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A review is presented of nondestructive test methods for evaluating the
condition of concrete and steel reinforcement in structures. The methods
discussed include visual inspection, stress-wave methods, nuclear meth-
ods, penetrability methods, magnetic and electrical methods, infrared ther-
mography and ground-penetrating radar. The principle of each method is
discussed and the typical instrumentation is described. The testing proce-
dures are summarized and the data analysis methods are explained. The
advantages and limitations of the methods are highlighted. The report con-
cludes with a discussion of the planning of a nondestructive testing pro-
gram. The report provides general information to individuals who are
faced with the task of evaluating the condition of a concrete structure and
are considering the applicability of nondestructive test methods to aid in
that evaluation.
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infrared thermography; nondestructive testing; polarization resis-
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CHAPTER 1—INTRODUCTION
1.1—Scope

Nondestructive test (NDT) methods are used to determine
hardened concrete properties and to evaluate the condition of
concrete in deep foundations, bridges, buildings, pavements,
dams and other concrete construction. For this report, nonde-
structive testing is defined as testing that causes no structur-
ally significant damage to concrete. While some people
regard coring and load testing as nondestructive, these are
not considered in this report, and appropriate information is
given in ACI 437R.

Nondestructive test methods are applied to concrete con-
struction for four primary reasons:
• quality control of new construction; 
• troubleshooting of problems with new construction; 
• condition evaluation of older concrete for rehabilitation 

purposes; and 
• quality assurance of concrete repairs. 

Nondestructive testing technologies are evolving and re-
search continues to enhance existing methods and develop
new methods. The report is intended to provide an overview
of the principles of various NDT methods being used in prac-
tice, and to summarize their applications and limitations. The
emphasis is placed on methods that have been applied to
measure physical properties other than the strength of con-
crete in structures, to detect flaws or discontinuities, and to
provide data for condition evaluation. Methods to estimate
in-place compressive strength are presented in ACI 228.1R.

1.2—Needs and applications
Nondestructive test methods are increasingly applied for

the investigation of concrete structures. This increase in the
application of NDT methods is due to a number of factors: 
• technological improvements in hardware and software 

for data collection and analysis; 
• the economic advantages in assessing large volumes of 

concrete compared with coring; 
• ability to perform rapid, comprehensive assessments of 

existing construction; and 
• specification of NDT methods for quality assurance of 

deep foundations and concrete repairs. 
This increased use of NDT methods is occurring despite

the lack of testing standards for many of the methods. The
development of testing standards is critical for proper appli-
cation and expanded use of NDT methods for evaluation of
concrete constructions.
Traditionally, quality assurance of concrete construction
has been performed largely by visual inspection of the con-
struction process and by sampling the concrete for perform-
ing standard tests on fresh and hardened specimens. This
approach does not provide data on the in-place properties of
concrete. NDT methods offer the advantage of providing in-
formation on the in-place properties of hardened concrete,
such as the elastic constants, density, resistivity, moisture
content, and penetrability characteristics.

Condition assessment of concrete for structural evaluation
purposes has been performed mostly by visual examination,
surface sounding,* and coring to examine internal concrete
conditions and obtain specimens for testing. This approach
limits what can be detected. Also, cores only provide infor-
mation at the core location and coreholes must be repaired.
Condition assessments can be made with NDT methods to
provide important information for the structural performance
of the concrete, such as:
• Member dimensions; 
• Location of cracking, delamination, and debonding; 
• Degree of consolidation, and presence of voids and 

honeycomb; 
• Steel reinforcement location and size; 
• Corrosion activity of reinforcement; and 
• Extent of damage from freezing and thawing, fire, or 

chemical exposure. 

1.3—Objective of report
This report reviews the state of the practice for nondestruc-

tively determining non-strength physical properties and con-
ditions of hardened concrete. The overall objective is to
provide the potential user with a guide to assist in planning,
conducting, and interpreting the results of nondestructive
tests of concrete construction.

Chapter 2 discusses the principles, equipment, testing pro-
cedures, and data analysis of the various NDT methods. Typ-
ical applications and inherent limitations of the methods are
discussed to assist the potential user in selecting the most ap-
propriate method for a particular situation. Chapter 3 dis-
cusses the planning and performance of NDT investigations.
Included in Chapter 3 are references to in-place tests covered
in ACI 228.1R and other applicable methods for evaluating
the in-place characteristics of concrete.

CHAPTER 2—SUMMARY OF METHODS
This chapter reviews the various NDT methods for evaluat-

ing concrete for characteristics other than strength. The under-
lying principles are discussed, the instrumentation is
described, and the inherent advantages and limitations of each
method are summarized. Where it is appropriate, examples of
test data are provided. Table 2.1 summarizes the methods to be

discussed. The first column lists the report section where the
method is described; the second column provides a brief expla-
nation of the underlying principles; and the third column gives
typical applications.
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Table 2.1—Summary of nondestructive testing methods
Most NDT methods are indirect tests because the condi-
tion of the concrete is inferred from the measured response
to some stimulus, such as impact or electromagnetic radia-
tion. For favorable combinations of test method and site
conditions, test results may be unambiguous and supplemen-
tal testing may be unnecessary. In other cases, the NDT re-
sults may be inconclusive and additional testing may be
needed. Supplemental testing can be another NDT method
or, often, it may be invasive methods to allow direct obser-
vation of the internal condition. Invasive inspection can
range from drilling small holes to removing test samples by
coring or sawing. The combination of nondestructive and in-
vasive inspection allows the reliability of the NDT method
to be assessed for the specific project. Once the reliability of
the NDT method is established, a thorough inspection of the
structure can be done economically.
2.1—Visual inspection
2.1.1 General—Normally, a visual inspection is one of the

first steps in the evaluation of a concrete structure (Perenchio,
1989). Visual inspection can provide a qualified investigator
with a wealth of information that may lead to positive iden-
tification of the cause of observed distress. Broad knowledge
in structural engineering, concrete materials, and construc-
tion methods is needed to extract the most information from
the visual inspection. Useful guides are available to help
less-experienced individuals (ACI 201.1R, ACI 207.3R,
ACI 224.1R, ACI 362R). These documents provide informa-
tion for recognizing and classifying different types of dam-
age, and can help to identify the probable cause of the
distress.

Before doing a detailed visual inspection, the investigator
should develop and follow a definite plan to maximize the
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Table 2.1—Continued
quality of the recorded data. A suitable approach typically in-
volves the following activities:
• Cursory “walk-through” inspection to become familiar 

with the structure; 
• Gathering background documents and information on 

the design, construction, ambient conditions, and opera-
tion of the structure; 

• Planning the complete investigation; 
• Laying out a control grid on the structure to serve as a 

basis for recording observations; 
• Doing the visual inspection; and 
• Performing necessary supplemental tests. 

Various ACI documents should be consulted for additional
guidance on planning and carrying out the complete investi-
gation (ACI 207.3R, ACI 224.1R, ACI 362R, ACI 437R).

2.1.2 Supplemental tools—Visual inspection is one of the
most versatile and powerful NDT methods. However, as
mentioned above, its effectiveness depends on the knowl-
edge and experience of the investigator. Visual inspection
has the obvious limitation that only visible surfaces can be
inspected. Internal defects go unnoticed and no quantitative
information is obtained about the properties of the concrete.
For these reasons, a visual inspection is usually supplement-
ed by one or more of the other NDT methods discussed in
this chapter. The inspector should consider other useful tools
that can enhance the power of a visual inspection.

Optical magnification allows a more detailed view of local
areas of distress. Available instruments range from simple
magnifying glasses to more expensive hand-held micro-
scopes. Some fundamental principles of optical magnifica-
tion can help in selecting the correct tool. The focal length
decreases with increasing magnifying power, which means
that the primary lens must be placed closer to the surface be-
ing inspected. The field of view also decreases with increas-
ing magnification, making it tedious to inspect a large area at
high magnification. The depth of field is the maximum dif-
ference in elevation of points on a rough textured surface that
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are simultaneously in focus; this also decreases with increas-
ing magnification of the instrument. To assure that the
“hills” and “valleys” are in focus simultaneously, the depth
of field has to be greater than the elevation differences in the
texture of the surface that is being viewed. Finally, the illu-
mination required to see clearly increases with the magnifi-
cation level, and artificial lighting may be needed at high
magnification.

A very useful tool for crack inspection is a small hand-
held magnifier with a built-in measuring scale on the lens
closest to the surface being viewed (ACI 224.1R). With such
a crack comparator, the width of surface cracks can be mea-
sured accurately. 

A stereo microscope includes two viewing lenses that al-
low a three-dimensional view of the surface. By calibrating
the focus adjustment screw, the investigator can estimate the
elevation differences in surface features.

Fiberscopes and borescopes allow inspection of regions
that are otherwise inaccessible to the naked eye. A fiber-
scope is composed of a bundle of optical fibers and a lens
system; it allows viewing into cavities within a structure by
means of small access holes. The fiberscope is designed so
that some fibers transmit light to illuminate the cavity. The
operator can rotate the viewing head to allow a wide viewing
angle from a single access hole. A borescope is composed of
a rigid tube with mirrors and lenses and is designed to view
straight ahead or at right angles to the tube. The image is
clearer using a borescope, while the fiberscope offers more
flexibility in the field of view. Use of these scopes requires
drilling small holes if other access channels are absent, and
the holes must intercept the cavity to be inspected. Some
methods to be discussed in the remainder of the chapter may
be used to locate these cavities. Therefore, the fiberscope or
borescope may be used to verify the results of other NDT
methods without having to take cores.

A recent development that expands the flexibility of visual
inspection is the small digital video camera. These are used
in a similar manner to borescopes, but they offer the advan-
tage of a video output that can be displayed on a monitor or
stored on appropriate recording media. These cameras have
optical systems with a charge-coupled device (CCD), and
come in a variety of sizes, resolutions, and focal lengths.
Miniature versions as small as 12 mm in diameter, with a
resolution of 460 scan lines, are available. They can be in-
serted into holes drilled into the structure for views of inter-
nal cavities, or they can be mounted on robotic devices for
inspections in pipes or within areas exposed to biological
hazards.

In summary, visual inspection is a very powerful NDT
method. Its effectiveness, however, is to a large extent gov-
erned by the investigator’s experience and knowledge. A
broad knowledge of structural behavior, materials, and con-
struction methods is desirable. Visual inspection is typically
one aspect of the total evaluation plan, which will often be
supplemented by a series of other NDT methods or invasive
procedures.
2.2—Stress-wave methods for structures
Several test methods based on stress-wave propagation

can be used for nondestructive testing of concrete structures.
The ultrasonic* through-transmission method can be used for
locating abnormal regions in a member. The echo methods
can be used for thickness measurements and flaw detection.
The spectral analysis of surface waves (SASW) method can
be used to determine the thickness of pavements and elastic
moduli of layered pavement systems. The following sub-sec-
tions describe the principles and instrumentation for each
method. Section 2.3 discusses stress-wave methods for in-
tegrity testing of deep foundations. Additional information is
given in Sansalone and Carino (1991).

 Stress waves occur when pressure or deformation is ap-
plied suddenly, such as by impact, to the surface of a solid.
The disturbance propagates through the solid in a manner
analogous to how sound travels through air. The speed of
stress-wave propagation in an elastic solid is a function of the
modulus of elasticity, Poisson’s ratio, the density, and the
geometry of the solid. This dependence between the proper-
ties of a solid and the resultant stress-wave propagation be-
havior permits inferences about the characteristics of the
solid by monitoring the propagation of stress waves.

When pressure is applied suddenly at a point on the sur-
face of a solid half-space, the disturbance propagates through
the solid as three different waves. The P-wave and S-wave
propagate into the solid along hemispherical wavefronts.
The P-wave, also called the dilatational or compression
wave, is associated with the propagation of normal stress and
particle motion is parallel to the propagation direction. The
S-wave, also called the shear or transverse wave, is associat-
ed with shear stress and particle motion is perpendicular to
the propagation direction. In addition, an R-wave travels
away from the disturbance along the surface. In an isotropic,
elastic solid, the P-wave speed Cp is related to Young’s mod-
ulus of elasticity E; Poisson’s ratio ν; and the density ρ as
follows (Krautkrämer and Krautkrämer, 1990)

(2.1)

The S-wave propagates at a slower speed Cs given by (Krau-
tkrämer and Krautkrämer, 1990)

(2.2)

where G = the shear modulus of elasticity. 

A useful parameter is the ratio of S-wave speed to P-wave
speed

Cp
E 1 ν–( )

ρ 1 ν+( ) 1 2ν–( )
-----------------------------------------=

Cs
G
ρ
----=

* “Ultrasonic” refers to stress waves above the audible range, which is usually 
assumed to be above a frequency of 20 kHz.
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* The first two numbers of a figure or table represent the chapter and section in 
which the figure or table is first mentioned.
(2.3)

For a Poisson’s ratio of 0.2, which is typical of concrete, this
ratio equals 0.61. The ratio of the R-wave speed Cr to the S-
wave speed may be approximated by the following formula
(Krautkrämer and Krautkrämer, 1990)

(2.4)

For a Poisson’s ratio between 0.15 and 0.25, the R-wave
travels from 90 to 92 percent of the S-wave speed.

Eq. (2.1) represents the P-wave speed in an infinite solid.
In the case of bounded solids, the wave speed is also affected
by the geometry of the solid. For wave propagation along the
axis of slender bar, the wave speed is independent of Pois-
son’s ratio and is given by the following

(2.5)

where Cb is the bar wave speed. For a Poisson’s ratio be-
tween 0.15 and 0.25, the wave speed in a slender bar is from
3 to 9 percent slower than the P-wave speed in a large solid.

When a stress wave traveling through Material 1 is inci-
dent on the interface between a dissimilar Material 2, a por-
tion of the incident wave is reflected. The amplitude of the
reflected wave is a function of the angle of incidence and is
a maximum when this angle is 90 deg (normal incidence).
For normal incidence, the reflection coefficient R is given by
the following

(2.6)

where
R = ratio of sound pressure of the reflected wave to the 

sound pressure of the incident wave,
Z2 =  specific acoustic impedance of Material 2, and
Z1  = specific acoustic impedance of Material 1.

The specific acoustic impedance is the product of the
wave speed and density of the material. The following are
approximate Z-values for some materials (Sansalone and
Carino, 1991)

Material Specific acoustic impedance, kg/(m2s)
Air 0.4
Water 1.5 × 106

Soil 0.3 to 4 × 106 
Concrete 7 to 10 × 106

Limestone 7 to 19 × 106

Granite 15 to 17 × 106

Steel 47 × 106

Cs

Cp
------ 1 2ν–

2 1 ν–( )
--------------------=

Cr

Cs
----- 0.87 1.12ν+

1 ν+
------------------------------=

Cb
E
ρ
---=

R
Z2 Z1–

Z2 Z1+
------------------=
Thus, for a stress wave that encounters an air interface as
it travels through concrete, the absolute value of the reflec-
tion coefficient is nearly 1.0 and there is almost total reflec-
tion at the interface. This is why NDT methods based on
stress-wave propagation have proven to be successful for lo-
cating defects within concrete.

2.2.1 Ultrasonic through transmission method—One of
the oldest NDT methods for concrete is based on measuring
the travel time over a known path length of a pulse of ultra-
sonic compressional waves. The technique is known as ultra-
sonic through transmission, or, more commonly, the
ultrasonic pulse velocity method. Naik and Malhotra (1991)
provide a summary of this test method, and Tomsett (1980)
reviewed the various applications of the technique.

The development of field instruments to measure the pulse
velocity occurred nearly simultaneously in the late 1940s in
Canada and England (Whitehurst, 1967). In Canada, there
was a desire for an instrument to measure the extent of crack-
ing in dams (Leslie and Cheesman, 1949). In England, the
emphasis was on the development of an instrument to assess
the quality of concrete pavements (Jones, 1949). 

Principle—As mentioned above, the speed of propagation
of stress waves depends on the density and the elastic con-
stants of the solid. In a concrete member, variations in den-
sity can arise from nonuniform consolidation, and variations
in elastic properties can occur due to variations in materials,
mix proportions, or curing. Thus, by determining the wave
speed at different locations in a structure, it is possible to
make inferences about the uniformity of the concrete. The
compressional wave speed is determined by measuring the
travel time of the stress pulse over a known distance.

The testing principle is illustrated in Fig. 2.2.1(a),* which

depicts the paths of ultrasonic pulses as they travel from one
side of a concrete member to the other side. The top case rep-
resents the shortest direct path through sound concrete, and
it would result in the shortest travel time, or the fastest appar-
ent wave speed. The second case from the top represents a
path that passes through a portion of inferior concrete, and
the third case shows a diffracted path around the edge of a
large void (or crack). In these latter cases, the travel time
would be greater than the first case. The last case indicates a
travel path that is interrupted by a void. This air interface re-
sults in total reflection of the stress waves and there would be
no arrival at the opposite side. The apparent wave speeds
would be determined by dividing the member thickness by
the measured travel time. A comparison of the wave speeds
at the different test points would indicate the areas of anom-
alies within the member. It may also be possible to use signal
attenuation as an indicator of relative quality of concrete, but
this requires special care to ensure consistent coupling of the
transducers at all test points (Teodoru, 1994).

Apparatus for through-transmission measurements has
also been used on the same surface as shown in Fig. 2.2.2(a).
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Fig. 2.2.1—(a) Effects of defects on travel time of ultrasonic pulse; and (b) schematic of 
through-transmission test system.
Fig. 2.2.2—(a) Wave paths for ultrasonic testing on surface 
of concrete having damaged surface layer; and (b) travel 
time as a function of distance between transmitter and 
receiver.
This approach has been suggested for measuring the depth of
a fire-damaged surface layer having a lower wave speed than
the underlying sound concrete (Chung and Law, 1985) and
for measuring the depth of concrete damaged by freezing
(Teodoru and Herf, 1996). The test is carried out by measur-
ing the travel time as a function of the separation X between
transmitter and receiver. The method assumes that stress-
wave arrival at the receiver occurs along two paths: Path 1,
which is directly through the damaged concrete, and Path 2,
which is through the damaged and the sound concrete. For
small separation, the travel time is shorter for Path 1, and for
large separation the travel time is shorter for Path 2. By plot-
ting the travel time as a function of the distance X, the pres-
ence of a damaged surface layer is indicated by a change in
the slope of the data. The distance Xo, at which the travel
times for the two paths are equal, is found from the intersec-
tion of the straight lines as shown in Fig. 2.2.2(b). The slopes
of the two lines are reciprocals of the wave speeds in the
damaged and sound concrete. The depth of the damaged lay-
er is found from the following (Chung and Law, 1985)

(2.7)

The surface method relies on measuring the arrival time
of low amplitude waves, and the user should understand the
capabilities of the instrument to measure the correct arrival
times. The user should also be familiar with the underlying
theory of seismic refraction (Richart et al., 1970) that forms
the basis of Eq. (2.7). The method is only applicable if the
upper layer has a slower wave speed than the lower layer.

Instrumentation—The main components of modern de-
vices for measuring the ultrasonic pulse velocity are shown
schematically in Fig. 2.2.1(b). A transmitting transducer is
positioned on one face of the member and a receiving trans-
ducer is positioned on the opposite face. The transducers
contain piezoelectric ceramic elements. Piezoelectric mate-
rials change dimension when a voltage is applied to them, or
they produce a voltage change when they are deformed. A

d
Xo

2
------

Vs Vd–

Vs Vd+
------------------=
pulser is used to apply a high voltage to the transmitting
transducer (source), and the suddenly applied voltage causes
the transducer to vibrate at its natural frequency. The vibra-
tion of the transmitter produces the stress pulse that propa-
gates into the member. At the same time that the voltage
pulse is generated, a very accurate electronic timer is turned
on. When the pulse arrives at the receiver, the vibration is
changed to a voltage signal that turns off the timer, and a dis-
play of the travel time is presented. The requirements for a
suitable pulse-velocity device are given in ASTM C 597.

The transducers are coupled to the test surfaces using a
viscous material, such as grease, or a non-staining ultrasonic
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gel couplant if staining of the concrete is a problem. Trans-
ducers of various resonant frequencies have been used, with
50-kHz transducers being the most common. Generally, low-
er-frequency transducers are used for mass concrete (20 kHz)
and higher-frequency transducers (> 100 kHz) are used for
thinner members where accurate travel times have to be mea-
sured. In most applications, 50-kHz transducers are suitable.

2.2.2 Ultrasonic-echo method—Some of the drawbacks of
the through-transmission method are the need for access to
both sides of the member and the lack of information on the
location (depth) of a detected anomaly. These limitations can
be overcome by using the echo methods, in which the testing
is performed on one face of the member and the arrival time
of a stress wave reflected from a defect is determined. This
approach has been developed for testing metals, and it is
known as the pulse-echo method. Since the 1960s, a number
of different experimental ultrasonic-echo systems have been
developed for concrete (Bradfield and Gatfield, 1964;
Howkins, 1968). Successful applications have been limited
mainly to measuring the thickness of and detecting flaws in
thin slabs, pavements, and walls (Mailer, 1972; Alexander
and Thornton, 1989).

