IMAGING OF REINFORCED CONCRETE: STATE-OF-THE-ART REVIEW

By Genevieve F. Pla-Rucki' and Marc O. Eberhard,?> Associate Member, ASCE

ABsTRACT: Nondestructive evaluation plays an important role in the assessment of the nation’s infrastructure.
The evaluation methods for reinforced and prestressed concrete facilities can become more reliable if the
methods incorporate imaging technology, which has been implemented widely in many fields. Radiography,
ground penetrating radar (in B-scan mode) and infrared thermography have established themselves in civil
engineering practice. They are used to nondestructively locate steel reinforcement and concrete flaws, such
as delaminations, cracks and honeycombing. This paper discusses the principles of these established methods,
as well as their advantages and disadvantages. Radioactive computed tomography, microwave holography,
microwave tomography and acoustic tomography are in various stages of development. This paper summarizes
the basis for each new method and the results of recent research. It also discusses the potential advantages
of the new methods and the barriers to their implementation in civil engineering applications. Examples of

images obtained with each technology are provided.

INTRODUCTION

Recent advances in signal processing, combined with the
development of efficient numerical algorithms and an in-
creased access to powerful computers, have made it practical
to implement imaging technology in many fields. Imaging is
routinely used in the biomedical, geophysical, and oceano-
graphical sciences, as well as for nondestructive evaluation
(NDE) of metals, ceramics, and composites. In contrast, few
practical imaging systems have been developed to inspect
reinforced and prestressed concrete facilities. This situation
may seem paradoxical if one considers the emphasis that is
placed on maintaining and repairing the nation’s infrastruc-
ture, and the potential benefits that a reliable imaging system
would bring to the evaluation of a structure’s safety and ser-
viceability.

The purpose of this paper is to discuss opportunities and
obstacles to improving nondestructive evaluation of rein-
forced and prestressed concrete structures by implementing
imaging technology. Specifically, the paper considers radiog-
raphy, radioactive computed tomography, infrared thermog-
raphy, microwave imaging, and acoustical imaging. Each
method is an established NDE technique or has been the
subject of recent research.

THE CHALLENGE

Nondestructive evaluation can be an essential component
of the evaluation or inspection of a bridge or building. To
assess the condition of a reinforced concrete structure, it is
necessary to locate the major concrete defects, such as large
cracks, delaminations and honeycombs. These defects can
decrease a member’s load-carrying capacity and its resistance
to corrosion. Structural assessments and inspections also de-
pend on the reliable determination of the reinforcement’s
location and size. In posttensioned bridges and parking ga-
rages, it is necessary to locate broken strands and regions
with poor grouting because these regions are prone to cor-
rosion. Because of safety considerations, the location of un-
bonded prestressing tendons is particularly important when
coring and drilling operations will be performed.
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For simple geometries, common nondestructive equip-
ment, such as ultrasonic pulse velocity meters and magnetic
pachometers (covermeters), provide reliable information at
a relatively low cost. This equipment is much less helpful
when the geometry is complex, because various configura-
tions can produce the same individual measurement. In these
situations, imaging techniques are attractive because they
provide a unique interpretation of a large number of mea-
surements.

The development of an imaging system for reinforced-con-
crete applications, however, poses challenges that are not
present in many other applications. Unlike medical imaging
systems, a practical civil engineering system should be port-
able, rugged, and easily adaptable to a variety of geometries.
In addition, the properties of concrete make it particularly
difficult to image. Whereas only compression waves can
propagate through human tissues and ocean water, shear and
surface waves also travel through concrete. Moreover, unlike
metals and ceramics, concrete is highly inhomogeneous on a
macroscopic level. For example, whereas grain sizes in steel
are usually smaller than 1 mm, coarse aggregates in concrete
are several centimeters in size.

The economics of civil engineering NDE may place the
greatest limit on implementation of imaging technology. For
most civil engineering applications, a system is unlikely to be
affordable if it requires expensive equipment and highly-trained
operators. A technology’s economic viability will also depend
on the extent to which an inspection disrupts a facility’s func-
tions. In some cases, the indirect costs of disrupting a facility’s
function can exceed the direct costs of the inspection.

RADIOGRAPHY

The first modern imaging technique, radiography, origi-
nated with the discovery of X rays by Rontgen in 1895. Today,
radiography is the most common imaging modality, and it is
used for both medical and industrial applications. The radia-
tion usually takes the form of X rays, which are produced in
X-ray tubes, or gamma rays, which are emitted from radio-
active isotopes. The wavelengths of X rays range from 10-°
pwm to 10-2 wm, whereas gamma rays have wavelengths that
are less than 10~ * um. A radiographic imaging system consists
of three components: the radiation source, the object to im-
age, and a detector, usually a photographic film. As the ra-
diation is sent through the object, some of the photons are
absorbed by the object while others travel through and are
recorded on the detector. The transmitted intensity, /, is re-
lated to the incident intensity, I,, by the following relation:

1= Inexp[_ﬁ: px, y, 2) dt} (1)



where p(x, y, z) is the attenuation coefficient, which depends
on the object’s density at location (x, y, z). The integral is
evaluated over the thickness, ¢, of the object (Stern and Lewis
1971). Therefore, the ratio of the measured to incident in-
tensity is a two-dimensional projection of the attenuative
properties of the object.

