5 by 5 by 24 in.)
for set one and 127 by 76 by 610 mm (5 by 3 by 24 in.) for set two, as
shown in Figure 1. To quantify a delaminated region at the interface
between concrete and the embedded steel bar; four specimens were
fabricated for each specimen set (Figure 1a). These four specimens
are 0 (perfectly bonded), 25, 50 and 75% separated, respectively. To
artificially make the separated or delaminated region;.polyvinyl
chloride pipe was first placed and then extracted 6 h after placing
the concrete into a wooden mold. The inner and outer diameters of
the polyvinyl chloride pipe are 24 mm and 27 mm (0.9 in. and 1.1
in.), respectively.

Then, three more specimens (specimen set three) were fabricated

as shown in Figures 1b through 1d. Dimensions of the specimens of
set three are different from the previous specimen sets (they are 254
by 254 by 610 mm [10 by 10 by 24 in.]). To artificially make the sep-
arated regions, polyvinyl chloride pipes were used as before, but
the pipes were not removed this time. The first specimen has four
bars with 0, 25, 50 and 75% separation (Figure 1b). The second spec-
imen has separated regions varying from 0 to 75% as the first one,
but also has stirrups (Figure 1c); and the third one has stirrups and
only 25% separated regions at different positions (Figure 1d). The
positions of the 25% separated regions are denoted by a, b and ¢ in
Figure 1d. The diameter of the stirrups is 9 mm (0.4 in.).

Two experimental setups are used as shown in Figure 2. One
setup is for relatively low frequency transducers (10 to 500 kHz)
and the second one is for relatively high frequency transducers
(> 500 kHz). In addition, several transducer positions and types
(1 MHz, 150 kHz and 50 kHz) are used as shown in Figures 3a
through 3d. The diameters of the transducers are 12.7 mm (0.5 in.)
for 1 MHz transducers, 25 mm (1 in.) for 150 kHz transducers and
51 mm (2 in.) for 50 kHz transducers.

Schematics of two solid coupler transducer holders are shown
in Figures 3a and 3b. Those holders are designed for changing inci-
dent angles between 0 and 27 degrees (Figure 3a) and between 0
and 51 degrees (Figure 3b), respectively (Guo and Kundu, 2000;
Guo and Kundu, 2001). The receiver was located at the other end of
the steel bar. These arrangements can efficiently generate nonan-
tisymmetric (flexural) cylindrical guided waves in the bar. Figure 3¢
shows another transmitter/ receiver arrangement that can efficient-
ly generate longitudinal cylindrical waves in the bar. Figure 3d
shows a fourth arrangement with a new solid coupler geometry
that can hold the transducers at an inclination angle of 25 degrees.
This holder was placed on the concrete while the first three (Figures
3a through 3c) were placed on the steel bar. Thus, this arrangement
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Figure 1 — Dimension of specimens for specimen sets one, two and three: (z) specimens for sets one and two; (b) specimen with different amounts of

separation without stirrups of set three; (c) specimen with different amounts

of separation at different positions with stirrups of set three.
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of separation with stirrups of set three; (d) specimen with same amount