Principle—In the pulse-echo method, a stress pulse is in-
troduced into an object at an accessible surface by a transmit-
ter. The pulse propagates into the test object and is reflected
by flaws or interfaces. The surface response caused by the ar-
rival of reflected waves, or echoes, is monitored by the same
transducer acting as a receiver. This technique is illustrated
in Fig. 2.2.3(a). Due to technical problems in developing a
Fig. 2.2.3—Schematic of ultrasonic pulse-echo and pitch-
catch methods.
suitable pulse-echo transducer for testing concrete, success-
ful ultrasonic-echo methods have, in the past, used a separate
receiving transducer located close to the transmitting trans-
ducer. Such a system is known as pitch-catch, and is illustrat-
ed in Fig. 2.2.3(b). The receiver output is displayed on an
oscilloscope as a time-domain waveform. The round-trip
travel time of the pulse can be obtained from the waveform
by determining the time from the start of the transmitted
pulse to the reception of the echo. If the wave speed in the
material is known, this travel time can be used to determine
the depth of the reflecting interface. 

Instrumentation—The key components of an ultrasonic-
echo test system are the transmitting and receiving transduc-
er(s), a pulser, and an oscilloscope. Transducers that transmit
and receive short-duration, low-frequency* (≈ 200 kHz), fo-
cused waves are needed for testing concrete. However, it is
difficult to construct such transducers, and often their dimen-
sions become very large, making the transducers cumber-
some and difficult to couple to the surface of the concrete
(Mailer, 1972). Recent advances have resulted in improved
transducers (Alexander and Thornton, 1989), but their pene-
tration depths are limited to about 250 mm.

A true pulse-echo system (source and receiver are one
transducer) has been developed and applied to concrete with
small-sized aggregate (Hillger, 1993). This system uses a
heavily damped 500-kHz transducer as both the source and
receiver. A micro-computer is used to process the data and
display the results using conventional techniques, as in ultra-
sonic testing of metals. One of these display methods is the
B-scan, in which successive time-domain traces, obtained as
the transducer is scanned over the test object, are oriented
vertically and placed next to each other. The resulting plot is
a cross-sectional view of the object showing the location of
reflecting interfaces along the scan line. Fig. 2.2.4(a) shows

a concrete specimen made with 8-mm aggregate and con-
taining an artificial defect at a depth of 65 mm. Fig. 2.2.4(b)
shows the B-scan produced as the transducer was moved
across the surface of the specimen (Hillger, 1993). The use
of very high frequencies with the pulse-echo method may be
beneficial in terms of improved defect resolution. However,
the penetration depth is limited, and the performance in con-
crete with larger aggregates is not known. At this time, not
much field experience has been accumulated with the ultra-
sonic pulse-echo method for concrete.

2.2.3 Impact-echo method—Using an impact to generate a
stress pulse is an old idea that has the advantage of eliminat-
ing the need for a bulky transmitting transducer and provid-
ing a stress pulse with greater penetration ability. However,
the stress pulse generated by impact at a point is not focused
like a pulse from an ultrasonic transducer. Instead, waves
propagate into a test object in all directions, and reflections
may arrive from many directions. Since the early 1970s, im-
pact methods, usually referred to as seismic-echo (or sonic-
echo) methods, have been widely used for evaluation of con-
crete piles and drilled shaft foundations (Steinbach and Vey,
1975). These foundation NDT methods are discussed in Sec-
tion 2.3.1. Beginning in the mid-1980s, the impact-echo
technique was developed for testing of concrete structural
members (Sansalone and Carino, 1986; Sansalone, 1997).
Applications of the impact-echo technique include: deter-
mining the thickness of and detecting flaws in plate-like
structural members, such as slabs and bridge decks with or

* A frequency of 200 kHz is considered low compared to higher frequencies used 
in pulse-echo systems for testing metals, where frequencies in excess of 1 MHz are 
common.
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Fig. 2.2.4—Example of ultrasonic pulse-echo test on con-
crete: (a) test specimen with artificial defect; and (b) B-scan 
showing location of defect (adapted from Hillger, 1993).
without overlays; detecting flaws in beams, columns and
hollow cylindrical structural members; assessing the quality
of bond in overlays; and crack-depth measurement (Sansa-
lone and Streett, 1997; Sansalone and Carino, 1988, 1989a,
1989b; Lin [Y.] and Sansalone, 1992a, 1992b, 1992c; Cheng
and Sansalone, 1993; Lin [J. M.] and Sansalone, 1993,
1994a, 1994b, 1996; Lin and Su, 1996).

Principle—The principle of the impact-echo technique is
illustrated in Fig. 2.2.5(a). A transient stress pulse is intro-

duced into a test object by mechanical impact on the surface.
The P- and S-waves produced by the stress pulse propagate
into the object along hemispherical wavefronts. In addition,
a surface wave travels along the surface away from the im-
pact point. The waves are reflected by internal interfaces or
external boundaries. The arrival of these reflected waves, or
echoes, at the surface where the impact was generated pro-
duces displacements that are measured by a receiving trans-
ducer and recorded using a data-acquisition system.
Interpretation of waveforms in the time domain has been
successful in seismic-echo applications involving long slen-
der structural members, such as piles and drilled shafts
(Steinbach and Vey, 1975; Olson and Wright, 1990). In such
cases, there is sufficient time between the generation of the
stress pulse and the reception of the wave reflected from the
bottom surface, or from an inclusion or other flaw, so that
the arrival time of the reflected wave is generally easy to de-
termine even if long-duration impacts produced by hammers
are used.

For relatively thin structural members such as slabs and
walls, time-domain analysis is feasible if short-duration im-
pacts are used, but it is time-consuming and can be difficult
depending on the geometry of the structure (Sansalone and
Carino, 1986). The preferred approach, which is much
quicker and simpler, is frequency analysis of displacement
waveforms (Carino et al., 1986). The underlying principle of
frequency analysis is that the stress pulse generated by the
impact undergoes multiple reflections between the test sur-
face and the reflecting interface (flaw or boundaries). The
frequency of arrival of the reflected pulse at the receiver de-
pends on the wave speed and the distance between the test
surface and the reflecting interface. For the case of reflec-
tions in a plate-like structure, this frequency is called the
thickness frequency, and it varies as the inverse of the mem-
ber thickness.

In frequency analysis, the time-domain signal is trans-
formed into the frequency domain using the fast Fourier
transform technique. The result is an amplitude spectrum
that indicates the amplitude of the various frequency compo-
nents in the waveforms. The frequency corresponding to the
arrival of the multiple reflections of the initial stress pulse,
that is, the thickness frequency, is indicated by a peak in the
amplitude spectrum. For a plate-like structure, the approxi-
mate* relationship between the distance D to the reflecting
interface, the P-wave speed Cp and the thickness frequency f
is as follows

(2.8)

As an example, Fig. 2.2.5(b) shows the amplitude spectrum
obtained from an impact-echo test of a 0.5-m-thick concrete
slab. The peak at 3.42 kHz corresponds to the thickness fre-
quency of the solid slab, and a velocity of 3,420 m/s is calcu-
lated. Fig. 2.2.5(c) shows the amplitude spectrum for a test
over a void within the same slab. The peak has shifted to a fre-
quency of 7.32 kHz, indicating that the reflections are occur-
ring from an interface within the slab. The ratio 3.42 kHz/
7.32 kHz = 0.46 indicates that the interface is at approximate-
ly the middle of the slab with a calculated depth of 0.23 m.

In using the impact-echo method to determine the loca-
tions of flaws within a slab or other plate-like structure, tests
can be performed at regularly spaced points along lines
marked on the surface. Spectra obtained from such a series
of tests can be analyzed with the aid of computer software
that can identify those test points corresponding to the pres-
ence of flaws and can plot a cross-sectional view along the
test line (Pratt and Sansalone, 1992).

Frequency analysis of signals obtained from impact-echo
tests on bar-like structural elements, such as reinforced con-
crete beams and columns, bridge piers, and similar members,
is more complicated than the case of slab-like structural
members. The presence of the side boundaries gives rise to
transverse modes of vibration of the cross section. Thus, pri-
or to attempting to interpret test results, the characteristic fre-
quencies associated with the transverse modes of vibration
of a solid structural member have to be determined. These
frequencies depend upon the shape and dimensions of the
cross section. It has been shown that the presence of a flaw
disrupts these modes, making it possible to determine that a
flaw exists (Lin and Sansalone, 1992a, 1992b, 1992c).

D
Cp

2f
------=

* For accurate assessment of plate thickness, the P-wave speed in Eq. (2.8) should 
be multiplied by 0.96 (Sansalone and Streett 1997).
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Fig. 2.2.5—(a) Schematic of impact-echo method; (b) amplitude spectrum for test of solid 
slab; and (c) amplitude spectrum for test over void in slab.
Instrumentation—An impact-echo test system is com-
posed of three components: an impact source; a receiving
transducer; and a data-acquisition system that is used to cap-
ture the output of the transducer, store the digitized wave-
forms, and perform signal analysis. A suitable impact-echo
test system can be assembled from off-the-shelf components.
In 1991, a complete field system (hardware and analysis soft-
ware) became commercially available.

The selection of the impact source is a critical aspect of a
successful impact-echo test system. The impact duration de-
termines the frequency content of the stress pulse generated
by the impact, and determines the minimum flaw depth that
can be determined. As the impact duration is shortened, high-
er-frequency components are generated. In evaluation of
piles, hammers are used that produce energetic impacts with
long contact times (greater than 1 ms) suitable for testing
long, slender structural members. Impact sources with short-
er-duration impacts (20 to 80 µs), such as spring-loaded
spherically-tipped impactors, have been used for detecting
flaws within structural members less than 1 m thick. 

In evaluation of piles, geophones (velocity transducers) or
accelerometers have been used as the receiving transducer.
For impact-echo testing of slabs, walls, beams, and columns,
a broad-band, conically-tipped, piezoelectric transducer
(Proctor, 1982) that responds to surface displacement has
been used as the receiver (Sansalone and Carino, 1986).
Small accelerometers have also been used as the receiver. In
this case, additional signal processing is carried out in the
frequency domain to obtain the appropriate amplitude spec-
trum (Olson and Wright, 1990). Such accelerometers must
have resonant frequencies well above the anticipated thick-
ness frequencies to be measured.

2.2.4 Spectral analysis of surface waves (SASW) meth-
od—In the late 1950s and early 1960s, Jones reported on the
use of surface waves to determine the thickness and elastic
stiffness of pavement slabs and of the underlying layers
(Jones, 1955; Jones, 1962). The method involved determining
the relationship between the wavelength and velocity of sur-
face vibrations as the vibration frequency was varied. Apart
from the studies reported by Jones and work in France during
the 1960s and 1970s, there seems to have been little addition-
al use of this technique for testing concrete pavements. In the
early 1980s, however, researchers at the University of Texas
at Austin began studies of a surface wave technique that in-
volved an impactor or vibrator that excited a range of fre-
quencies. Digital signal processing was used to develop the
relationship between wavelength and velocity. The tech-
nique was called spectral analysis of surface waves (SASW)
(Heisey et al., 1982; Nazarian et al., 1983). The SASW
method has been used successfully to determine the stiffness
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profiles of soil sites, asphalt and concrete pavement systems,
and concrete structural members. The method has been ex-
tended to the measurement of changes in the elastic proper-
ties of concrete slabs during curing, the detection of voids,
and assessment of damage (Bay and Stokoe, 1990; Kalinski
et al., 1994).

Principle—The general test configuration is illustrated in
Fig. 2.2.6 (Nazarian and Stokoe, 1986a). An impact is used
Fig. 2.2.6—Schematic of spectral analysis of surface wave 
(SASW) method.
to generate a surface or R-wave. Two receivers are used to
monitor the motion as the R-wave propagates along the sur-
face. The received signals are processed and a subsequent
calculation scheme is used to infer the stiffnesses of the un-
derlying layers.

Just as the stress pulse from impact contains a range of fre-
quency components, the R-wave also contains a range of
components of different frequencies or wavelengths. (The
product of frequency and wavelength equals wave speed.)
This range depends on the contact time of the impact; a
shorter contact time results in a broader range. The longer-
wavelength (lower-frequency) components penetrate more
deeply, and this is the key to using the R-wave to gain infor-
mation about the properties of the underlying layers (Rix and
Stokoe, 1989). In a layered system, the propagation speed of
these different components is affected by the wave speed in
those layers through which the components propagate. A
layered system is a dispersive medium for R-waves, which
means that different frequency components of the R-wave
propagate with different speeds, which are called phase ve-
locities.

Phase velocities are calculated by determining the time it
takes for each frequency (or wavelength) component to trav-
el between the two receivers. These travel times are deter-
mined from the phase difference of the frequency
components arriving at the receivers (Nazarian and Stokoe,
1986b). The phase differences are obtained by computing
the cross-power spectrum of the signals recorded by the two
receivers. The phase portion of the cross-power spectrum
gives phase differences (in degrees) as a function of frequen-
cy. The phase velocities are determined as follows

(2.9)

where
CR(f)= surface wave speed of component with frequency 

f,
X = distance between receivers (see Fig. 2.2.6), and
φf = phase angle of component with frequency f.

The wavelength λf , corresponding to a component fre-
quency, is calculated using the following equation

(2.10)

By repeating the calculations in Eq. (2.9) and (2.10) for
each component frequency, a plot of phase velocity versus

CR f( ) X 360
φf

--------- f=

λf X 360
φf

---------=
wavelength is obtained. Such a plot is called a dispersion
curve. Fig. 2.2.7(a) shows an example of a dispersion curve

obtained by Nazarian and Stokoe (1986a) from tests on a
concrete pavement. The short-wavelength components have
higher speeds because they correspond to components trav-
eling through the concrete slab.

A process called inversion* is used to obtain the approxi-
mate stiffness profile at the test site from the experimental
dispersion curve (Nazarian and Stokoe, 1986b; Nazarian and
Desai, 1993; Yuan and Nazarian, 1993). The test site is mod-
eled as layers of varying thickness. Each layer is assigned a
density and elastic constants. Using this information, the so-
lution for surface wave propagation in a layered system is
obtained and a theoretical dispersion curve is calculated for
the assumed layered system. The theoretical curve is com-
pared with the experimental dispersion curve. If the curves
match, the problem is solved and the assumed stiffness pro-
file is correct. If there are significant discrepancies, the as-
sumed layered system is changed or refined and a new
theoretical curve is calculated. This process continues until
there is good agreement between the theoretical and experi-
mental curves.

Instrumentation—There are three components to a SASW
test system: the energy source is usually a hammer but may be
a vibrator with variable frequency excitation; two receivers
that are geophones (velocity transducers) or accelerometers;
and a two-channel spectral analyzer for recording and pro-
cessing the waveforms.

The required characteristics of the impact source depend
on the stiffnesses of the layers, the distances between the two
receivers, and the depth to be investigated (Nazarian et al.,
1983). When investigating concrete pavements and structur-
al members, the receivers are located relatively close togeth-
er. In this case, a small hammer (or even smaller impactor/
vibrator) is required so that a short-duration pulse is pro-
duced with sufficient energy at frequencies up to about 50 to
100 kHz. As the depth to be investigated increases, the dis-
tance between receivers is increased, and an impact that

* Although it is called “inversion,” the technique actually uses forward modeling, 
with trial and error, until there is agreement between the measured and computed dis-
persion curves.
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Fig. 2.2.7—(a) Dispersion curve obtained from SASW testing of concrete pavement; (b) S-
wave speed obtained from inversion of experimental dispersion curve; and (c) soil profile 
based on boring (adapted from Nazarian and Stokoe, 1986a).
generates a pulse with greater energy at lower frequencies is
required. Thus, heavier hammers, such as a sledge hammer,
are used. 

The two receiving transducers measure vertical surface ve-
locity or acceleration. The selection of transducer type de-
pends, in part, on the test site (Nazarian and Stokoe, 1986a).
For tests where deep layers are to be investigated and larger
receiver spacings are required, geophones are generally used
because of their superior low-frequency sensitivity. For tests
of concrete pavements, the receivers must provide accurate
measurements at higher frequencies. Thus, for pavements, a
combination of geophones and accelerometers is often used.
For concrete structural members, small accelerometers and
small impactors or high-frequency vibrators are typically
used (Bay and Stokoe, 1990).

The receivers are first located close together, and the spac-
ing is increased by a factor of two for subsequent tests. As a
check on the measured phase information for each receiver
spacing, a second series of tests is carried out by reversing
the position of the source. Typically, five receiver spacings
are used at each test site. For tests of concrete pavements, the
closest spacing is usually about 0.15 m (Nazarian and Stokoe
1986b).

2.2.5 Advantages and limitations—Each of the stress-
wave propagation methods have distinct advantages and lim-
itations, as summarized in Table 2.2. The ultrasonic pulse ve-
locity method is the only technique that has been
standardized by ASTM,* and a variety of commercial devic-
es are available. The various echo-methods are not standard-
ized, have relatively little research and field experiences, and
commercial test systems are just beginning to be available.
The SASW method suffers from the complexity of the signal
processing, but efforts were begun to automate this signal
processing (Nazarian and Desai, 1993).
2.3—Stress-wave methods for deep foundations
Since the 1960s, test methods based on stress-wave prop-

agation have been commercially available for the nonde-
structive testing of concrete deep foundations and mass
concrete. First developed in France and Holland, they are
now routinely specified as quality control tools for new pile
construction in western Europe, northern Africa, and parts of
eastern Asia. Their present use on the North American con-
tinent is less widespread. Recent improvements in electronic
hardware and portable computers have resulted in more reli-
able and faster testing systems that are less subject to operator
influence both in testing procedure and in the analysis of test
results.

Two distinct groupings of stress-wave methods for deep
foundations are apparent:
• Reflection techniques, and 
• Direct transmission through the concrete. 

2.3.1 Sonic-echo method—This method is the earliest of
all NDT methods to become commercially available
(Paquet, 1968; Steinbach and Vey, 1975; Van Koten and
Middendorp, 1981) for deep-foundation integrity or length
evaluation. This method is known variously as the seismic-
echo, sonic-echo, or PIT (Pile Integrity Test) (Rausche and
Seitz, 1983).

Principle—The sonic-echo method uses a small impact de-
livered at the head of the deep foundation (pile or shaft), and
measures the time taken for the stress wave generated by the
impact to travel down the pile and to be reflected back to a
transducer (usually an accelerometer) coupled to the pile
head. The impact is typically from a small sledgehammer
(hand sledge) with an electronic trigger. The time of impact

* In 1998, a standard on using the impact-echo method to measure thickness of con-
crete members was approved by ASTM with the designation C 1383.
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Table 2.2—Advantages and limitations of stress-wave methods for 
structures
and the pile head vertical movement after impact are record-
ed either by an oscilloscope or by a digital data acquisition
device that records the data on a time base. Fig. 2.3.1 illus-
Fig. 2.3.1—Example of sonic-echo test result (signal is 
amplified by function at bottom of graph).
trates the results of a sonic-echo test on a concrete shaft.
If the length of the pile shaft is known and the transmis-

sion time for the stress wave to return to the transducer is
measured, then its velocity can be calculated. Conversely, if
the velocity is known, then the length can be deduced. Since
the velocity of the stress wave is primarily a function of the
dynamic elastic modulus and density of the concrete, the cal-
culated velocity can provide information on concrete quali-
ty. Where the stress wave has traveled the full length of the
shaft, these calculations are based on the formula

(2.11)

where
Cb = bar wave speed in concrete
L = shaft length
∆t = transit time of stress wave

Empirical data have shown that a typical range of values
for Cb can be assumed, where 3800 to 4000 m/s would indi-
cate good-quality concrete, with a compressive strength on
the order of 30 to 35 MPa (Stain, 1982). The actual strength
will vary according to aggregate type and mixture propor-
tions, and these figures should be used only as a broad guide
to concrete quality.

Where the length of the shaft is known, an early arrival of
the reflected wave means that it has encountered a reflector
(change in stiffness or density) other than the toe of the shaft.
This may be a break or defect in the shaft, a significant
change in shaft cross section, or the point at which the shaft
is restrained by a stiffer soil layer. In certain cases, the polar-
ity of the reflected wave (whether positive or negative with
respect to the initial impact) can indicate whether the appar-
ent defect is from an increase or decrease of stiffness at the
reflective point.

The energy imparted to the shaft by the impact is small,
and the damping effect of the soils around the shaft will

Cb
2L
∆t
------=
progressively dissipate that energy as the stress wave travels
down and up the shaft. To increase information from the test,
the signal response can be progressively amplified with time.