Radiography produces good two-dimensional images for
reinforced concrete because the attenuative characteristics of
steel, concrete, and air differ greatly. Whereas the attenua-
tion coefficient for steel is 1, it is 0.3 for concrete and 0 for
air. A major limitation to radiography is its expense; in ad-
dition to the cost of the equipment, the procedure is time
consuming, and the operators must be highly trained because
of the radiation hazard. To minimize the hazard, extensive
shielding must be provided, and the vicinity of the radiation
source must be free of people.

Radiography has been applied to both laboratory studies
and field inspection. Laboratory use of radiography is mainly
oriented towards microcracking studies (Mitchell 1991). In
the field, radiographic systems are used to locate reinforce-
ment, voids and cracks, as well as to assess the quality of the
grouting in prestressed concrete structures. Gamma radiog-
raphy, or gammagraphy, has been used since 1968 by the
Laboratoire Régional des Ponts et Chaussées (LRPC) of Blois,
France, to assess the quality of both new and existing pre-
stressed concrete structures. A number of gamma-ray de-
vices, with weights varying from 30 kg to 850 kg, have been
developed. Depending on the device, concrete thicknesses
varying from 100 mm to 600 mm can be inspected. In 1985,
the LRPC deployed an X-ray radiographic system, called the
Scorpion, which consists of a miniaturized X-ray source (250
kg) mounted on a 37-t movable crane. This X-ray system
provides higher-quality images than the gammagraphic sys-
tem and can image elements that are up to 1.1 m thick (Guinez
1991). Fig. 1 is an example of a radiographic image of a defect
in a prestressed concrete member. The image shows a major
lack of grout injection (white areas) around the prestressing
tendons (darker horizontal lines).

The LRPC also developed a radioscopy system to inspect
the grouting of I-beam and box-girder prestressed concrete
bridges. Radioscopy is a form of radiography in which the
transmitted radiation is converted into visible light and re-
corded by a video camera. Though it provides lower-quality
images than those provided by conventional film radiography,
its advantage is that it is a real-time imaging technique. Usu-
ally radioscopy is used to select the structures that need to

FIG. 1. Radiographic Image of Prestressing Cable (Courtesy of
R. Guinez, LRPC, Blois, France)

be reinjected with grout. Then, either radiography or gam-
magraphy are used to locate defects precisely (Guinez 1991).

RADIOACTIVE COMPUTED TOMOGRAPHY

The intensity of the transmitted X-ray or gamma-ray signal
is a function of the integral of the attenuation coefficient over
the travel path, not the value of the coefficient on a particular
plane, (1). Therefore, with conventional radiography, it can
be difficult to isolate the plane on which a defect or a rein-
forcing bar is located. X-ray and gamma-ray computed to-
mography (CT) is a method in which the measured intensities
are processed to produce cross-sectional images.

The mathematical basis for computed tomography was es-
tablished in 1917 by Radon, who demonstrated that a function
could be reconstructed from an infinite set of projections. To
construct a tomographic image of the attenuation coefficient,
pn(x, y, z), one needs to measure the integral of the atten-
uation coefficient along a large number of lines and at various
angles in a selected plane. By transforming (1), it can be
shown that this integral for a particular path is equal to the
logarithm of the ratio of the measured to incident intensities:

ﬁ wix, y, z)dt = —In <Ii> (2)

The incident intensity (/) is known, and the transmitted in-
tensity (/) for a particular path can be measured with a CT
scanner. If the ratio of intensities are measured for a sufficient
number of ray paths, it is possible to reconstruct the distri-
bution of the attenuation coefficient in each plane (Kak and
Slaney 1988).

In 1980, Morgan et al. reported the development of a CT
system to locate voids and reinforcement, and to determine
the density of mortar and aggregates. This study was limited
to the imaging of concrete cylinders. More recently, Synolakis
etal. (1993) used CT to study crack development in a concrete
cylinder under loading. To monitor opening of the cracks as
the load was increased, the cylinder was placed in a CT scan-
ner after each loading step. By comparing sequences of im-
ages, it was possible to show the opening of the cracks. Such
a detailed reconstruction of crack development would have
been impossible using conventional radiography.

The potential of gamma-ray CT as a tool for the NDE of
reinforced concrete was also studied by Martz et al. (1992).
Fiber-reinforced concrete cylinders, some containing rein-
forcing bars, were inspected by CT in order to establish the
ability of this technique to determine the size and location of
reinforcing bars, as well as voids and cracks. Fig. 2 is a series
of CT scans of loaded cylinders at various slice planes. Cracks
and voids, which appear as dark regions in the figure, are
clearly differentiated from the concrete. The researchers con-
cluded that the technique appeared promising but that further
research was needed before a practical system could be de-
veloped for field use. Current research focuses on the de-
velopment of limited angle reconstruction algorithms that would
allow an image to be constructed without having access to
the entire perimeter of a member (Heiskanen et al. 1991).

Despite the extensive information provided by X- and
gamma-ray—computed tomography, this technique is mainly
used for laboratory studies. Radioactive computed tomog-
raphy is even more expensive than radiography, and it pre-
sents the same hazards. The cost of the equipment will have
to decrease drastically and the portability will have to increase
before radioactive computed tomography is implemented
widely in civil engineering.
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