Depending on the stiffness of the lateral soils, a limiting
length-to-diameter ratio (L/d) exists beyond which all the
wave energy is dissipated and no response is detected at the
shaft head. In this situation, the only information that can be
derived is that there are no significant defects in the upper
portion of the shaft, since any defect closer to the head than
the critical L/d ratio would reflect part of the wave. This lim-
iting L/d ratio will vary according to the adjacent soils, with
a typical value of 30 for medium stiff clays.

2.3.2 Impulse-response (mobility) method—This method
was originally developed as a steady state vibration test in
France (Davis and Dunn, 1974), where a controlled force
was applied to the pile shaft head by a swept-frequency gen-
erator. The vertical shaft response was recorded by geophone
velocity transducers, and the input force from the vibrator
was continuously monitored. The resulting response curve
plotted the shaft mobility (geophone particle velocity/vibra-
tor force v/F) against frequency, usually in the useful fre-
quency range of 0 to 2000 Hz.



 228.2R-14 ACI COMMITTEE REPORT
The evolution of data-processing equipment during the
1980s and 1990s allowed the use of computers on site to
transform the shaft response due to a hammer impact (simi-
lar to that used in the sonic-echo method) into the frequency
domain (Stain, 1982; Olson et al., 1990). This reduced the
effort to obtain the mobility as a function of frequency. Oth-
er studies demonstrated that the impulse-response method
could be applied to integrity testing of other structures be-
sides deep foundations (Davis and Hertlein, 1990).

Principle—A blow on the shaft head by a small sledge-
hammer equipped with a load cell generates a stress wave
with a wide frequency content, which can vary from 0 to
1000 Hz for soft rubber-tipped hammers to 0 to 3000 Hz for
metal-tipped hammers. The load cell measures the force in-
put, and the vertical response of the shaft head is monitored
by a geophone. 

The force and velocity time-base signals are recorded by
a digital acquisition device, and then processed by computer
using the fast Fourier transform (FFT) algorithm to convert
the data to the frequency domain. Velocity is then divided by
force to provide the unit response, or transfer function,
which is displayed as a graph of shaft mobility versus fre-
quency.

An example of a mobility plot for a pile shaft is given in
Fig. 2.3.2. This response curve consists of two major por-
Fig. 2.3.2—Example of impulse-response (mobility) plot for 
test of pile.
tions, which contain the following information:

• At low frequencies (< 100 Hz), lack of inertial effects 
cause the pile/soil composite to behave as a spring, and 
this is shown as a linear increase in amplitude from 
zero with increasing frequency. The slope of this por-
tion of the graph is known as the compliance or flexi-
bility, and the inverse of flexibility is the dynamic 
stiffness. The dynamic stiffness is a property of the 
shaft/soil composite, and can therefore be used to 
assess shafts on a comparative basis, either to establish 
uniformity, or as an aid to selecting a representative 
shaft for full-scale load testing by either static or 
dynamic means. 

• The higher-frequency portion of the mobility curve 
represents longitudinal resonance of the shaft. The fre-
quencies of these resonances are a function of the shaft 
length and the degree of shaft toe anchorage, and their 
relative amplitude is a function of the lateral soil damp-
ing. The frequency difference between adjacent peaks 
is constant and is related to the length of the shaft and 
the wave speed of the concrete according to Eq. (A.1) 
in Appendix A. The mean amplitude of this resonating 
portion of the curve is a function of the impedance of 
the pile shaft, which depends, in turn, upon the shaft 
cross-sectional area, the concrete density, and the bar 
wave propagation velocity Cb (see Appendix A). 

As with the sonic-echo test, when the shaft length is
known, a shorter apparent length measurement will indicate
the presence of an anomaly. Appendix A describes how ad-
ditional information can be derived from the mobility-fre-
quency plot, such as the pile cross section and dynamic
stiffness, which can help in differentiating between an in-
crease or a reduction in cross section. 

Fig. 2.3.3 shows a mobility plot of a 9.1-m-long pile with
Fig. 2.3.3—Impulse-response (mobility) plot of pile with 
necked section at distance of 2.4 m from top.
similar soil conditions to the pile in Fig. 2.3.2, but with a
necked section at 3.1 m. The pile tip reflection from 9.1 m is
clearly visible on the plot, as indicated by the constant fre-
quency spacing between resonant peaks of 215 Hz. The
frequency spacing of 645 Hz between the two most promi-
nent peaks corresponds to the reflection from the necked sec-
tion at a depth of 3.1 m.

In common with the sonic-echo test, a relatively small
amount of energy is generated by the hammer impact, and
soil damping effects limit the depth from which useful
information may be obtained. However, even where no mea-
surable shaft base response is present, the dynamic stiffness
is still a useful parameter for comparative shaft assessment.

2.3.3 Impedance logging—A recent approach to interpret-
ing the responses from a combination of both sonic-echo and
mobility surface reflection methods is impedance logging
(Paquet, 1991), where the information from the amplified
time-domain response of the sonic echo is combined with the
characteristic impedance of the shaft measured with the mo-
bility test.

Principle—Even though the force applied to the head of
the shaft by the surface reflection methods is transient, the
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wave generated by the blow is not. This wave contains infor-
mation about changes in shaft impedance as it proceeds
downward, and this information is reflected back to the shaft
head. The reflectogram so obtained in the sonic-echo test
can not be quantified. However, it is possible with modern
recording equipment to sample both wave reflection and im-
pedance properties of tested shafts. Measurements of force
and velocity response are stored as time-base data, with a
very wide band-pass filter and rapid sampling. Resolution of
both weak and strong response levels are thus favored. In the
reflectogram, a complete shaft defect (zero impedance) is
equivalent to 100 percent reflection, while an infinitely long
shaft with no defects would give zero reflection.

If either a defect or the shaft tip is at a considerable dis-
tance from the shaft head, the reflected amplitude is reduced
by damping within the shaft. With uniform lateral soil con-
ditions, this damping function has the form e-σL, where L is
the shaft length and σ is the damping factor (see Appendix
A), and the reflectogram can be corrected using such an am-
plification function to yield a strong response over the total
shaft length, as is frequently done in the treatment of sonic-
echo data. Fig. 2.3.4 shows an example of a reflectogram
Fig. 2.3.4—(a) Planned defects in experimental pile; (b) reflectogram obtained by signal 
processing of sonic-echo data; and (c) impedance log obtained by combining information 
from reflectogram and characteristic impedance obtained from impulse-response analysis.
corrected in this way.
The frequency-domain (impedance) analysis obtained

from the impulse-response test confirms shaft length and
gives the shaft dynamic stiffness and characteristic imped-
ance I

(2.12)

where
ρc = density of shaft concrete,
Ac = shaft cross-sectional area, and 
Cb = concrete bar wave velocity.

I ρcAcCb=
In addition, simulation of the tested shaft and its surround-
ing soil can be carried out most efficiently in the frequency
domain. The reflectogram and the characteristic impedance
can then be combined to give dimensions to the reflectogram
to produce a trace referred to as the impedance log [Fig.
2.3.4(c)]. The output of this analysis is in the form of a ver-
tical section through the shaft, giving a calculated visual rep-
resentation of the pile shape. The final result can be adjusted
to eliminate varying soil reflections by use of the simulation
technique.

Field testing equipment must have the following require-
ments:
• Hammer load cell and the velocity transducer or accel-

erometer must have been correctly calibrated (within 
the six months prior to testing); 

• Data acquisition and storage must be digital, for future 
analysis; and 

• Both time and frequency-domain test responses must be 
stored. 

2.3.4 Crosshole sonic logging—The crosshole sonic log-
ging method is designed to overcome the depth limitation of
the sonic-echo and mobility methods on longer shafts, and is
for use on mass concrete foundations such as slurry trench
walls, dams and machinery bases (Levy, 1970; Davis and
Robertson, 1975; Baker and Khan, 1971).

Principle—The method requires a number of parallel met-
al or plastic tubes to be placed in the structure prior to con-
crete placement, or core holes to be drilled after the concrete
has set. A transmitter probe placed at the bottom of one tube
emits an ultrasonic pulse that is detected by a receiver probe
at the bottom of a second tube. A recording unit measures the
time taken for the ultrasonic pulse to pass through the con-
crete between the tubes. The probes are sealed units, and the
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tubes are filled with water to provide coupling between the
probes and the concrete.

The probe cables are withdrawn over an instrumented
wheel that measures the cable length and thus probe depth, or
the cables can be marked along their lengths so that the probe
depths are known. Continuous pulse measurements are made
during withdrawal, at height increments ranging from 10 to
50 mm, providing a series of measurements that can be print-
ed out to provide a vertical profile of the material between
the tubes. A typical test result for a specific commercial sys-
tem is shown in Fig. 2.3.5. The presence of a defect is indi-
Fig. 2.3.5—Example of crosshole sonic log (absence of sig-
nal arrival at a depth of about 10 m indicates presence of 
defect).
cated by the absence of a received signal.
The ultrasonic pulse velocity (UPV) is a function of the

density and dynamic elastic constants of the concrete. If the
signal path length is known and the transit time is recorded,
the apparent UPV can be calculated to provide a guide to the
quality of the concrete. A reduction in modulus or density
will result in a lower UPV. If the path length is not known,
but the tubes are reasonably parallel, the continuous mea-
surement profile will clearly show any sudden changes in
transit time caused by a lower pulse velocity due to low mod-
ulus or poor-quality material, such as contaminated concrete
or inclusions. Voids will have a similar effect by forcing the
pulse to detour around them, thus increasing the path length
and the transit time. By varying the geometric arrangement
of the probes, the method can resolve the vertical and hor-
izontal extent of such defects, and locate fine cracks or dis-
continuities.

The method provides a direct measurement of foundation
depth, and can be used to assess the quality of the interface
between the shaft base and the bedrock if the access holes are
extended below the base. The major limitation of the method
is the requirement for the installation of access tubes either
before concrete placement or by core drilling afterwards.
The major advantage is that the method has no depth limita-
tion, unlike the surface reflection methods.

The information obtained is limited to the material imme-
diately between pairs of tubes. Hence, in piles the access
tubes should be arranged as close to the shaft periphery as
possible, and in a pattern that allows the maximum coverage
of the concrete between them. No information will be ob-
tained about increases or decreases in shaft cross section out-
side the area covered by the access tubes.

2.3.5 Parallel-seismic method—All of the above methods
depend upon clear access to the head of the pile shaft, and are
therefore easiest and most practical to perform during the
construction phase as foundation heads later may be inacces-
sible. The parallel-seismic method was developed specifical-
ly for situations arising after the foundation has been built
upon, as in the evaluation of older, existing structures, where
direct access to the pile head is no longer possible without
some demolition (Davis, 1995).

Principle—A small-diameter access bore hole is drilled
into the soil parallel and close to the foundation to be tested.
The bore hole must extend beyond the known or estimated
depth of the foundation, and is normally lined with a plastic
tube to retain water as an acoustic couplant. An acoustic re-
ceiving probe is placed in the tube at the top, and the struc-
ture is struck as close to the head of the foundation as
possible with a trigger hammer. The signals from the ham-
mer and receiver are recorded on a data acquisition unit as
the time taken for the impact stress wave to travel through
the foundation and adjacent soil to the receiving probe. The
probe is then lowered in uniform increments and the process
repeated at each stage, with the impact at the same point each
time. The recorded data are plotted as a vertical profile with
each wave transit time from the point of impact to each posi-
tion down the access tube (Fig. 2.3.6).
The velocity of the wave will be lower through soil than
through the concrete. If the access tube is reasonably parallel
to the foundation, the effect of the soil between the tube and
the pile shaft will be effectively constant. However, transit
time will increase, proportional to the increase in foundation
depth. When the receiver has passed beyond the foundation
base, the transit time of the signal will be extended by the
lower velocity of the additional intervening soil, and the
lines linking signal arrival points on the graph will show a
distinct discontinuity at the level of the foundation base.
Similarly, any significant discontinuity or inclusion in the
foundation will force the signal to detour around it, increas-
ing the path length and transit time.

2.3.6 Advantages and limitations—Table 2.3 summarizes

the advantages and limitations of stress-wave methods for
deep foundations.

2.4—Nuclear methods
2.4.1 Introduction—Nuclear methods for nondestructive

evaluation of concrete can be subdivided into two groups:
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Fig. 2.3.6—Example of results from parallel-seismic test (depth of pile shaft is indicated 
by change in slope of line representing arrival time of stress pulse as function of depth).
radiometric methods and radiographic methods. Both in-
volve gaining information about a test object due to interac-
tions between high-energy electromagnetic radiation and the
material in the test object. A review of the early develop-
ments in the use of nuclear methods (also called radioactive
method) was presented by Malhotra (1976), and more recent
developments were reviewed by Mitchell (1991). These
methods use radioactive materials, and test personnel re-
quire specialized safety training and licensing.

Radiometry is used to assess the density of fresh or hard-
ened concrete by measuring the intensity of electromagnetic
radiation (gamma rays) that has passed through the concrete.
The radiation is emitted by a radioactive isotope, and the ra-
diation passing through the concrete is sensed by a detector.
The detector converts the received radiation into electrical
pulses, which can be counted or analyzed by other methods
(Mitchell, 1991). Radiometry can be further subdivided into
two procedures. One is based on measurement of gamma
rays after transmission directly through the concrete, and the
other is based on measurement of gamma rays reflected, or
backscattered, from within the concrete. These procedures
are analogous to the ultrasonic through-transmission method
and the pitch-catch method using stress waves.

Radiography involves the use of the radiation passing
through the test object to produce a “photograph” of the
internal structure of the concrete. Typically, a radioactive
source is placed on one side of the object and special photo-
graphic film is placed on the opposite side to record the in-
tensity of radiation passing through the object. The higher
the intensity of the radiation, the greater the exposure of the
film. This method is identical to that used to produce medi-
cal “x-rays.”
2.4.2 Direct transmission radiometry for density—Direct
transmission techniques can be used to detect reinforcement.
However, the main use of the technique is to measure the in-
place density, both in fresh and hardened concrete. Struc-
tures of heavyweight and roller-compacted concretes are
cases where this method is of particular value.

Principle—The direct transmission radiometric method is
analogous to the ultrasonic through-transmission technique.
The radiation source is placed on one side of the concrete
element to be tested and the detector is placed on the oppo-
site side. As the radiation passes through the concrete, a por-
tion is scattered by free electrons (Compton scattering) and a
smaller amount is absorbed by the atoms. The amount of
Compton scattering depends on the density of the concrete
and the amount of absorption depends on chemical composi-
tion (Mitchell, 1991). If the source-detector spacing is held
constant, a decrease (or increase) in concrete density leads to
a change in the intensity of the detected radiation.

Instrumentation—Fig. 2.4.1 shows the arrangement of

source and detector for direct measurement through a con-
crete member. This arrangement could also be used for test-
ing fresh concrete with allowance made for the effects of the
formwork material. The most widely used source is the ra-
dioactive isotope cesium-137 (137Cs). The common detector
is a Geiger-Müller tube, which produces electrical pulses
when radiation enters the tube. Other detectors can be scin-
tillation crystals that convert the incident radiation into light
pulses.

Fig. 2.4.2 is a schematic of a commercially available nu-

clear transmission gauge that can be used in fresh concrete
by pushing the source assembly into the concrete. It can also
be used in hardened concrete by drilling a hole and inserting
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detector exte
Table 2.3—Advantages and limitations of stress-wave methods for deep 
foundations
Fig. 2.4.1—Direct transmission radiometry with source and 

rnal to test object.
Fig. 2.4.2—Schematic of direct transmission nuclear gage.
the source assembly. The equipment is portable and provides
an immediate readout of the results. Most of the available units
were developed for monitoring soil compaction and measur-
ing the in-place density of asphalt concrete.

The VUT density meter was developed (in Czechoslova-
kia) specifically for testing fresh concrete (Hönig, 1984).

Fig. 2.4.3 is a schematic of this device. The source can be
lowered up to a depth of 200 mm into a hollow steel needle
that is pushed into the fresh concrete. A spherical lead shield
suppresses the radiation when the source is in its retracted
position. Detectors are located beneath the treads used to
push the needle into the concrete. The unit is claimed to have
a resolution of 10 kg/m3 (Hönig, 1984).

The direct transmission gauges mentioned above provide
a measurement of the average density between the source
and detector. Fig. 2.4.4 is a schematic of a two probe source/

detector system for measuring the density of fresh concrete
as a function of depth (Iddings and Melancon, 1986). The
source and detector are moved up and down within metal
tubes that are pushed into the fresh concrete, thus making it
possible to measure density as a function of depth.

ASTM C 1040 provides procedures for using nuclear
methods to measure the in-place density of fresh or hardened
concrete. The key element of the procedure is development
of the calibration curve for the instrument. This is accom-
plished by making test specimens of different densities and
determining the gauge output for each specimen. The gauge
output is plotted as a function of the density, and a best-fit
curve is determined.

2.4.3 Backscatter radiometry for density—Backscatter
techniques are particularly suitable for applications where a
large number of in situ measurements are required. Since back-
scatter measurements are affected by the top 40 to 100 mm, the
method is best suited for measurement of the surface zone of
a concrete element. A good example of the use of this meth-
od is the monitoring of the density of bridge deck overlays.
Non-contacting equipment has been developed that is used
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Fig. 2.4.3—Schematic of nuclear gage for measuring 
density of fresh concrete (based on Hönig, 1984).
Fig. 2.4.4—Schematic of direct transmission nuclear gage 
for measuring density of fresh concrete at different depth 
(adapted from Iddings and Melancon, 1986).
for continuous monitoring of concrete pavement density
during slip-form operations.

Principle—In the measurement of density by backscatter,
the radiation source and the detector are placed on the same
side of the sample (analogous to the pitch-catch method for
stress waves). The difference between this procedure and di-
rect transmission is that the detector receives gamma rays
scattered within the concrete rather than those which pass
through the concrete. The scattered rays are lower in energy
than the transmitted ones and are produced when a photon
collides with an electron in an atom. Part of the photon ener-
gy is imparted to the electron, and a new photon emerges,
traveling in a new direction with lower energy. As men-
tioned, this process is known as Compton scattering (Mitch-
ell, 1991). 

Procedures for using backscatter methods to measure con-
crete density are given in ASTM C 1040. As is the case with
direct transmission measurements, it is necessary to estab-
lish a calibration curve prior to using a nuclear backscatter
gauge to measure in-place density.

Instrumentation—Fig. 2.4.5 is a schematic of a backscatter

nuclear gauge for density measurement. Many commercial
gauges are designed so that they can be used in either direct
transmission or backscatter mode. To operate in backscatter
mode, the source is positioned so that it located above the sur-
face of the concrete. Shielding is provided to prevent radiation
from traveling directly from the source to the detector.

Certain specialized versions of backscatter equipment
have been developed. Two of particular interest are de-
scribed below:

ETG probe—The ETG probe was developed in Denmark
to use backscatter measurements for estimating density vari-
ation at different depths in a medium. The technique in-
volves determination of the intensity of backscattered
gamma radiation as a function of energy level. A beam of
parallel (collimated) gamma rays is used and multiple
measurements are made with the beam at slightly different
angles of penetration. By comparing the radiation spectra for
the multiple measurements, information can be obtained
about the density in a specific layer of the concrete. In addi-
tion to permitting measurement of density at discrete layers,
the ETG probe also permits density measurements at greater
depths (up to 150 mm) than are possible by ordinary back-
scatter gauges.

Consolidation monitoring device—This equipment was
developed for continuous monitoring of pavement consolida-
tion during slip-form construction (Mitchell et al., 1979). The
device is mounted on the rear of a highway paving machine
and traverses across the finished pavement at a height of
about 25 mm above the pavement surface. An air gap com-
pensating device allows for air gap variations of ±10 mm. The
devices measures the average density within the top 100 mm
of the pavement.

2.4.4 Radiography—Radiography provides a means of ob-
taining a radiation-based photograph of the interior of con-
crete because denser materials block more of the radiation.
From this photograph, the location of reinforcement, voids in
concrete, or voids in grouting of post-tensioning ducts can be
identified.
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Fig. 2.4.5—Schematic of backscatter nuclear density gage.
Principle—A radiation source is placed on one side of the
test object and a beam of radiation is emitted. As the radia-
tion passes through the member, it is attenuated by differing
amounts depending on the density and thickness of the mate-
rial that is traversed. The radiation that emerges from the op-
posite side of the object strikes a special photographic film
(Fig. 2.4.6). The film is exposed in proportion to the intensity
Fig. 2.4.6—Schematic of radiographic method.
of the incident radiation. When the film is developed, a two-
dimensional visualization (a photograph) of the interior
structure of the object is obtained. The presence of a high-
density material, such as reinforcement, is shown on the de-
veloped film as a light area, and a region of low density, such
as a void, is shown as a dark area.

The British Standards Institute has adopted a standard for
radiographic testing of concrete (BS 1881: Part 205). The
standard provides recommendations for investigators consid-
ering radiographic examinations of concrete (Mitchell,
1991). 

Instrumentation—In x-radiography, the radiation is pro-
duced by an x-ray tube (Mitchell, 1991). The penetrating
ability of the x-rays depends on the operating voltage of the
x-ray tube. In gamma radiography, a radioactive isotope is
used as the radiation source. The selection of a source de-
pends on the density and thickness of the test object and on
the exposure time that can be tolerated. The most intense
source is cobalt-60 (60Co), which can be used to penetrate up
to 500 mm of concrete. For members with thickness of 150
mm or less, iridium-192 (192Ir) or cesium-137(137Cs) can be
used (Mitchell, 1991). The film type will depend on the
thickness and density of the member being tested.

Most field applications have used radioactive sources be-
cause of their greater penetrating ability (higher energy radi-
ation) compared with x-rays. A system known as “Scorpion
II,” developed in France, uses a linear accelerator to produce
very high energy x-rays that can penetrate up to 1 m of con-
crete. This system was developed for the inspection of pre-
stressed members to establish the condition and location of
prestressing strands and to determine the quality of grouting
in tendon ducts (Mitchell, 1991).

2.4.5 Gamma-gamma logging of deep foundations—Used
to evaluate the integrity of drilled shaft and slurry wall foun-
dations, this method tests the density of material surrounding
access tubes or holes in concrete deep foundations. Gamma-
gamma logging uses a radioactive source and counter that
may be either in separate probes (direct transmission) or
housed in the same unit (backscatter) (Preiss and Caiserman,
1975; Davis and Hertlein, 1994).

Principle—The most common method is by backscatter,
with the probe lowered down a single dry plastic access tube,
and raised in steps to the surface. Low density zones, such as
soil inclusions within 50 to 100 mm from the probe, will in-
crease the radiation count, since less radiation is absorbed
than in a zone of intact concrete (Fig. 2.4.7). A limitation of

the method is the need for stronger radiation sources to in-
crease the zone of influence of the probe around the tube.

The effect of different access tube materials on radiation
count density is demonstrated in Fig. 2.4.7, which shows
plots of radiation counts from an experimental drilled shaft
with four access tubes: two of plastic and two of steel (Baker
et al., 1993). The response from the shaft constriction at 11
to 12 m is attenuated by the steel tubes. The figure also
shows that a small elliptical inclusion at 4 m is not detected
in any of the traces, demonstrating the limitation of the meth-
od to locate small anomalies or defects.

When gamma-gamma logging is used in the direct trans-
mission mode in parallel tubes (Preiss, 1971), the data can be
analyzed in a similar manner to that from sonic logging. This
technique requires a very strong source, and dedicated equip-
ment for this purpose does not exist in North America at
present.

2.4.6 Advantages and limitations—Table 2.4 summarizes

the advantages and limitations of the nuclear methods. Direct
transmission radiometry requires a drilled hole in hardened
concrete, and it provides for rapid determination of the in-
place density of concrete. The equipment is reasonably por-
table, making it suitable for use in the field. Minimal opera-
tor skills are needed to make the measurements. For the
commercially available equipment, the source/detector
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Fig. 2.4.7—Gamma-gamma backscatter log on experimen-
tal shaft with planned defects (Baker et al., 1993).
separation is limited to a maximum of about 300 mm. Further-
more, the most commonly available equipment measures an
average density between the immersed source and the surface
detector. It is not able to identify areas of low compaction at
specific depths. All immersed-probe techniques for fresh con-
crete have the further drawback that the immersion of the
probe may have a localized influence on the concrete being
measured. Test results may be affected by the presence of re-
inforcing steel located near the source-detector path.

Backscatter tests can be used on finished surfaces where
direct transmission measurements would be impractical or
disruptive. The equipment is portable and tests can be con-
ducted rapidly. However, the precision of backscatter gages
is less than that of direct transmission devices. ASTM C
1040 requires that a suitable backscatter gauge for density
measurement should result in a standard deviation of less
than 16 kg/m3; for a suitable direct-transmission gauge, the
standard deviation is less than 8 kg/m3. According to ASTM
C 1040, backscatter gauges are typically influenced by the
top 75 to 125 mm of material. The top 25 mm determines 50
to 70 percent of the count rate and the top 50 mm determines
80 to 95 percent of the count rate. When the material being
tested is homogenous, this inherent characteristic of the
method is not significant. However, when a thin overlay is
placed on existing concrete, this effect has to be considered
in interpreting the results. Also, the presence of reinforcing
steel within the influence zone will affect the count rate.

Radiographic methods allow the possibility of seeing
some of the internal structure of a concrete member where
density variations exist. Although both gamma ray and x-ray
sources can be used for radiography, x-ray equipment is
comparatively expensive and cumbersome for field applica-
tion. Because of this, less costly and more portable gamma-
ray equipment is generally chosen for field use. However, x-
ray equipment has the advantage that it can be turned off
when its not being used. In contrast, gamma rays are emitted
continuously from a radioactive source and heavy shielding
is required to protect personnel. In addition, x-ray equipment
can produce more energetic radiation than radioactive sourc-
es, which permits the inspection of thicker members or the
use of shorter exposure times.

The main concern in the use of all nuclear methods is safe-
ty. In general, personnel who perform nuclear tests must ob-
tain a license from the appropriate governmental agency
(Mitchell, 1991). Testing across the full thickness of a con-
crete element is particularly hazardous and requires exten-
sive precautions, skilled personnel, and highly specialized
equipment. Radiographic procedures are costly and require
evacuation of the structure by persons not involved in the ac-
tual testing. The use of x-ray equipment poses an additional
danger due to the high voltages that are used. There are lim-
its on the thicknesses of the members that can be tested by
radiographic methods. For gamma-ray radiography the max-
imum thickness is about 500 mm, because thick members re-
quire unacceptably long exposure times. Radiography is not
very useful for locating crack planes perpendicular to the
radiation beam.
2.5—Magnetic and electrical methods
 Knowledge about the quantity and location of reinforce-

ment is needed to evaluate the strength of reinforced concrete
members. Knowing whether there is active corrosion of rein-
forcement is necessary to assess the need for remedial actions
before structural safety or serviceability is jeopardized. This
section discusses some of the magnetic and electrical methods
used to gain information about the layout and condition of em-
bedded steel reinforcement (Malhotra, 1976; Bungey, 1989;
Lauer, 1991). Devices to locate reinforcing bars and estimate
the depth of cover are known as covermeters. Corrosion activ-
ity can be monitored using the half-cell potential technique,
and information on the rate of corrosion can be obtained from
linear-polarization methods.

2.5.1 Covermeters—As is common with other nondestruc-
tive test methods used to infer conditions within concrete,
covermeters “measure” the depth of cover by monitoring the
interaction of the reinforcing bars with some other process.
For most covermeters, the interaction is between the bars and
a low-frequency, electromagnetic field. The basic relation-
ships between electricity and magnetism are the keys for un-
derstanding the operation of covermeters. One of the
important principles is electromagnetic induction, which
means that an alternating magnetic field intersecting an
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electrical circuit induces an electrical potential in that circuit.
According to Faraday’s law, the induced electrical potential
is proportional to the rate of change of the magnetic flux
through the area bounded by the circuit (Serway, 1983).

Commercial covermeters can be divided into two classes:
those based on the principle of magnetic reluctance, and
those based on eddy currents. These differences are summa-
rized below (Carino, 1992).

Magnetic reluctance meters—When current flows through
an electrical coil, a magnetic field is created and there is a flow
of magnetic flux lines between the magnetic poles. This leads
to a magnetic circuit, in which the flow of magnetic flux be-
tween poles is analogous to the flow of current in an electrical
circuit (Fitzgerald et al., 1967). The resistance to flow of mag-
netic flux is called reluctance, which is analogous to the resis-
tance to flow of current in an electrical circuit.

Fig. 2.5.1 is a schematic of a covermeter based upon

changes in the reluctance of a magnetic circuit caused by the
presence or absence of a bar within the vicinity of the search
head. The search head is composed of a ferromagnetic U-
shaped core (yoke), an excitation coil, and a sensing coil.
When alternating current (less than 100 Hz) is applied to the
excitation coil, an alternating magnetic field is created, and
magnetic flux flows between the poles of the yoke. In the ab-
sence of a bar [Fig. 2.5.1(a)], the magnetic circuit, composed
of the yoke and the concrete between ends of the yoke, has a
high reluctance and the alternating magnetic flux flowing be-
tween the poles will be small. The alternating flux induces a
small, secondary current in the sensing coil. If a ferromagnetic
bar is present [Fig. 2.5.1(b)], the reluctance decreases, the
magnetic flux amplitude increases, and the sensing coil cur-
rent increases. Thus, the presence of the bar is indicated by a
change in the output from the sensing coil. For a given rein-
forcing bar, the reluctance of the magnetic circuit depends
strongly on the distance between the bar and the poles of the
yoke. An increase in concrete cover increases the reluctance
and reduces the current in the sensing coil. If the meter out-
put were plotted as a function of the cover, a calibration re-
lationship would be established that could be used to
measure the cover. Since the size of the bar affects the reluc-
tance of the magnetic circuit, there would be a separate rela-
tionship for each bar size. These aspects are discussed
further later in this section.

Eddy-current meters—If a coil carrying an alternating cur-
rent is brought near an electrical conductor, the changing
magnetic field induces circulating currents, known as eddy
currents, in the conductor. Because any current flow gives
rise to a magnetic field, eddy currents produce a secondary
magnetic field that interacts with the field of the coil. The
second class of covermeters is based on monitoring the
effects of the eddy currents induced in a reinforcing bar.
There are two categories of eddy-current meters: one is
based on the continuous excitation of the coil by an alternat-
ing current (usually at about 1 kHz) and the other is based
upon pulsed excitation. The latter is not discussed here, but
the interested reader is referred to additional information in
Carino (1992).

Fig. 2.5.2 is a schematic of a continuous eddy-current cover-

meter. In the absence of a reinforcing bar, the magnitude of the
alternating current in the coil depends on the coil impedance.*

If the coil is brought near a reinforcing bar, alternating eddy
currents are established within the surface skin of the bar.
The eddy currents give rise to an alternating secondary mag-
netic field that induces a secondary current in the coil. In ac-
cordance with Lenz’s law (Serway, 1983), the secondary
current opposes the primary current. As a result, the net cur-
rent flowing through the coil is reduced, and the apparent im-
pedance of the coil increases (Hagemaier, 1990). Thus, the
presence of the bar is inferred by monitoring the change in
current flowing through the coil.

In summary, magnetic reluctance covermeters are based
on monitoring changes in the magnetic flux flowing through
the magnetic circuit composed of the path through the yoke,

* When direct current is applied to a circuit, the amount of current equals the volt-
age divided by the electrical resistance of the circuit. When alternating current is 
applied to the coil, the amount of current is governed by the value of the applied volt-
age, the resistance, and another quantity called inductance. The vector sum of resis-
tance and inductance defines the impedance of the coil.
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Fig. 2.5.1—Covermeter based on principle of magnetic 
reluctance (adapted from Carino, 1992): (a) small current 
induced in sensing coil when no bar is present, and (b) 
presence of bar increases flux and increases current in 
sensing coil.
Fig. 2.5.2—Covermeter based on eddy current principle 
(adapted from Carino, 1992): (a) coil in air results in 
characteristic current amplitude, and (b) interaction with 
reinforcing bar causes changes in coil impedance and 
current amplitude.
concrete, and the reinforcing bar. For a given cover, the
meter output depends on the area of the reinforcing bar and
its magnetic properties (affected by alloy composition and
type of mechanical processing). On the other hand, eddy-
current covermeters depend on the electrical conductivity of
the bar, and they will detect magnetic as well non-magnetic,
metallic objects. However, a ferromagnetic material produc-
es a stronger signal because of the enhanced strength of the
secondary magnetic field created by the eddy currents. The
response of magnetic reluctance covermeters is affected by
the presence of iron-bearing aggregates in the concrete,
while eddy-current meters are not.

Limitations—A reinforcing bar is detected by a coverme-
ter when the bar lies within the zone of influence of the
search head (yoke or coil). Fig. 2.5.3(a) illustrates that influ-

ence zone of the search head. The response is maximum
when the search head lies directly above the reinforcing bar.
An important characteristic of a covermeter is the relation-
ship between meter amplitude and the horizontal distance
from the center of the bar to the center of the search head,
that is, the horizontal offset. Fig. 2.5.3(b) shows the varia-
tion in amplitude with horizontal offset for a magnetic reluc-
tance covermeter when the search head is moved away from
a No. 6 bar (19 mm) with a cover depth of 21 mm. The vari-
ation is approximately a bell-shaped curve. The width of the
curve in Fig. 2.5.3(b) defines the zone of influence of the
search head. Fig. 2.5.3(c) shows the relationships between
amplitude and horizontal offset for two different search
heads (probes) of an eddy-current meter. One search head
has a smaller zone of influence than the other, which means
that it is a more focused search head. A covermeter with a fo-
cused search head can discern individual bars when they are
closely spaced. However, focused search heads generally
have less penetrating ability and are not able to locate bars
with deep cover. The influence zone of the search head also
affects the accuracy with which the end of a reinforcing bar
can be detected (Carino, 1992).

An important distinction between covermeters is the direc-
tionality characteristics of the search heads. Due to the shape
of the yoke, a magnetic reluctance meter is directional com-
pared with a continuous eddy-current meter with a symmet-
rical coil. Maximum response occurs when the yoke is
aligned with the axis of the bar. This directionality can be
used to advantage when testing a structure with an orthogo-
nal gridwork of reinforcing bars (Tam et al., 1977).

As mentioned previously, each covermeter has a unique
relationship between meter amplitude and depth of cover.
Fig. 2.5.4(a) shows a technique that can be used to develop

these relationships for different bar diameters. A single bar is
placed on a nonmagnetic and nonconducting surface and the
meter amplitude is determined as a function of the distance
between the search head and the top of the bar. Fig. 2.5.4(b)
and 2.5.4(c) show these relationships for a magnetic reluc-
tance and for an eddy-current meter, respectively. These re-
lationships illustrate a basic limitation of covermeters. Since
the amplitude is a function of bar diameter and depth of cov-
er, one cannot determine both parameters from a single mea-
surement. As a result, a dual measurement is needed to be
able to estimate both depth of cover and diameter (BS 1881:
Part 204; Das Gupta and Tam, 1983). This is done by record-
ing the meter amplitude first with the search head in contact
with the concrete, and then when the search head is located a
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Fig. 2.5.3—(a) Zone of influence of covermeter search head; variation of amplitude with 
horizontal offset for: (b) magnetic reluctance covermeter, and (c) eddy current covermeter 
(adapted from Carino, 1992).
known distance above the concrete. The differences in am-
plitudes and the amplitude-cover relationships are used to es-
timate the cover and bar diameter. The accuracy of this
spacer technique depends on how distinct the amplitude-cov-
er relationships are for the different bar sizes. Because these
relationships are generally similar for adjacent bar sizes, it is
generally only possible to estimate bar diameter within two
sizes (Bungey, 1989). 

The single-bar, amplitude-cover relationships are only val-
id when the bars are sufficiently far apart so that there is little
interference by adjacent bars. Fig. 2.5.5(a) shows a technique

used to investigate the effect of bar spacing on covermeter re-
sponse (Carino, 1992). For multiple, closely-spaced bars, the
amplitude may exceed the amplitude for a single bar at the
same cover depth. If they are closer than a critical amount,
the individual bars cannot be discerned. The critical spacing
depends on the type of covermeter and the cover depth. In
general, as cover increases, the critical spacing also increases.
Fig. 2.5.5(b) and 2.5.5(c) show the response for multiple bars
at different spacing using a magnetic reluctance meter. The
horizontal line is the single-bar amplitude for the same bar
size and cover depth. For the 75-mm center-to-center spac-
ing, the meter is just barely able to discern the locations of the
individual bars, and the amplitude is not too much higher
than the single-response. Fig. 2.5.5(d) and 2.5.5(e) show the
responses for an eddy-current meter. The locations of the in-
dividual bars are easily identified for the 70-mm spacing, but
the amplitude is greater than the single-bar amplitude. Thus,
the cover would be underestimated if the single-bar, ampli-
tude-cover relationship were used. The response of a cover-
meter to the presence of multiple, closely-spaced bars
depends on  its design. Teodoru (1996) reports that problems
may be encountered when bar spacings are less than approx-
imately the lateral dimensions of the search head.

The presence of two layers of reinforcement within the
zone of influence cannot generally be identified with ordi-
nary covermeters (Bungey, 1989; Carino, 1992). The upper
layer produces a much stronger signal than the deeper second
layer, so that the presence of the second layer cannot be dis-
cerned. However, it has been shown that it may be possible
to determine lap length when bars are in contact (Carino,
1992).

Table 2.5 summarizes the advantages and limitations of

covermeters. These devices are effective in locating individ-
ual bars provided that the spacing exceeds a critical value
that depends on  the meter design and the cover depth. By us-
ing multiple measurement methods, bar diameter can gener-
ally be estimated within two adjacent bar sizes if the spacing
exceeds certain limits that are also dependent on the particu-
lar meter. Meters are available that can estimate bar diameter
without using spacers to make multiple measurements.
Again, the accuracy of these estimates decreases as bar spac-
ing decreases. To obtain reliable measurements, it is advis-
able to prepare mock-ups of the expected reinforcement
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Fig. 2.5.4—Covermeter amplitude versus cover: (a) testing configuration; (b) results for 
magnetic reluctance meter; and (c) results for eddy current meter (adapted from Carino, 
1992).
configuration to establish whether the desired accuracy is
feasible. The mock-ups can be made without using concrete,
provided the in-place concrete does not contain significant
amounts of iron-bearing aggregates.

2.5.2  Half-cell potential method—Electrical methods are
used to evaluate corrosion activity of steel reinforcement. As
is the case with other NDT methods, an understanding of the
underlying principles of these electrical methods is needed
to obtain meaningful results. In addition, an understanding
of the factors involved in the corrosion mechanism is essen-
tial for reliable interpretation of data from this type of test-
ing. This section and the one to follow provide basic
information about these methods. However, actual testing
and interpretation of test  results should be done by experi-
enced personnel.

The half-cell potential method is used to delineate those
portions of the structure where there is a high likelihood of
corrosion activity. Before describing the test procedure, a
brief discussion of the basic principles of corrosion testing is
provided. Readers should consult ACI 222R for additional in-
formation on the factors affecting corrosion of steel in concrete.

Principle—Corrosion is an electrochemical process in-
volving the flow of charges (electrons and ions). Fig. 2.5.6

shows a corroding steel bar embedded in concrete. At active
sites on the bar, called anodes, iron atoms lose electrons and
move into the surrounding concrete as ferrous ions. This
process is called a half-cell oxidation reaction, or the anodic
reaction, and is represented as follows

(2.13)

The electrons remain in the bar and flow to sites called cath-
odes, where they combine with water and oxygen present in
the concrete. The reaction at the cathode is called a reduction
reaction and is represented as follows

2H2O + O2 + 4e- → 4OH- (2.14)

To maintain electrical neutrality, the ferrous ions migrate
through the concrete to these cathodic sites where they com-
bine to form hydrated iron oxide, or rust. Thus, when the bar
is corroding, electrons flow through the bar and  ions flow
through the concrete. When the bar is not corroding, there is
no flow of electrons and ions.

As the ferrous ions move into the surrounding concrete,
the electrons left behind in the bar give the bar a negative
charge. The half-cell potential method is used to detect this
negative charge and thereby provide an indication of corro-
sion activity. 

Instrumentation—The standard test method is given in
ASTM C 876 and is illustrated Fig. 2.5.7. The apparatus
includes a copper-copper sulfate (or electrically similar) half

Fe Fe
2+

2e
-

+→
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Fig. 2.5.5—Covermeter response with multiple parallel bars at different spacing: (a) test-
ing configuration; (b) response of magnetic reluctance meter, S = 75 mm; (c) response of 
magnetic reluctance meter, S = 160 mm; (d) response of eddy current meter, S = 70 mm; 
and (e) response of eddy current meter, S = 140 mm (adapted from Carino, 1992).
cell,* connecting wires, and a high-impedance voltmeter.
The positive terminal of the voltmeter is attached to the rein-
forcement and the negative terminal is attached to the cop-
per-copper sulfate half cell. A high-impedance voltmeter is
used so that very little current flows through the circuit. As
shown in Fig. 2.5.7, the half cell makes electrical contact
with the concrete by means of a porous plug and a sponge
that is moistened with a wetting solution (such as liquid
detergent).

* This half cell is composed of a copper bar immersed in a saturated copper sulfate 
solution. It is one of many half cells that can be used as a reference to measure the 
electrical potential of embedded bars. The measured voltage depends on the type of 
half cell, and conversion factors are available to convert readings obtained with other 
references cells to the copper-copper sulfate half cell.
If the bar is corroding, electrons would tend to flow from
the bar to the half cell. At the half cell, the electrons would
be consumed in a reduction reaction, transforming copper ions
in the copper sulfate solution into copper atoms deposited on
the rod. Because of the way the terminals of the voltmeter are
connected in the electrical circuit shown in Fig. 2.5.7, the
voltmeter would indicate a negative value. The more nega-
tive the voltage reading, the higher is the likelihood that the
bar is corroding. If the wire connected to the bar were con-
nected to the negative terminal of the voltmeter, the reading
would be positive. The half-cell potential is also called the
corrosion potential and it is an open-circuit potential, be-
cause it is measured under the condition of no current in the
measuring circuit (ASTM G 15).
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Fig. 2.5.6—Corrosion of steel bar embedded in concrete 
(iron is dissolved at anode and precipitates as rust at 
cathode).
Fig. 2.5.7—Apparatus for half-cell potential method 
described in ASTM C 876.
The half-cell potential readings are indicative of the prob-
ability of corrosion activity of reinforcement located be-
neath the reference cell. However, this is true only if all of
the reinforcement is electrically connected. To assure that
this condition exists, electrical resistance measurements be-
tween widely separated reinforcing bars should be carried
out (ASTM C 876). Access to the reinforcement has to be
provided. The method cannot be applied to concrete with ep-
oxy-coated reinforcement.

Testing is usually performed at points arranged in a grid.
The required spacing between test points depends on the par-
ticular structure. Excessive spacings can miss points of ac-
tivity or provide insufficient data for proper evaluation,
while closer spacings increase the cost of the survey. In sur-
veying bridge decks, ASTM C 876 recommends a spacing of
1.2 m. If the differences in voltages between adjacent points
exceed 150 mV, a closer spacing is suggested. However,
others have suggested that spacing should be about one-half
of this value to obtain a reliable assessment of the extent of
the corrosion (Clemeña, Jackson, and Crawford, 1992a).
Test apparatus is available that includes multiple cells to
speed up data collection at close spacings.

A key aspect of the test is assuring that the concrete is suf-
ficiently moist. If the measured potential at a test point does
not change by more than ±20 mV within a 5-min period
(ASTM C 876), the concrete is sufficiently moist. If this
condition is not satisfied, the concrete surface must be wet-
ted, and two approaches are given in ASTM C 876. When
pre-wetting is necessary, there should be no free surface wa-
ter between test points. If stability can’t be achieved by pre-
wetting, it may be because of stray electrical currents, and
the half-cell potential method should not be used. When test-
ing is performed outside of the range of 17 to 28 C, a correc-
tion factor is applied to the measured voltages.

Data analysis—According to ASTM C 876, to formulate
conclusions about corrosion activity, half-cell potential
readings should be used in conjunction with other data, such
as chloride content, depth of carbonation, findings of delam-
ination surveys, and the exposure conditions. Data from a
half-cell potential survey can be presented in two ways: an
equipotential contour map, or a cumulative frequency dia-
gram.

The equipotential contour map is used most often to sum-
marize survey results. First, test locations are drawn on a
scaled plan view of the test area. The half-cell voltage read-
ings at each test point are marked on the plan, and contours
of equal voltage values are sketched. Fig. 2.5.8 is an exam-
Fig. 2.5.8—Equipotential contours from survey data of 
bridge deck at grid spacing of 0.76 m (only contours less 
than -0.30 V are shown and contour interval is -0.05 V 
(adapted from Clemeña et al., 1992a).
ple of an equipotential contour map created from test points
on a 0.76-m spacing (Clemeña et al., 1992a).

The cumulative frequency diagram is obtained by plotting
the data on normal probability paper and drawing a best-fit
straight line to the data, according to the procedure in ASTM
C 876. The cumulative frequency diagram is used to deter-
mine the percentage of half-cell potential readings that are
more negative than a certain value.

According to ASTM C 876, two techniques can be used to
evaluate the results: the numeric technique, or the potential
difference technique. In the numeric technique, the value of
the potential is used as an indicator of the likelihood of corro-
sion activity. If the potential is more positive than -200 mV,
there is a high likelihood that no corrosion is occurring at the
time of the measurement. If the potential is more negative than
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Table 2.5—Advantages and limitations of magnetic and electrical methods
-350 mV, there is a high likelihood of active corrosion. Corro-
sion activity is uncertain when the voltage is in the range of -
200 to -350 mV. ASTM C 876 states that, unless there is pos-
itive evidence to suggest their applicability, these numeric cri-
teria should not be used:
• If carbonation extends to the level of the reinforcement, 
• To evaluate indoor concrete that has not been subjected 

to frequent wetting, 
• To compare corrosion activity in outdoor concrete with 

highly variable moisture or oxygen content, or 
• To formulate conclusions about changes in corrosion 

activity due to repairs that changed the moisture or oxy-
gen content at the level of the steel. 

In the potential difference technique, the areas of active
corrosion are identified on the basis of the corrosion gradi-
ents. In the equipotential contour plot, regions of high gradi-
ents are indicated by the close spacing of the voltage
contours. In Fig. 2.5.8, areas of corrosion activity are indicat-
ed by the closely spaced contours.

Limitations—The advantages and limitations of the half-
cell potential method are summarized in Table 2.5. As has
been stated, valid potential readings can be obtained only if
the concrete is sufficiently moist, and the user must under-
stand how to recognize when there is insufficient moisture.
Because of the factors that affect corrosion testing results, a
corrosion specialist is recommended to properly interpret
half-cell potential surveys under the following conditions
(ASTM C 876):
• Concrete is saturated with water, 
• Concrete is carbonated to the depth of the reinforce-

ment, or 
• Steel is coated (galvanized). 

In addition, potential surveys should be supplemented
with tests for carbonation and water soluble chloride content.
A major limitation of the half-cell potential method is that it
does not measure the rate of corrosion of the reinforcement.
It only provides an indication of the likelihood of corrosion
activity at the time the measurement is made. The corrosion
rate of the reinforcement depends on the availability of oxy-
gen needed for the cathodic reaction. It also depends on the
electrical resistance of the concrete that controls the ease
with which ions can move through the concrete. The electri-
cal resistance depends on the microstructure of the paste and
the moisture content of the concrete.

2.5.3 Linear-polarization method—The major drawback
of the half-cell potential method has lead to the development
of techniques to measure the rate of corrosion. Several ap-
proaches have been investigated (Rodriguez et al., 1994).
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However, the linear-polarization method appears to be used
most frequently in the field (Flis et al., 1992) and is under
consideration for standardization (Cady and Gannon, 1992).
This section provides an overview of the method, but it is
emphasized that actual testing and interpretation of test re-
sults should be done by experienced personnel.

Principle—In the field of corrosion science, the term po-
larization refers to the change in the open-circuit potential as
a result of the passage of current (ASTM G 15). In the polar-
ization resistance test, the current to cause a small change in
the value of the half-cell potential of the corroding bar is
measured. For a small perturbation about the open circuit po-
tential, a linear relationship exists between the change in
voltage ∆E, and the change in current per unit area of bar sur-
face ∆i. This ratio is called the polarization resistance Rp

(2.15)

Because the current is expressed per unit area of bar that is
polarized, the units of Rp are ohms times area. The quantity
Rp is not a resistance in the usual sense of the term (Stern and
Roth, 1957), but the term is widely used (ASTM G 15). The
underlying relationships between the corrosion rate of the
bar and the polarization resistance were established by Stern
and Geary (1957). No attempt is made to explain these rela-
tionships in this report. Simply stated, the corrosion rate is
inversely related to the polarization resistance. The corrosion
rate is expressed usually as the corrosion current per unit
area of bar, and it is determined as follows

(2.16)

where
icorr = corrosion rate in ampere/cm2;
B = a constant in volts; and 
Rp  = polarization resistance in ohms⋅cm2.

The constant B is a characteristic of the corrosion system
and a value of 0.026 V is commonly used for corrosion of
steel in concrete (Feliu et al. 1989). It is possible to convert
the corrosion rate into the mass of steel that corrodes per unit
of time. If the bar size is known, the corrosion rate can be
converted to a loss in diameter of the bar (Clear, 1989).

Instrumentation—Basic apparatus for measuring the po-
larization resistance is the three-electrode system shown in
Fig. 2.5.9 (Escalante, 1989; Clear, 1989). It is often called a

Rp
∆E
∆i
-------=

icorr
B
Rp
------=
“3LP” device. One electrode is composed of a reference half
cell, and the reinforcement is a second electrode called the
working electrode. The third electrode is called the counter
electrode, and it supplies the polarization current to the bar.
Supplementary instrumentation measures the voltages and
currents during different stages of the test. Such a device can
be operated in the potentiostatic mode, in which the current
is varied to maintain constant potential of the working elec-
trode; or it can be operated in the galvanostatic mode, in
which the potential is varied to maintain constant current
from the counter electrode to the working electrode. 

In simple terms, the procedure for using the 3LP device in
the potentiostatic mode is as follows (Cady and Gannon,
1992):
• Locate the reinforcing steel grid with a covermeter and 

mark it on the concrete surface. 
• Record the cover depth and bar diameters in area of 

interest. 
• Make an electrical connection to the reinforcement (the 

working electrode). 
• Locate the bar whose corrosion rate is to be measured, 

wet the surface, and locate the device over the center of 
the bar. 

• Measure the corrosion potential of the reinforcement 
relative to the reference electrode, that is, measure the 
half-cell potential [Fig. 2.5.9(a)].

• Measure the current from the counter electrode to the 
working electrode that is necessary to produce a -4 mV 
change in the potential of the working electrode [Fig. 
2.5.9(b)]. 

• Repeat the previous step for different values of poten-
tial, namely, -8 and -12 mV beyond the corrosion 
potential. 

• Determine the area of bar affected by the measurement 
(perimeter of bar multiplied by the length below the 
counter electrode). 

• Plot the potential versus the current per unit area of the 
bar, and determine the slope of the best-fit straight line. 
This is the polarization resistance. 

A major uncertainty in obtaining the polarization resis-
tance is the area of the steel bar that is affected by the current
flowing from the counter electrode. In the application of the
3LP device, it is assumed that current flows in straight lines
perpendicular to the bar (working electrode) and the counter
electrode. Thus, the bar area affected during the tests is the
bar circumference multiplied by the length of the bar below
the counter electrode. However, numerical simulations show
that the assumption is incorrect and that the current lines are
not confined to the region directly below the counter elec-
trode (Feliu et al., 1989; Flis et al., 1992). In an effort to bet-
ter control the current path from the counter electrode to the
bar, a device has been developed that includes a fourth elec-
trode, called a guard or auxiliary electrode, that surrounds
the counter electrode (Feliu et al., 1990a; Feliu et al., 1990b).
Fig. 2.5.10 is a schematic of this type of corrosion meter. The

guard electrode is maintained at the same potential as the
counter electrode, and as a result the current flowing to the
working electrode is confined to the region below the
counter electrode.

A comparative study was conducted using laboratory and
field tests of three commercially available corrosion-rate de-
vices (Flis et al., 1992). Field test sites were chosen in three
different environments representing the range of conditions
that might be encountered in practice. Measurements were
made on bridge structures at identical locations using the
three devices. One of the devices was of the 3LP type (Clear,
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Fig. 2.5.9—Three-electrode, linear-polarization method to 
measure corrosion current: (a) measurement of open-circuit 
potential, and (b) measurement of current to produce small 
change in potential of working electrode (bar).
Fig. 2.5.10—Linear-polarization technique using guard 
electrode to confine current flow from counter electrode to 
reinforcement (adapted from Feliu et al., 1990a).
1989) and the other two used guard electrodes. The 3LP de-
vice gave higher values of corrosion current at the same test
sites. The device developed in Spain (Feliu et al., 1990a)
gave corrosion rates closest to the true corrosion currents.
However, each device was capable of distinguishing be-
tween passive and active sites, and there were well-defined
relationships between the corrosion currents measured by the
different devices. It was concluded that all three devices
could be used to locate active corrosion in a structure.

Limitations—Advantages and limitations of the linear-po-
larization method are summarized in Table 2.5. The corro-
sion rate at a particular point in a structure is expected to
depend on several factors, such as the moisture content of the
concrete, the availability of oxygen, and the temperature.
Thus, the corrosion rate at any point in an exposed structure
would be expected to have seasonal variations. Such varia-
tions were observed during multiple measurements that ex-
tended over a period of more than one year (Clemeña et al.,
1992b). To project the amount of corrosion that would occur
after an extended period, it is necessary to repeat the corro-
sion-rate measurements at different times of the year. As
suggested by Clemeña et al. (1992b), several alternatives
could be used to predict the future condition of the reinforce-
ment:
• Use the maximum measured corrosion rates to obtain a 

conservative estimate of remaining life, 
• Use the yearly average corrosion rate at a typical or 

worst location in the structure, or 
• Use the minimum and maximum corrosion rates to esti-

mate the range of remaining life. 
At this time, there are no standard procedures for interpret-

ing corrosion-rate measurements obtained with different de-
vices, and a qualified corrosion specialist should be
consulted. For example, based on years of experience from
laboratory and field testing, Clear (1989) developed the fol-
lowing guidelines for interpreting corrosion-rate measure-
ments using a specific 3LP device:*

• If icorr is less than 2 mA/m2, no corrosion damage is 
expected, 

• If icorr is between 2 and 10 mA/m2, corrosion damage 
is possible within 10 to 15 years, and 

• If icorr is between 10 and 100 mA/m2, corrosion dam-
age is expected within 2 to 10 years. 

These guidelines assume that the corrosion rate is constant
with time.

Other limitations should be considered when planning cor-
rosion-rate testing. Some of these have been outlined in a
proposed test method (Cady and Gannon, 1992) and are as
follows:
• The concrete surface has to be smooth (not cracked, 

scarred, or uneven), 
• The concrete surface has to be free of water imperme-

able coatings or overlays, 
• The cover depth has to be less than 100 mm, 
• The reinforcing steel can not be epoxy coated or galva-

nized, 
• The steel to be monitored has to be in direct contact 

with the concrete, 
• The reinforcement is not cathodically protected, 
• The reinforced concrete is not near areas of stray elec-

tric currents or strong magnetic fields, 
• The ambient temperature is between 5 and 40 C, 
• The concrete surface at the test location must be free of 

visible moisture, and 
• Test locations must not be closer than 300 mm to dis-

continuities, such as edges and joints. 
2.5.4 Advantages and limitations—Table 2.5 summarizes

the advantages and limitations of the magnetic and electrical

* Guidelines were given in mA/ft2. These have been converted approximately to 
mA/m2 by multiplying by 10.
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methods that can be used to gain information about the loca-
tion and condition of steel reinforcement in concrete mem-
bers. Covermeters are effective in locating bars, but there are
difficulties when the steel is congested or the concrete cover
is thick. Half-cell potential provides an indication of the
likelihood of active corrosion, but data interpretation is not
simple. The linear-polarization methods provide informa-
tion about corrosion rate at the time of testing, but data inter-
pretation is also not simple.

2.6—Penetrability methods
2.6.1 Introduction—Many of the degradation mechanisms

in concrete involve the penetration of aggressive materials,
such as sulfates, carbon dioxide, and chloride ions. In most
cases, water is also required to sustain the degradation mech-
anisms. As a result, concrete that has a surface zone that is
highly resistant to the ingress of water will generally be du-
rable.

The ability of concrete to withstand environmental deteri-
oration depends on the materials that were used to make the
concrete, the mixture proportions, the degree of consolida-
tion, and the curing conditions. The quality of the surface
zone has been increasingly acknowledged as the major fac-
tor affecting the rate of degradation of a concrete structure
(Kropp and Hilsdorf, 1995). To assess the potential durabil-
ity of in-place concrete, it is necessary to focus on methods
that assess the ability of the surface zone to restrict the pas-
sage of external agents that may lead to direct deterioration
of the concrete or to depassivation and corrosion of embed-
ded reinforcement. The tests described in this section are
surface zone tests that provide useful information for evalu-
ation of the potential durability of concrete.

2.6.2 Ingress mechanisms—There are three principal
mechanisms by which external agents can penetrate into
concrete.

Absorption—This term refers to the ingress of liquids due
to capillary forces. Contaminants, such as chloride ions and
sulfates, are transported within the liquid. The term sorptiv-
ity is used to describe the tendency of a material to absorb a
fluid. For one-dimensional water absorption into an initially
dry porous solid, the volume of absorbed fluid can be related
to time by the following empirical equation (Hall, 1989)

(2.17)

where
V  =  volume of fluid absorbed (m3);
A = wetted area (m2);
s = sorptivity (m/√s); and
t = time (s).

Permeation—This term refers to the flow of a fluid under
the action of a pressure head. For steady-state, unidirectional
flow of a liquid through a saturated porous material, the flow
rate is described by Darcy’s law, as follows

(2.18)

V As t=

Q kAI=
where
Q =  flow rate (m3/s);
k = the coefficient of permeability (m/s);
A = cross-sectional area of flow (m2); and
I = hydraulic gradient (m/m). 

The coefficient of permeability depends on both the struc-
ture of the material and the properties of the fluid. In the case
of concrete, the coefficient of permeability depends primari-
ly on the mixture proportions, the water-cement ratio and the
maturity, that is, the extent of hydration (and pozzolanic re-
action, if applicable). If the fluid is a gas, an equation analo-
gous to Eq. (2.18) can be used to describe the unidirectional
flow rate in terms of the differential pressure.

Diffusion—This term refers to the movement of molecular
or ionic substances from regions of higher concentration to
regions of lower concentration of the substances. The rate of
movement of the substance is proportional to the concentra-
tion gradient along the direction of movement and the diffu-
sion coefficient, and is given mathematically by Fick’s first
law of diffusion (Kropp and Hilsdorf, 1995)

(2.19)

where
F = mass flux (kg/m2s);
m = mass of flowing substance (kg); 
t  = time (s);
A = area (m2);
D =  diffusion coefficient (m2/s);
C  = concentration (kg/m3); and
x = distance (m).

2.6.3  Penetrability tests—Various test methods have been
devised for assessing the durability potential of a concrete
surface. Most of the techniques attempt to model one of the
above transport mechanisms. The term penetrability tests en-
compasses all of these test methods and is used in this report
as the general term to describe this class of test methods. The
penetrability tests can be grouped into the following three
categories: 

1. Those based on water absorption, 
2. Those based on water permeability, and 
3. Those based on air permeability.
The following sections describe the instrumentation and

procedures for some of the commonly used or promising
new test procedures.

2.6.4  Description of test methods
Absorption tests—Absorption tests measure the rate at

which water is absorbed into the concrete under a relatively
low pressure head. The absorption rate is a function of the
capillary porosity, which is in turn dependent on the water/
cement ratio and curing history. Of the tests to be described,
one is a surface-absorption technique and the others measure
absorption within a hole drilled into the concrete.

Initial surface-absorption test (ISAT)—In this method
(Levitt, 1971), a circular cap with a minimum surface area of
5000 mm2 is sealed to the concrete surface. A reservoir at-
tached to the cap is filled with water so that the water level is
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200 mm above the concrete surface. The cap is also connected
to a horizontal capillary positioned at the same height as the
water in the reservoir (Fig. 2.6.1). At specified intervals (10
Fig. 2.6.1—Schematic of initial surface-absorption test 
(ISAT).
min, 30 min, 1 hr, and 2 hr) from the start of the test, the valve
below the reservoir is closed and the rate at which water is
absorbed into the concrete is measured by the movement of
water in the capillary attached to the cap. This test is stan-
dardized in the United Kingdom (BS 1881: Part 5).

Figg water-absorption Test—Figg’s original test proce-
dure required a 5.5-mm diameter hole to be drilled into the
concrete to a depth of 30 mm. The hole was cleaned, a disk
of a rigid polymeric foam was pushed into the hole to a depth
of 20 mm from the surface, and the hole was sealed with sil-
icone rubber (Figg, 1973). A hypodermic needle was inserted
through the silicone rubber seal and connected to a syringe
and capillary via a series of connectors (Fig. 2.6.2). A water

head of 100 mm was applied and the time for the meniscus to
travel 50 mm in the horizontal capillary (similar to that used
in the ISAT) was recorded. The value obtained was called the
absorption index and was measured in seconds. A higher ab-
sorption index corresponds to better-quality concrete. Since
Figg's initial work, a number of modifications were made to
the equipment and procedure to improve the accuracy and re-
peatability of the results (Cather et al., 1984; Figg, 1989).
These modifications include a larger hole, an automated
measurement of the meniscus travel, and the use of a pre-
molded plug, alleviating the need to wait for the silicone rub-
ber to cure before performing a test. Equipment for this test
is commercially available.

Covercrete-absorption test—A deficiency of the ISAT is
that the absorption is influenced predominantly by the sur-
face zone. In the Figg test, the absorption is controlled by the
concrete deeper than 20 mm. The covercrete-absorption test
tries to overcome these two deficiencies (Dhir et al., 1987) by
making an absorption measurement that includes the surface
as well as the interior concrete, the so-called “covercrete.” A
13-mm diameter hole is drilled to a depth of 50 mm, and a
gasketted cap is placed over the hole. A tube connected to a
reservoir passes through the cap and empties into the hole.
The cap contains a second tube connected to a horizontal
capillary as in the ISAT and Figg test. The reservoir and cap-
illary are positioned so that a water head of 200 mm is main-
tained above the center of the hole. The tube to the reservoir
is shut off and the movement of the meniscus in the capillary
is measured between 10 and 11 min after initial contact with
water. The main advantage of this test compared with the
ISAT and Figg tests is the ability to obtain an integrated ab-
sorption measurement of the surface zone to a depth of 50 mm.

Water-permeability tests—The above absorption tests in-
volve a low water head (200 mm of water is about 2 kPa
above atmospheric pressure*), and the flow is governed pri-
marily by the sorptivity of the concrete. In-place water-per-
meability tests have been developed that use higher
pressures to obtain indications of the coefficient of perme-
ability of the concrete.

CLAM test—This method involves measuring the flow of
water into the concrete surface under a fixed pressure (Mont-
gomery and Adams, 1985). A specially designed cap is glued
to the concrete surface (Fig. 2.6.3), and pressurized water is

provided by a micrometer-screw piston. A pressure gauge in
the chamber measures the water pressure. To perform the
test, the chamber is filled with water, the micrometer screw
is turned so as to maintain a constant water pressure of about
150 kPa above atmospheric pressure, and the movement of
the piston is recorded at periodic intervals for a 20- to 30-min
period. The travel of the piston multiplied by the area of the
cylinder gives the volume of water that penetrates into the
concrete. A plot of the volume of water versus time provides
information on the permeability of the concrete.  Since the
flow of water into the concrete is not unidirectional and a
steady-state condition is not attained, the test provides a per-
meability index, rather than the coefficient of permeability.

The CLAM test can also be performed at a lower water
pressure so that penetration is controlled primarily by ab-
sorption, rather than by a combination of absorption and per-
meation. For the absorption measurement, the piston is
advanced at a rate that maintains the water pressure at 1 kPa
(Basheer et al., 1992). Again, because the resulting absorp-
tion is not unidirectional, a sorptivity index is obtained rather
than the true sorptivity.

Steinert method—This test method, reported by Steinert
(1979), uses the guard ring principle to attain a better approx-
imation of unidirectional flow under pressure (Fig. 2.6.4).

The cap, which is composed of two concentric chambers sep-
arated by a circular rubber seal, is glued to the concrete sur-
face. The concentric chambers are filled with water and
pressurized to 600 kPa with compressed air. Flow under the
inner chamber is approximately unidirectional, so that the

* As a point of reference, atmospheric pressure at sea level is about 100 kPa.
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Fig. 2.6.2—Schematic of original Figg water-absorption 
test.
Fig. 2.6.3—Schematic of CLAM apparatus.
record of flow as a function of time is easier to interpret than
in the CLAM test.

Air-permeability tests—A wide variety of tests have been
proposed that are based on measurement of the flow of air,
or other gases, through concrete. There are relationships be-
tween air permeability and other durability indicators, such
as water-cementitious materials ratio, strength, and curing
efficiency (Whiting, 1987). Similar to the water-based tests,
air-permeability tests involve either drilling a hole into the
concrete surface or the application of a chamber to the sur-
face. In most cases, a vacuum is applied and the decrease of
the vacuum with time is taken as an indicator of the air per-
meability. In general, air-permeability tests are simpler to
perform than the water-based tests.

Figg air-permeability test—The original Figg air-per-
meability test involves the same hole preparation procedure
as for the water-absorption test described above (Figg,
1973). The tube, however, is connected to a vacuum pump
instead of the syringe and manometer apparatus used for the
water test. The vacuum pump is activated until the pressure
inside the hole is decreased to a prescribed value below
atmospheric pressure. The valve is closed, and flow of air
into the hole reduces the vacuum. The time to obtain a pre-
scribed pressure increase in the hole is measured, and the
time in seconds is called the air-permeability index. A higher
air-permeability index indicates a less permeable concrete.
In the original Figg test, the prescribed vacuum pressure was
-85 kPa and the prescribed pressure increase was 5 kPa. In a
subsequent modification (Fig. 2.6.5) intended to improve re-

peatability, the hole size was increased to 10 mm in diameter
and 40 mm in depth and the prescribed initial vacuum pres-
sure was changed from -85 kPa to -55 kPa (Cather et al.,
1984). The reduced vacuum was selected to permit the use
of hand-operated vacuum pumps. In another modified form
of the Figg test (Dhir et al., 1987) intended to improve the
repeatability further, the hole diameter was increased to 13
mm, the depth increased to 50 mm, and the prescribed pres-
sure change was taken from -55 kPa to -45 kPa.

Schönlin test—The Figg test gives a measure of the air
permeability of the cover zone traversed by the open portion
of the hole and requires drilling a hole into the concrete. To
avoid having to drill a hole, surface test methods have been
proposed. In Schönlin's method (Fig. 2.6.6), a 50-mm diam-

eter chamber of known volume is placed on the surface, and
a vacuum pump is used to evacuate the chamber to a pres-
sure less than -99 kPa (Schönlin and Hilsdorf, 1987). The
valve is closed, and the time when the vacuum pressure
reaches -95 kPa is taken as the start of the test. The time re-
quired for the vacuum pressure to increase to -70 kPa is mea-
sured. For dense concrete, the vacuum pressure change
during 120 seconds is measured instead. Based on these
measurements and the known volume of the chamber, a per-
meability index in units of m2/s is calculated. In an effort to
attain a standard moisture condition prior to testing, the sur-
face is dried with hot air for 5 min prior to testing.

Surface airflow test—The surface airflow test (SAF) is
based on a method used within the petroleum industry for
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Fig. 2.6.4—Schematic of Steinert’s “guard ring” method to 
approximate unidirectional flow.
Fig. 2.6.5—Schematic of modified Figg air-permeability 
test.
Fig. 2.6.6—Schematic of Schönlin’s surface air-permeability 
test.
the rapid determination of the permeabilities of rock cores
(Whiting and Cady, 1992). A schematic of the apparatus is
shown in Fig. 2.6.7. A vacuum plate, with a soft rubber ring

to provide an airtight seal, is placed on the concrete surface.
To conduct the test, valves A, B, and C are closed and the
vacuum pump is activated. The pump is of such capacity that
the vacuum pressure should stabilize at about -83 kPa within
15 sec. Valve A is opened and the vacuum pressure should
again stabilize at -83 kPa. Valve B is opened and valve A is
closed, directing airflow through the flowmeter. After 15 sec,
the reading of the flowmeter is recorded. The flow rate in
mL/m is used as an indicator of the surface air permeability.
Experiments have  demonstrated that the effective depth of
the measurement is about 13 mm (Whiting and Cady, 1992).
As in the Schönlin test, the surface should be dried with hot
air if it is suspected that the surface layer may have a high
moisture content.
2.6.5  Advantages and limitations—The advantages and
limitations of the various penetrability methods that have
been discussed are summarized in Table 2.6.
Absorption tests—The initial surface-absorption test
(ISAT) provides a surface measurement and models water
absorption, which is the most common ingress mechanism
associated with concrete deterioration. The test has been
used extensively in the United Kingdom and a considerable
amount of field data and experience in using the equipment
has been gained. The test is totally nondestructive and can be
used on both vertical and horizontal surfaces. Limitations of
the ISAT are as follows:
• For concretes with a low surface sorptivity, the flow 

path may be considered approximately unidirectional, 
and the ISAT measurements are related to unidirec-
tional sorptivity measurements (Hall, 1989). However, 
as the sorptivity of the surface layer increases, radial 
flow becomes significant and there is no reliable rela-
tionship between ISAT measurements and sorptivity 
measurements. 

• Achievement of a watertight seal between the cap and 
the concrete surface can be difficult in the field. Investi-
gation of modifications to overcome this problem have 
been performed with some success in the United King-
dom. 

• The ISAT is capable of testing only the outer 10 to 15 
mm of the concrete. When considering reinforcement 
corrosion, it may be desirable to assess the complete 
cover zone. 

• Test results are affected by the presence of curing com-
pounds or other surface coatings. 

The Figg test requires holes to be drilled into the concrete
and the outer 20 mm of the concrete has to be sealed off.
Surface skin properties are therefore excluded from the
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Fig. 2.6.7—Schematic of surface air flow (SAF) test.
measurement. The test is not affected by surface coatings or
curing compounds. The covercrete-absorption test also re-
quires drilling a hole, but the measurement includes the ef-
fect of all the concrete surrounding the hole, including the
surface zone.

Water-permeability tests—Both the CLAM and the Stein-
ert water-permeability tests produce an empirical permeabil-
ity index for a particular concrete. Measurement of an
absolute property, rather than an empirical permeability in-
dex, is preferable because there are well-defined relation-
ships between the coefficient of permeability and other
durability related factors (Whiting, 1987). In-place methods
based on water permeability, however, do not correlate with
these durability factors as well as the air-permeability tests.
The interference of concrete moisture content prior to testing
appears to have a more serious effect on water-permeability
tests than on air-permeability tests.

Other drawbacks of water-permeability tests are the long
testing times and the need to glue or clamp the equipment to
the concrete surface to effectively sustain the applied water
pressure.

Air-permeability tests—In general, most air-permeability
techniques are quick and simple to perform. In the case of
vacuum-mounted devices, no permanent attachment is need-
ed. Unlike water tests, air-permeability tests do not affect the
penetrability properties of the concrete. As a result, an air-
permeability test can be repeated at the same location. Air-
permeability tests appear to be less affected by the moisture
content of the concrete than water-permeability tests.

Surface tests, such as the SAF test and Schönlin’s method,
are affected primarily by the top 15 mm of concrete and do
not provide an indication of the penetrability properties of
the entire cover zone. Tests based on Figg’s method require
drilling a hole and exclude the near surface layer in the mea-
surement.

Generally, each test method results in an air-permeability
index that can be related to other factors that govern the du-
rability of concrete. In most cases, however, the index ob-
tained by a specific method is not related to the index
obtained by another method that uses a different geometry
and test pressure.

General limitations—Although the penetrability tech-
niques are related to the mechanisms associated with con-
crete deterioration, certain limitations must be considered
when using a particular test method in practice. These limi-
tations include: sensitivity to moisture and temperature
changes; changes in transport mechanism during the test (for
example, sorption to diffusion); variance of air permeability
with applied pressure; and the influence of drilling on test
values. The empirical nature of the tests and the associated
complex flow characteristics have prevented the conversion
of test results to absolute property measurements.

The most important limitation is, by far, the effect of con-
crete moisture content at the time of testing. A dry concrete
will absorb more water and allow more air flow than the
same concrete in a saturated state. A poor-quality concrete
tested in a moist condition can result in apparently better
indicators of durability than a higher-quality concrete tested
in a dry condition. Some methods try to account for this
problem by specifying that the test should not be conducted
within a certain period after a rainfall. However, since the
drying of the concrete is a function of the ambient tempera-
ture and relative humidity, specifying a natural drying time
does not assure that the moisture content is at a “standard”
level. Other methods specify a period of drying with hot air
prior to testing (Kropp and Hilsdorf, 1995).

For methods based on drilling a test hole, the percussion
action of the hammer-drill can have a detrimental and uncon-
trollable effect on the concrete in the vicinity of the hole.
Cracks can be produced in the concrete that allow air and wa-
ter to flow more readily along them. This condition can pro-
duce discrepancies between test results, especially in water-
absorption tests.

2.7—Infrared thermography
Infrared thermography has been used for detecting subsur-

face anomalies within and below concrete elements. The
method has been applied to the identification of internal
voids, delaminations, and cracks in concrete structures such
as bridge decks (Holt and Manning, 1978), highway pave-
ments (Weil, 1991), parking garages, pipelines (Weil, 1989),
and buildings. ASTM D 4788 describes the use of infrared
thermography for detecting delaminations in concrete bridge
decks, with and without asphalt overlays.

2.7.1 Principle—Infrared thermography senses the emis-
sion of thermal radiation and produces a visual image from
this thermal signal. Thermography, like any system using in-
frared radiation, measures variation in surface radiance and
does not directly measure surface temperature. However, it
can be used to detect anomalies in surface radiance that may
be relate to subsurface conditions of the concrete member.

Infrared thermography for testing concrete is based on two
principles. The first principle is that a surface emits energy
in the form of electromagnetic radiation. The rate of energy
emitted per unit surface area is given by the Stefan-Boltz-
mann law (Halliday and Resnick, 1978)
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Table 2.6—Advantages and limitations of penetrability methods
(2.20)

where
R = rate of energy radiation per unit area of surface, W/

m2;
e = the emissivity of the surface;
σ = the Stefan-Boltzmann constant, 5.67 × 10-8 W/

m2·K4; and
T = absolute temperature of the surface K.

The wavelength of the emitted radiation depends on the
temperature. As the temperature increases, the wavelength
becomes shorter. At a sufficiently high temperature, the ra-
diation is in the visible spectrum. For example, this phenom-
enon is observed when a nail is heated and emits visible light
at high temperatures. However, in the range of room temper-
ature, the wavelength of the emitted radiation is on the order
of 10 µm, which is in the infrared region of the spectrum.

R eσT
4

=

This radiation can be detected by special sensors that pro-
duce electrical signals in proportion to the amount of inci-
dent radiant energy. With proper calibration, the output of an
infrared sensor can be converted to temperature. Thus, it is
possible to measure the surface temperature of the concrete
without having to make contact with a thermometer or ther-
mocouple.

The second principle is that subsurface anomalies in the
concrete affect heat flow through the concrete (Fig. 2.7.1). If

the anomalies are not too deep, these changes in heat flow
cause localized differences in surface temperature. By mea-
suring surface temperature under conditions of heat flow, the
subsurface anomalies can be located.

The required heat-flow condition can be created artificial-
ly by using  heating lamps, or it can occur naturally by solar
heating (heat flow into the structure) and night-time cooling
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Fig. 2.7.1—Effect of internal anomaly on surface tempera-
ture during heat flow.
(heat flow out of the structure). The latter methods are obvi-
ously the economical approach.

In summary, infrared thermography for testing concrete
exploits two main heat transfer mechanisms: conduction and
radiation. Sound concrete is more thermally conductive than
low density or cracked concrete. Radiation from the con-
crete surface depends upon the emissivity of the material,
which is defined as the ability of the material to radiate en-
ergy compared to a perfect black body radiator. Rougher
surfaces of the same material have higher emissivity values.
Some values of emissivity are (Weil, 1991):
• Rough clean concrete e = 0.95, and 
• Shiny steel e = 0.05. 

Different surface textures and finishes (brush marks, rub-
ber, or oil residues) will affect the surface radiation proper-
ties. Thus, care must be exercised to assure that apparent
measured temperature differences are not due to differences
in emissivity.

The physical parameters determining the emitted infrared
radiation measured during a thermographic survey are: con-
crete surface emissivity, surface temperature, concrete ther-
mal conductivity, concrete volumetric-heat capacity,
thickness of the heated layer, and intensity of incident solar
radiation. The environmental conditions present at the time
of testing also affect surface temperature measurements.
Clouds reduce solar radiation during the day and reflect in-
frared radiation at night, slowing heat transfer at the concrete
surface. Wind and surface moisture reduce temperature gra-
dients, and water below 0 C forms ice in voids and cracks.
The optimum weather conditions are: clear skies, mild wind,
dry concrete surface, and intense solar radiation. To over-
come environmental influences on testing, the following
guidelines are suggested (ASTM D 4788):
• Remove debris from surface.
• Do not test when standing water, ice or snow are 

present; allow surface to dry at least 24 hr before test-
ing. 

• Do not test if wind speeds exceed 25 kph. 
• The ground temperature should be above 0 C. 
• Testing at night should be done under clear skies. 

Above all else, testing should be performed when the larg-
est heating or cooling gradients are present in the concrete.
When cooling conditions are present (testing at night, for ex-
ample), the concrete above any anomalies will be cooler
than the surrounding sound concrete. The reverse is true dur-
ing heating conditions. The suggested best time for doing in-
frared surveys is soon after sunrise or one-half to one hour
after sunset. If testing is performed too long after a thermal
change, the concrete surface may become thermally saturat-
ed such that the thermal anomalies have passed. The amount
of time required in direct sunlight to develop detectable
anomalies differs for various applications. For example,
ASTM D 4788 recommends 4 hr of direct sunshine on con-
crete and 6 hr on asphalt-covered concrete decks for detect-
ing delaminations in bridge decks.

2.7.2  Equipment—Thermographic scanning and analysis
systems comprise three main components: a scanner/detec-
tor unit, a data acquisition/analysis device, and a visual im-
age recorder. The infrared scanner head is an optical camera,
with lenses that transmit only infrared radiation with-wave-
lengths in the range of 3 to 5.6 µm (shortwave), or 8 to 12 µm
(medium wave). A system of rotating mirrors is used to en-
able a two-dimensional scan of the test object (Fig. 2.7.2).

The infrared detector is normally cooled by liquid nitrogen
to a temperature of -196 C, and can detect temperature vari-
ations as small as 0.1 C. However, new sensors have been de-
veloped that do not require cooling (Kaplan, 1994; Matthews
et al., 1994). These sensors are composed of a two-dimen-
sional array of materials sensitive to incident infrared radia-
tion. The use of a 2-D array eliminates the need for rotating
mirrors as in conventional optical-mechanical, infrared cam-
eras. The data acquisition and analysis unit includes an ana-
log-to-digital (A/D) converter, a computer with a high
resolution monitor and a data storage device, and data anal-
ysis software. For rapid coverage of large areas, such as
highway or airfield pavements, the equipment can be mount-
ed on an automotive vehicle.

Data obtained by the scanner/detector unit are digitized
and displayed as shades of gray or color, depending on the
data analysis software. Cooler or hotter regions are identified
by a different gray shading or color compared with the sur-
rounding concrete. A visual image recording unit, such as a
videotape recorder, a film camera, or a digital video camera,
is used to provide a record of the region scanned by the in-
frared camera. Comparison of the visual and infrared images
is necessary to ensure that apparent temperature differences
in the infrared image are not due to differences in surface
emissivities. As an example, Fig. 2.7.3 shows an optical pho-

tograph (top) and the corresponding infrared thermogram
(bottom) of a bridge deck. The locations of delamination are
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Fig. 2.7.2—Schematic of infrared scanner system used to create thermal image (adapted 
from Schlessinger, 1995).
identified by the brighter “hot” spots in the thermographic
image. Note that the asphalt patch results in a false indication
because of its different emissivity and thermal properties.

2.7.3  Advantages and limitations—The advantages and
limitations of infrared thermography are summarized in Ta-
ble 2.7. Infrared thermography is a global inspection method,

and permits large surface areas to be surveyed in a short pe-
riod of time. Its main application in civil engineering has
been to detect delaminations in bridge decks and reinforced
concrete pavements. 

Among its disadvantages is the requirement for the appro-
priate environmental conditions to achieve the heat-flow
conditions needed to detect the presence of subsurface
anomalies. However, even with the proper heat-flow condi-
tions, not all delaminations are detectable. Maser and Roddis
(1990) performed analytical studies to gain an understanding
of the factors affecting the differences in the surface temper-
ature of a solid concrete slab and a slab with a delamination.
Examples of the results of such analyses are shown in Fig.
2.7.4. Fig. 2.7.4(a) shows the analytical model that was used.

In the analyses (based on the finite element method), the con-
crete slab was subjected to a sinusoidal variation of ambient
temperature with a 24-hr cycle and a parabolic variation in
incident solar radiation. The air temperature varied from 16
to 30 C. Fig. 2.7.4(b) shows the differences in surface tem-
perature compared with a solid slab for different cover depth
and a 1.27-mm-wide air-filled crack.  It is seen that the max-
imum differential temperature decreases as the depth of the
delamination increases. Fig. 2.7.4(c) shows the results for
different crack widths at a cover depth of 38 mm. It is seen
that the crack width has a strong effect on the maximum tem-
perature differential. It was also found that a water-filled
delamination resulted in nearly identical surface tempera-
tures as in a solid slab. Finally, it is noted that while infrared
thermography can provide information on the areal extent of
a subsurface anomaly, it is not able to provide information on
its depth.

2.8—Radar
2.8.1 Introduction—Radar (acronym for Radio Detection

and Ranging) is analogous to the pulse-echo technique dis-
cussed in Section 2.2.2, except that electromagnetic waves
(radio waves or microwaves) are used instead of stress
waves. The early uses of the technique were for military ap-
plications, but radar techniques are now used in a variety of
fields. The earliest civil engineering applications were for
probing into soil to detect buried pipelines and tanks. This
was followed by studies to detect cavities below airfield
pavements, and more recently for determining concrete
thickness, locating voids and reinforcing bars, and identify-
ing deterioration (Bungey and Millard, 1993; Cantor, 1984;
Carter et al., 1986; Clemeña, 1983; Kunz and Eales, 1985;
Maser, 1986, 1989, 1990; Maser and Roddis, 1990; Stein-
way et al., 1981; Ulriksen, 1983). The most attractive fea-
tures of this technology are: its ability to penetrate into the
subsurface and detect unseen conditions; its ability to scan
large surface areas in a short period of time; and its high sen-
sitivity to subsurface moisture and embedded metal.

In civil engineering applications, inspection depths are rel-
atively shallow compared with other uses of radar. As a re-
sult, devices for these applications emit short pulses of
electromagnetic waves (microwaves). For this reason, the
technique is often called short-pulse radar, impulse radar,* or
ground-penetrating (probing) radar (GPR). In this report, it

* Two other approaches that have been considered potentially appropriate for struc-
tural applications are frequency modulation and synthetic-pulse radar (Bungey and 
Millard, 1993). These approaches have been excluded from this section because 
pulsed systems have gained the greatest practical acceptance and are most readily 
available commercially.
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Fig. 2.7.3—Example of infrared thermography: (a) optical photograph of concrete bridge 
deck, and (b) infrared thermogram showing “hot spots” corresponding to locations of 
concrete delaminations and false indication due to asphalt patch.
Table 2.7—Advantages and limitations of infrared thermography
will be called GPR. This section discusses the principles of
GPR, the instrumentation that is used, data analysis tech-
niques, and some of the inherent limitations. A detailed re-
view of the principles and applications of GPR was
published by Clemeña (1991).

2.8.2 Principle—The operating principle of GPR is illus-
trated in Fig. 2.8.1. An antenna, which is either dragged

across the surface or attached to a survey vehicle, transmits
short pulses of electromagnetic energy (within a specific
broad frequency band) that penetrate into the surveyed ma-
terial. The most commonly used pulses for concrete evalua-
tion range from 1 to 3 nanoseconds (nsec) in duration and
often contain three or four peaks as shown in Fig. 2.8.1.
Analysis and interpretation of the signal is based on well-de-
fined nominal center frequency values, most commonly be-
tween 500 MHz and 1 GHz for structural surveys (Bungey
and Millard, 1993). Each pulse travels through the material,
and a portion of the energy is reflected back to the antenna
when an interface between materials of dissimilar dielectric
properties is encountered. The antenna receives the reflected
energy and generates an output signal proportional to the am-
plitude of the reflected electromagnetic field. The received
signal thus contains information on what was reflected, how
quickly the signal traveled, and how much of the signal was
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Fig. 2.7.4—Analytical study of infrared thermography: (a) 
model of concrete bridge deck used in numerical simula-
tion; (b) effect of depth of cover on surface temperature 
compared with solid slab; and (c) effect of width of air-filled 
crack on surface temperature compared with solid slab 
(adapted from Maser and Roddis, 1990).
Fig. 2.8.1—Reflections of electromagnetic radiation pulse at 
interfaces between materials with different relative dielec-
tric constants (adapted from Carino, 1994).
attenuated. These quantities depend on the spatial configura-
tion and electrical properties of the member under investiga-
tion.

The theory of propagation of electromagnetic waves is
complicated. The following presentation is simplified based
on assumptions suitable for civil engineering applications.
More detailed treatments are available (Daniels et al., 1988;
Halabe et al., 1993, 1995). The primary material properties
that affect the transmitted and reflected energy are the dielec-
tric constant and the conductivity. Materials of interest for
structural applications of GPR, with the exception of metals,
are low-loss dielectrics. A material’s dielectric constant, also
known as dielectric permittivity, is the amount of electrostat-
ic energy stored per unit volume for a unit potential gradient.
Electrical conductivity, the reciprocal of electrical resistivi-
ty, is a measure of the ease with which an electrical current
can be made to flow through a material. The ratio of a mate-
rial’s dielectric constant to that of free space is defined as the
relative dielectric constant εr

(2.21)

where

εr
ε
ε0
-----=
ε  = dielectric constant (farad/meter), and
ε0 = dielectric constant of free space (air), which is 8.85 

× 10-12 farad/m.
The relative dielectric constant governs the speed of the

electromagnetic wave in a particular material. For low loss
materials, the speed of electromagnetic waves C is given by
the following

(2.22)

where

C0 = speed of light in air (3 × 108 m/s), and
εr = relative dielectric constant. 
Analysis of the recorded time-domain waveforms permits
determination of the depth of the reflecting interface assum-
ing the relative dielectric constant is known. The depth of the
reflecting interface is obtained from the measured round trip
travel time and the speed of the electromagnetic wave. If the
round trip travel time for the pulse is t, the depth D would be

(2.23)

The contrast in dielectric constant determines the amount of
reflected energy at the interface between two dissimilar materi-
als. For low-loss dielectrics, the ratio of the reflected to incident
amplitudes of the electromagnetic field (reflection coefficient)

C
C0

εr

--------=

D Ct
2
------=
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reflected at an interface is given by the following equation
(Clemeña, 1991; Bungey and Millard, 1993) 

(2.24)

where
ρ1,2 = reflection coefficient,
εr1 = relative dielectric constant of Material 1 (incident 

wave), and
εr2 = relative dielectric constant of Material 2.

 The dielectric constant of concrete is affected by the na-
ture of the materials and moisture content. By definition, the
relative dielectric constant of air equals 1, and typical values
for other materials are given in Fig. 2.8.1. Note that the di-
electric constant of water is much higher than the other listed
materials. This makes water the most significant dielectric
contributor to construction materials and explains why radar
is highly sensitive to moisture. As the moisture content in-
creases, the dielectric constant of the material, such as con-
crete, also increases.

An important difference between GPR and stress-wave
methods, such as the impact-echo method, is the amplitude
of the reflections at a concrete-air interface. For stress waves,
the reflection is almost 100 percent because the acoustic im-
pedance of air is negligible compared with concrete. On the
other hand, the mismatch in dielectric constants at a con-
crete-air interface is not as drastic, and only about 50 percent
of the incident energy is reflected at a concrete-air interface.
This condition results in two significant differences between
GPR and stress-wave methods. GPR is not as sensitive to the
detection of concrete-air interfaces as are stress-wave meth-
ods. However, because the energy is not totally reflected at a
concrete-air interface, GPR is able to penetrate beyond such
an interface and “see” features below the interface.

Eq. (2.24) shows that when the dielectric constant of Ma-
terial 2 is greater than that of Material 1, the reflection coef-
ficient is negative. This indicates a phase reversal (change in
polarity) of the reflected wave, which means that the positive
part of the wave is reflected as a negative part (Fig. 2.8.1). At
a metal interface, such as between concrete and steel rein-
forcement, there is complete reflection and the polarity of the
reflected wave is reversed. This makes GPR very effective
for locating metallic embedments. On the other hand, strong
reflections from embedded metals can obscure weaker re-
flections from other reflecting interfaces that may be present,
and reflections from reinforcing bars may mask signals from
greater depths.

The conductivity and, to a lesser extent, the dielectric con-
stant, determine the energy loss in a particular material. Sig-
nal attenuation may be approximated as follows (Bungey
and Millard, 1993)

(2.25)

ρ1 2,
εr1 εr2–

εr1 εr2+
-----------------------------=

α 1.69
3×10 σ

εr

--------=
where

α = signal attenuation (dB/m) and
σ = conductivity (Ω-1m-1).

The conductivity of concrete increases with frequency
(Halabe et al. 1993). For example, the conductivity at 1 GHz
is about 1.5 times the direct current (0 Hz) conductivity.

Radar detects the arrival time and energy level of a reflect-
ed electromagnetic pulse. Since electromagnetic wave prop-
agation is affected by changes in dielectric properties,
variations in the condition and configuration of a structure
will cause changes in the signal. Information is obtained by
observing the return time, amplitude, shape, and polarity of
the signal. Concrete conditions such as voids, honeycomb-
ing, and high moisture and chloride content can be inferred
from changes in the dielectric constant and conductivity of
the concrete. For example, theoretical studies have shown
that characteristics of the radar signal are affected by varia-
tions in concrete moisture content (Shaw et al., 1993), and by
variations in moisture and chloride contents under an asphalt
overlay (Maser and Roddis, 1990). Other studies have con-
sidered the effects of shape and size of voids within concrete
(Bungey and Millard, 1995) and of void size under concrete
pavement (Steinway et al., 1981). Halabe et al. (1993) devel-
oped theoretical models for predicting the dielectric proper-
ties of concrete as a function of temperature, porosity,
moisture and salt contents, and radar frequency. In addition,
models were developed for radar waveform synthesis and in-
version (Halabe et al., 1995). The synthesis (forward) model
can be used to generate theoretical radar waveforms and con-
duct parametric studies for layered media, such as overlaid
bridge decks and pavements, with features such as reinforc-
ing bars and delaminations. The inversion model has been
used, with moderate success, to estimate the physical prop-
erties of concrete bridge decks from radar waveforms (Hal-
abe et al., 1995). Others have used the finite element method
to simulate the propagation of electromagnetic pulses
through concrete (Millard et al., 1993).

Since the radar pulse has a finite duration, the material lay-
ers being surveyed have to be sufficiently thick in order for
the reflections from successive layers to be clearly separated.
This minimum required thickness can be calculated by using
Eq. (2.23) with t equal to the pulse duration. For example, for
a pulse duration of 1.5 nsec in concrete and a relative dielec-
tric constant of 6 (speed = 122 mm/nsec), the minimum re-
quired thickness would be about 90 mm.

2.8.3 Instrumentation—Typical instrumentation for GPR
includes the following main components: an antenna unit, a
control unit, a display device, and a storage device. The an-
tenna emits the electromagnetic wave pulse and receives the
reflections. For a given material, the depth of penetration
and resolution of GPR are functions of the frequency con-
tent of the pulse. Lower frequencies penetrate deeper but
provide less resolution, while higher frequencies provide
more detail but have less depth of penetration. For an anten-
na with a 1-GHz nominal frequency, the penetration depth
in concrete is about 400 mm (Bungey and Millard, 1993).
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For a given antenna, the actual penetration depends on the
moisture content of the concrete.

Much of the research into the use of GPR has centered
around the evaluation of reinforced concrete bridge decks
and pavements. The equipment used for this purpose is con-
figured to mount on and within a vehicle to allow continuous
acquisition of the data as the vehicle travels along the road-
way. In this configuration, a non-contact horn antenna is
mounted 150 to 500 mm above the pavement surface.

Another configuration is a portable arrangement, in which
a small, hand-held dipole antenna is used. It is normally
placed in contact with the surface to be surveyed. This equip-
ment is used for locating items such as reinforcing bars, em-
bedments, voids, and other anomalies within a concrete mass
(Bungey and Millard, 1993). It has also been used to locate
voids below slabs or behind concrete walls.

The control unit is the heart of a GPR system. It controls
the repetition frequency of the pulse, provides the power to
emit the pulse, acquires and amplifies the received signal,
and provides output to a display device. Data are usually
stored in an analog recorder or in a digital storage device for
later analysis and interpretation. 

Display devices include oscillographs that plot a succes-
sion of recorded waveforms (topographic or waterfall plot),
from which it is possible to readily observe changes in the
waveform patterns. Other common display devices are
graphic facsimile recorders that provide a cross-sectional
representation of the tested object, and are discussed further
in the next section. Computer software is also available to
permit various signal processing methods to aid in data inter-
pretation, such as subtraction of a reference signal or color
display based on signal amplitude and polarity (Bungey et
al., 1991; Chen et al., 1994).

2.8.4 Data analysis—GPR systems emit pulses continu-
ously at high repetition rates (typically 50 kHz). While this
permits scanning of test objects, it also results in a large
amount of data. As a result, several techniques employing
computer processing, color enhancement, or comparison
methods, have been developed.

Cluster analysis is a technique for comparing signals
(waveforms) with reference signals caused by known condi-
tions. The received signals are normalized to allow direct
comparison. Each signal is compared to the previous signals
and is assigned to a “cluster” of similar signals (Cantor,
1984). If no other similar signals have been identified, it is
assigned to a new cluster. The clusters are then correlated
with known conditions as determined through visual inspec-
tion, coring or excavation. The output of the results is in the
form of a strip chart that indicates the nature of the defect at
the test position and a measure of the confidence of the pre-
diction. The confidence measure indicates the closeness of
fit of an individual signal to the reference signal for that clus-
ter. See Cantor (1984) for examples of this type of analysis.

Topographic plotting is a technique that continuously dis-
plays or prints each radar trace displaced a fixed distance
from the previous trace (Fig. 2.8.2). When a series of traces
Fig. 2.8.2—Illustration of topographic plotting technique to 
reveal differences in radar signals (adapted from Cantor, 
1984).
are viewed in this way, they take on an appearance similar to
a topographic drawing (Cantor, 1984). Where the traces are
parallel to one another, a uniform material is indicated.
Where traces overlap or shift from one another, changes are
indicated that might signify items such as deterioration,
delamination, separation, patches, joints, different materials,
and varying thicknesses.

Quantitative peak tracking is a technique that utilizes sig-
nal processing to quantitatively compute the amplitudes and
arrival times of significant reflection peaks in the radar
waveform (Maser, 1989, 1990; Ulriksen, 1983; Steinway et
al., 1981; Carter et al., 1986). These quantitative computa-
tions can then be used to calculate and display concrete prop-
erties as depth profiles or area contour maps.

Peak plotting is a technique for presenting GPR data with
a graphic recorder or a video display, and is commonly used
in the field for real-time display of GPR data. Fig. 2.8.3(a)

shows a ground-coupled, dipole antenna emitting a radar
pulse into a test object containing a void. The time history of
the emitted pulse is sketched above the antenna. Fig. 2.8.3(b)
shows the waveform received by the antenna. The vertical
axis represents time, or it can be transformed to depth by
knowing εr and using Eq. (2.22) and (2.23). The received
signal at the start of the waveform represents the emitted
pulse that is picked up directly by the receiving side of the
antenna. The second received signal is the reflection from
the void, and the third is the reflection from the bottom
boundary of the test object.

The peak plotting routine used by the graphic recorder is
illustrated in Fig. 2.8.3(b). Although the following descrip-
tion assumes a graphic recorder for ease in explanation, anal-
ogous images are readily produced digitally for display on a
gray-scale or color video monitor. First, the operator selects
a threshold voltage range. When the amplitude of the re-
ceived signal exceeds the threshold range, the pen of the
graphic recorder plots a solid line on the recording paper.
The line is plotted in varying shades of gray depending on
the actual amplitude of the signal. Thus the waveform from
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Fig. 2.8.3—(a) Reflections of electromagnetic pulse in test object with void; (b) received 
waveform and graphic recorder output based on threshold limits; and (c) display on 
graphic recorder during scan across test object (adapted from Carino, 1994).
the antenna output is represented on the graphic recorder as
a series of dashes as shown in Fig. 2.8.3(b). Note that each
echo is associated with two dashes. The actual number of
dashes that are displayed depends on the number of cycles in
the emitted pulse and the threshold level. This is an impor-
tant point to understand for proper interpretation of GPR re-
sults. As the antenna is moved along the surface, changes in
the received signal are displayed on the graphic recorder.
The paper on the recorder moves at a constant speed that is
independent of the speed of the antenna motion (hardware is
available to synchronize paper feed with antennae move-
ment). The resulting pattern on the graphic recorder repre-
sents a cross-sectional view of the test object, as illustrated
in Fig. 2.8.3(c). 

As previously mentioned, metals are strong reflectors of
electromagnetic waves. This characteristic makes GPR very
effective in locating buried metal objects, such as reinforc-
ing bars and conduit. The presence of reinforcing bars re-
sults in characteristic patterns in the graphic recorder output
that make them relatively easy to locate. For example, Fig.
2.8.4(a) and (b) show the graphic recorder output obtained in

a laboratory specimen in which reinforcing bars were placed
300 mm apart with cover depths of 50, 100, and 150 mm.
The bars were embedded in sand contained in a wooden box,
200 mm deep. This is a convenient way to study the effects
of reinforcement on GPR signals because the relative dielec-
tric constant of sand is similar to dry concrete. Fig. 2.8.4(a)
shows the results for 10-mm (No. 3) bars, and Fig. 2.8.4(b)
shows the results for 35-mm (No. 11) bars. The vertical
dashed lines are reference markers placed on the output by
the operator. Since bar locations were known in this study,
the reference markers were created by the operator as the
center of the antenna passed directly over the centerlines of
the bars. The arch-shaped patterns are typical of reflections
from round metallic targets. The centerline of the bars are
clearly identified and closer examination of the patterns re-
veals that the bar depth increases from left to right. The ac-
tual shapes of the arches (that is, whether they are flat or
peaked) depend on the scanning speed of the antenna and the
speed of the paper feed. It is not possible to infer the bar sizes
by simply looking at the patterns in the graphic recorder output.

 In field scans, the operator lays out a system of grid lines
on the surface, and the grid is used to reference the graphic
recorder output to positions on the structure. Fig. 2.8.5 shows

the graphic recorder output from a scan across a reinforced
concrete slab with bars at unknown locations. The arch-
shaped patterns caused by reflection from the bars are clearly
evident. Five arches are shown, corresponding to five tar-
gets. The four arches at the same depth correspond to rein-
forcing bars. It is seen that one of the arches is closer to the
top of the display and has a different pattern that the others.
The operator identified this reflection as being due to a metal
conduit rather than a reinforcing bar. The vertical distance
markers generated as the antenna crossed grid points can be
used to locate the approximate positions of the bars within
the slab. In this display, the graphic recorder settings have
been configured so that the positive and negative portions of
the waveforms are shown as solid or dashed bands. A com-
parison with Fig. 2.8.4 shows that the arches are more
peaked in Fig. 2.8.5. This condition is due to differences in
the relative values of antenna scan speed and paper feed
speed.
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Fig. 2.8.4—Graphic recorder outputs for scans over reinforc-
ing bars embedded at different depth in dry sand: (a) 10-mm 
bars, and (b) 35-mm bars.
Fig. 2.8.5—Graphic recorder output for scan across rein-
forced concrete slab (dashed and solid bands correspond to 
negative and positive portions of waveforms).
2.8.5 Advantages and limitations—The commonly used
antennas irradiate a cone-shaped volume of concrete. At a
depth of 200 mm, an area of about 0.1 m2 is irradiated.
Hence, at that depth, multiple passes about 0.3 m apart would
be required to survey a larger section of concrete. 

When multiple reinforcing bars are present, there will be
multiple arch patterns as shown in Fig. 2.8.4. As the bar
spacing decreases, the arch patterns overlap. Below a certain
spacing, the individual bars can no longer be discerned, and
the reflection pattern is similar to the case of a solid embed-
ded steel plate. The ability to discern individual bars depends
on bar size, bar spacing, cover depth, and the configuration
of the antenna (Bungey et al., 1994). Fig. 2.8.6 summarizes
Fig. 2.8.6—Minimum spacing at which individual reinforc-
ing bars can be resolved (adapted from Bungey et al., 1994)
results obtained using a 1-GHz, hand-held antenna. In these
experiments, the reinforcing bars were placed in a tank filled
with an oil/water emulsion that was formulated to simulate
the dielectric properties of concrete. It is seen that for cover
depths up to about 150 mm, the minimum spacing at which
individual bars can be discerned increases with greater cover
depth. For cover depths greater than 150 mm, the minimum
spacing is unaffected by cover depth, and depends primarily
on bar size (Bungey et al., 1994).

Closely spaced bars will also prevent detection of features
below the layer of reinforcement. This “masking” effect de-
pends on the wavelength of the electromagnetic waves, the
bar size, and cover depth. For the 1-GHz, hand-held antenna,
32-mm bars at cover depths of 25 to 50 mm will prevent de-
tection of underlying features when bar spacings are less
than 200 mm (Bungey et al., 1994).

Simple methods do not exist to determine bar size from
graphic recorder output. Researchers have attempted to bet-
ter understand the interactions of GPR with cracks, voids,
and reinforcing bars (Mast et al., 1990). The objective of
these studies is to develop procedures to use the recorded
data to construct an image of the interior of the concrete.
Some advances in this direction have occurred in France,
where a prototype system has been developed that uses to-
mographic techniques to reconstruct the two-dimensional
layout of reinforcement in concrete (Pichot and Trouillet,
1990). In the U.S., there have been demonstrations of suc-
cessful three-dimensional reconstruction of artificial defects
and reinforcement embedded in a concrete slab (Mast and
Johansson, 1994). These imaging methods rely on an anten-
na array to make multiple measurements and require exten-
sive computational time to reconstruct the internal image.
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The depth of concrete that can be effectively surveyed de-
pends to some extent on the required resolution (hence, fre-
quency used). Generally, a thickness of 400 to 750 mm can
be surveyed, depending on the nominal antenna frequency
and the moisture content of the material. Other discontinui-
ties, such as voids, that reflect a large proportion of the en-
ergy, will also limit the depth that can be surveyed.

The detection of delaminations in reinforced bridge decks
using GPR is not straightforward. In studies by Maser and
Roddis (1990), it was found that a 3-mm air gap in concrete
produced little noticeable effect in the received waveform.
However, the addition of moisture to the simulated crack re-
sulted in stronger reflections that could be noticed in the
waveform. It was also found that the presence of chlorides in
moist concrete resulted in high attenuation, because of the
increased conductivity due to chloride ions [Eq. (2.25)].
Thus, the ability to detect delaminations will depend on the
in situ conditions at the time of testing. In addition, because
the reflections from reinforcing bars are much stronger than
from a delamination, it is difficult to detect the delamination
in the presence of reinforcing bars.

Due to complexities in using GPR to test reinforced con-
crete, standardized test procedures for flaw detection do not
exist. However, an ASTM standard has been developed
(Method D 4748) to measure the thickness of the upper layer
of a multi-layer pavement system. Basically, the technique
involves measuring the transit time of the pulse through the
pavement layer, and using relationships similar to Eq. (2.22)
and (2.23) to calculate the layer thickness. The procedure in
ASTM D 4748 is based on using a non-contact horn antenna,
and some modifications are required for measurements with
a contact antenna. The calculated depth depends on the value
of the relative dielectric constant. Errors in the assumed val-
ue of the relative dielectric constant can lead to substantial
inaccuracies in depth estimations (Bungey et al., 1994). For
data obtained with a horn antenna, the relative dielectric
constant of the concrete can be computed directly from the
radar signals. For data obtained using a contact antenna, it is
necessary to take occasional cores to determine the appropri-
ate dielectric constant value for the pavement materials. The
user is cautioned against using this method on saturated con-
crete, because of the high attenuation and limited penetration
of the pulse. In ASTM D 4748, it is stated that inter-operator
testing of the same materials resulted in thickness measure-
ments within ±5 mm of the actual thickness. Finally, the
ASTM standard notes that reliable interpretation of received
signals can only be performed by an experienced radar data
analyst.

The properties of concrete, as revealed by the radar data,
are generally inferences based on the connection between di-
electric properties and real conditions of interest. The dimen-
sions of concrete, such as thickness and reinforcing bar
depth, can generally be revealed with greater accuracy than
properties such as moisture content, chloride content, delam-
ination, and other forms of deterioration, which should be
confirmed by exploratory drilling or excavations at key loca-
tions. Due to the large number of physical properties affect-
ing the received signal, current application to structural
concrete (other than measurements of the spatial configura-
tion of concrete and reinforcement) is largely restricted to
qualitative comparative uses.

The advantages and limitations of ground-penetrating ra-
dar are summarized in Table 2.8.
Table 2.8—Advantages and limitations of ground-penetrating radar (GPR)
CHAPTER 3—PLANNING AND PERFORMING 
NONDESTRUCTIVE TESTING INVESTIGATIONS

3.1—Selection of methods
The previous chapter reviewed the principles and high-

lighted the advantages and limitations of well-known nonde-
structive test methods for evaluation of concrete and
reinforcement in structures. However, the list of available
methods to determine a concrete structural property or to as-
sess structural conditions is rapidly expanding. Based on re-
liability, simplicity, and cost, some methods or techniques
are preferable over others.

In this section, “primary” and “secondary” methods are
suggested to determine particular properties or to evaluate
particular conditions. A “primary” method indicates the pre-
ferred method. A “secondary” method indicates an acceptable
method that typically would require a greater level of expe-
rience to implement, be less reliable, or be less rapid. The
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method chosen must be tailored to the objective of the eval-
uation. NDT methods can be valuable tools, but a given tech-
nique may not be the most practical or yield the most
applicable results in all cases. Often times, the most sensible
and effective approach is to use a variety of nondestructive
testing techniques to obtain mutually complementary infor-
mation.

3.1.1 Concrete material properties—Table 3.1 summariz-

es the suggested NDT methods to determine various material
properties of hardened concrete. Some of these methods re-
quire cores or other types of concrete samples for laboratory
testing in order to establish correlations between the desired
concrete property and the NDT results. Some of these meth-
ods may also be appropriate for testing laboratory-prepared
specimens or for acceptance testing of field concrete. ASTM
standard test methods, or other relevant documents, are not-
ed where appropriate.

3.1.2 Structural properties and conditions—Table 3.2

summarizes selected nondestructive test methods for deter-
mining structural properties and conditions. Information de-
rived from conducting these types of tests is important in
evaluating the integrity of a concrete structure. Such infor-
mation can be used to assess remaining service life or to de-
velop strategies for repair and strengthening.

3.1.3 Evaluation of repairs—Table 3.3 summarizes select-

ed NDT methods that can be used to evaluate the effective-
ness of repairs. This type of testing is important to ensure
consistent quality throughout a repair project. In some cir-
cumstances, the results from these tests may be used to de-
termine payment under a contract.

3.1.4 Personnel qualifications—With most of the NDT
techniques described in this report, the evaluation investiga-
tor is attempting to assess a property of concrete or changes
in that property caused by the presence of a defect or discon-
tinuity. From that information, the investigator infers the na-
ture of the defect and its severity. Hence, to obtain reliable
results often involves a high degree of judgement by the
evaluation investigator, supported by a limited amount of
corroboration by coring or other forms of direct examina-
tion. This judgement should come from individuals who
have knowledge of the physics of the NDT method they are
using, and who have sufficient experience in both the use of
the method and the investigation of structures to allow them
to accurately interpret NDT results.

In many cases, the investigation requires preliminary in-
terpretation in the field as the testing is in progress. This is
necessary to allow the investigator to plan and modify the
program on the basis of the results that are being recorded in
order to obtain sufficient data at appropriate locations. For
this reason, it is usually not advisable to delegate the field in-
vestigation and data acquisition to less experienced person-
nel, unless the lead evaluation investigator is confident that
sufficient data of the required quality will be obtained.

3.2—Defining scope of investigation
After the appropriate NDT methods are selected, the next im-

portant consideration is to decide the scope of the investigation.
This is one of the most difficult aspects of the evaluation pro-
cess. Ideally, one would like to do sufficient testing to have
a high degree of assurance that all important defects or
anomalies that may be present are detected. In most situa-
tions, the amount of testing is limited by the available funds
and time constraints, and the evaluation investigator has to
design a testing scheme that will yield the most information.
The experience of the investigator is critical for designing a
successful testing scheme. The investigator should not only
understand the inherent capabilities and limitations of the
chosen methods, but should also have an understanding of
concrete construction, structural behavior, and deterioration
mechanisms. Knowledge of concrete construction is helpful
in anticipating the most likely locations of internal anoma-
lies. Knowledge of structural behavior is valuable in select-
ing those portions of the structure that are most vulnerable to
the presence of defects. Knowledge of deterioration mecha-
nisms is important in deciding what needs to be measured. 

3.2.1 Statistical considerations—Because of the variety of
situations that may be encountered, it is difficult to define a
sampling scheme that would be applicable to all NDT methods
and for all investigations. Global techniques, such as infrared
thermography, can be used to inspect the entire exposed sur-
face of a structure. Other scanning techniques, such as
ground-penetrating radar, can provide complete inspection
along each scan line. Point-by-point tests, such as impact-
echo, provide information at the test point. Other methods,
such as impulse-response, can provide information about an
entire structural element.

ASTM Practice C 823 can be adapted to provide some
guidance on planning the sampling program. Thus, sampling
situations can be assigned to two categories:
• Where preliminary investigation and other information 

indicate that conditions are similar throughout the 
structure, and

• Where preliminary investigation and other information 
indicate that conditions are not similar throughout the 
structure. The structure may then be divided into por-
tions within which conditions are similar. 

For the first category, sampling locations should be dis-
tributed randomly or systematically over the region of inter-
est. According to ASTM C 823, “Any method for
determining sampling locations may be employed provided
the locations are established without bias.” The intent is to se-
lect sampling locations in a manner that allows all locations an
equal probability of being selected. For the second category,
each portion that appears to be of similar condition should be
sampled independently and treated as a different category
unless and until test results reveal no significant differences.

For point-by-point tests intended to find internal defects,
the statistical concepts of quality control testing may de
adapted to select the sample size. For example, a grid of
points could be laid out on the surface of the structure. The
grid spacing would depend on the smallest defect that the
evaluation investigator wishes to detect. 

The total number of grid points would represent a “lot.” If
resources permit, the number of sample points should be
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Table 3.1—Nondestructive test methods for determining material 
properties of hardened concrete in existing construction
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Table 3.2—Nondestructive test methods to determine structural properties 
and assess conditions of concrete
Table 3.3—Nondestructive test methods for evaluating repairs
chosen to minimize the risk that the structure is declared to
have the measured fraction of flawed locations, when in fact
the actual fraction exceeds the measured amount. For exam-
ple, ASTM E 122 gives the following relationship for select-
ing the sample size to estimate the fraction of a lot that is
defective

(3.1)

where
n = sample size;

n k
E
--- 

  2
po 1 po–( )=
k = statistical factor based on the risk that the esti-
mated fraction defective does not differ from the 
true fraction by more than ±E, (k = 1.960 for a risk 
of 0.05 and k = 1.645 for a risk level of 0.10);

E  = maximum acceptable error between true fraction 
that is defective and the estimated fraction based 
on the sample; and

po = advance estimate of fraction defective.
Note that to use Eq. (3.1) one must have an initial estimate

of the fraction defective, because the number of samples de-
pends on this value. Fig. 3.2.1 shows plots of Eq. (3.1) for
values of the acceptable error E equal to 0.05, 0.075, 0.10,
and 0.15 and for two risk levels. Fig. 3.2.1(a) is for a risk level
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Fig. 3.2.1—Number of test points to estimate fraction defec-
tive within an error band of ±E at risk levels of: (a) 0.10, 
and (b) 0.05.
of 0.10, and Fig. 3.2.1(b) is for a risk level of 0.05. The fig-
ures show that the sample size is affected greatly by the max-
imum acceptable error E. It is also seen that the largest
sample size is needed when the true fraction defective equals
0.5. Thus, one possible approach is to select a maximum
sample size based on an assumed value of po = 0.5, and use
a two-stage sampling procedure to perform the testing. In
this case, a portion of the required maximum sample size is
used to establish an estimate of the fraction defective. With
this estimate, a revised sample size is computed using Eq.
(3.1), and additional tests are performed so that the cumula-
tive number of tests equals the revised sample size. For two-
stage sampling, it is suggested that the first sample size be
50 to 70 percent of the maximum size or at least 30 samples
(Natrella, 1963). Random sampling must be used to select
the actual test points on the structure.

The choice of sample size based on statistical principles
must be tempered with consideration of cost. ASTM E 105
states the following: “No matter how sound a given sam-
pling plan is in a statistical sense, it is not suitable if the
cost involved is prohibitive or if the work required is so
strenuous that it leads to short cuts or subterfuge by those re-
sponsible for sampling.” ASTM E 122 also addresses cost
considerations and offers the following recommendations:
“After the required size of sample to meet a prescribed pre-
cision is computed..., the next step is to compute the cost of
testing this size sample. If the cost is too high, it may be pos-
sible to relax the required precision (or the equivalent, which
is to accept an increase in the probability that the sampling
error may exceed the maximum allowable error E) and to re-
duce the size of the sample to meet the allowable cost.”

3.2.2 Practical considerations—For an evaluation pro-
gram that includes nondestructive testing to be justifiable, it
should satisfy as many of the following requirements as pos-
sible:
• It should approximate the cost of an intrusive testing 

program alone for the same area or volume tested; 
• It should give a larger amount of reliable data for the 

same area or volume examined, thereby yielding more 
information; 

• It should be able to include areas that are difficult to 
examine thoroughly using more traditional or intrusive 
methods; and 

• The data recovered should be reproducible, so that 
future surveys of the same structure can rely with con-
fidence on the initial NDT data as a base reference. 

Cost criteria—It is desirable that a structural condition
survey produce the maximum amount of information for a
given investment. With limited available funds, the owner or
facility manager is faced with a pressing problem that has to
be solved as thoroughly and as quickly as possible with min-
imum outlay. The evaluation investigator has to come to
terms with this conflict; if not, the project will often not be
funded.

Some practical problems can be solved only with a com-
bination of intrusive and nondestructive testing. Condition
surveys using visual observation and intrusive sampling and
testing alone largely rely on the experience of the investiga-
tor to interpret the concrete condition by interpolating be-
tween intrusive test points. Usually, a number of core
samples at a pre-determined sampling density are selected,
accompanied by laboratory tests on the cores. This establish-
es a preliminary cost base for the condition survey.

NDT as an alternative to this approach usually proposes a
reduction in the number of core samples taken, and fills in
the areas between the core samples with nondestructive tests
at a greater test density. This reduces the uncertainty inherent
in the visual and intrusive sampling survey. The reduction in
intrusive sampling, together with the speed of most NDT
programs, maintains the field survey cost at a similar level.
Analysis time, however, is usually increased.

Data density—The cost issues discussed above imply that
nondestructive surveys provide greater test data density than
visual and intrusive surveys. It is usually necessary to inter-
polate the concrete condition between test points in an NDT
survey, because with most NDT procedures it is not feasible
to test the entire surface of concrete in the structure due to
cost and time considerations. Table 3.4 shows examples of
test density (spacing between test points) used in typical
NDT investigations with different test methods. The “ideal”
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Table 3.4—Frequency of testing for some representative nondestructive 
testing methods
test density represents desirable spacings to achieve a statis-
tically valid assessment of the concrete condition; “practi-
cal” density represents spacings used to achieve a balance
between statistical rigor and cost. 

Also, different testing techniques serve differing purposes,
and each test type does not return the same amount of infor-
mation for the same area or volume of concrete tested. As an
example, an impact-echo test on a concrete slab with several
layers of steel reinforcement provides information about
changes in concrete interface properties immediately below
the test point only. The interpretation of the continuity of the
detected interfaces between adjacent test points is made sub-
jectively by the evaluation investigator, using available
knowledge of the slab details and construction history as
well as personal experience. In contrast, a radar survey
across the top of the same slab will give a continuous image
of the uppermost steel layer, but will yield little information
about the conditions at the lower reinforcement layers.

Areas with difficult access—Many concrete structures
present access difficulties for programs combining visual in-
spection and intrusive testing. Examples of such difficult in-
spection situations include:
• Retaining walls, grade beams, and slabs on grade, 

where only one side of the element is accessible, 
• Deep foundations (piles, drilled shafts, and slurry 

walls), where nearly all the element is buried, and
• Concrete elements located in hazardous areas, such as 

hazardous material waste tanks and nuclear sites. 
Nondestructive testing in these cases is often the only eco-

nomically and practically viable way to obtain sufficient
concrete condition information. Several publications refer to
the successful application of NDT to these problems and
give recommendations for the test types to be used (Davis,
1997; Davis, 1995; Davis et al., 1997).

Data reliability and reproducibility—The data collected
must be reliable and reproducible. This implies that:
• All points tested on the structure can be easily identi-

fied at a later date, so that tests can be repeated if neces-
sary at the exact test location at any time in the future;

• The test results in the preliminary survey should be in 
such a format (graphs, numerical data) that direct com-
parisons can be made between the original and later test 
results. This is facilitated by storage of raw test data on 
computer disks; and 

• The investigator should have the maximum confidence 
in the reproducibility of each test result. 

3.3—Numerical and experimental simulations
As has been mentioned several times, many NDT methods

are based on interactions of certain types of waves (stress or
electromagnetic) with the internal structure of the element
being tested. For some conditions, the interactions are rela-
tively simple and tests results are easy to interpret. For exam-
ple, delaminations in slabs or walls can be detected with
relative ease using the impact-echo method, or reinforcing
bars with shallow cover and wide spacing are located easily
with a covermeter or ground-penetrating radar (GPR).
However, the evaluation investigator may be faced with
complex situations for which the expected responses are not
known. In such cases, the investigator should consider per-
forming numerical or experimental simulations prior to plan-
ning the field investigation. 

Numerical simulation refers to computing the expected re-
sponse of the test object to a specific type of test. Experimen-
tal simulation refers to constructing mock-ups with
simulated flaws and testing them with the proposed test
method. The simulations can have three objectives:
• To establish whether a given method is capable of 

detecting the anomaly of interest. 
• To establish “unflawed” responses for use as baseline to 

compare with “flawed” responses.
• To determine the critical size at which detection of a 

flaw becomes uncertain. 
In addition, numerical simulation can be used in conjunc-

tion with measured response to infer the internal conditions
of the structure. This is usually referred to as solving the in-
verse problem. Ideally, one would like to be able to use the
measured response and use a computer program to compute
the internal conditions or material properties of the concrete.
Unfortunately, this is usually not possible except for simple
conditions. Thus, the inverse problem is often solved by iter-
ation; that is, the theoretical response is calculated for a giv-
en assumed set of conditions and compared with the
measured response. The assumed conditions are varied until
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there is acceptable agreement between the measured and cal-
culated response. Since there is no assurance that a unique
set of conditions corresponds to the measured response, the
analyst requires an understanding of reasonable values for
the assumed conditions.

3.3.1 Numerical simulation of stress-wave propagation—
During the 1970s and 1980s, computer programs based on
the finite-element method were developed to solve complex
dynamic problems involving impact. Those types of pro-
grams have been adapted for simulating stress-wave propa-
gation in impact-based NDT methods, such as the impact-
echo method (Sansalone and Carino, 1986). A brief descrip-
tion of the basics of this simulation method is provided be-
low (adapted from Sansalone and Streett, 1997).

The finite-element method is a numerical technique for
obtaining approximate solutions to problems in continuum
mechanics. A continuum (in this case, a concrete structure
with or without simulated defects) is divided into a finite
number of discrete parts (finite elements) that are intercon-
nected at points called nodes. Equations relating the stresses
and strains for the individual elements are combined to con-
struct global equations that describe the behavior of the en-
tire continuum. Solution of these equations gives the
displacements or stresses for each element for a particular set
of boundary conditions and applied loads. In stress-wave
propagation analyses, the calculations are carried forward in
small time steps, and time histories of nodal displacements
and element stresses are obtained.

The impact is simulated by applying a pressure loading
over several elements. The pressure is assumed to vary with
time as a half-cycle sine curve, approximating the force-time
function associated with the impact of a sphere on the sur-
face of an elastic solid. Impacts of different durations are ob-
tained by changing the period of the half-cycle sine curve.
The concrete is modeled as a linear elastic, homogeneous
material. This assumption is valid because:
• The strains produced by the stress waves in impact-

echo testing are very small.
• The frequency components in the propagating waves 

are typically less than about 80 kHz and the smallest 
wavelengths are on the order of 50 mm. At these wave-
lengths, concrete appears homogeneous to the propa-
gating waves. 

Defects can be represented by omitting elements in the fi-
nite element mesh used to model the test object, or elements
may be assigned much lower values of density and elastic
modulus. Absorbing boundaries can be used to allow the an-
alyst to model portions of larger structural members. Greater
accuracy or less computational time, or both, are the result.
Without such absorbing elements, finite element models
have to be sufficiently large so that the responses due to re-
flections from the boundaries do not interfere with reflec-
tions from the simulated defects.

Finite element simulations require an individual experi-
enced in the finite-element method and familiarity with the
nature of programs that solve wave propagation problems.
Validity of the results hinges on using an acceptable mesh
geometry; choosing the correct time step, and other measures
to assure stable calculations (if explicit codes are used) and ac-
curate results; specifying the correct loading and boundary
conditions; and correct simulation of the defect to be investi-
gated.

Once the correct model has been developed, the calculated
displacement of a node close to the impact point is treated as
the transducer signal and used to calculate the amplitude
spectrum. Parametric studies can be performed by varying
factors such as duration of the impact, location of the impact
point and receiver relative to the location of the defect, size
and location of defect, or other parameters. Some examples
of results obtained by finite simulations include the follow-
ing: Cheng and Sansalone, 1993; Lin (Y.) and Sansalone,
1992a, 1992b, 1992c; Lin (J. M.) and Sansalone, 1993,
1994a, 1996; Sansalone et al., 1997; Williams et al., 1997.

The following example is taken from the work summa-
rized in Jaeger et al. (1996) and involves detecting a void in
the grouted tendon duct of a post-tensioned concrete structure.
A three-dimensional numerical model was used to represent
the geometry. Fig. 3.3.1 shows the geometry and an amplitude
spectrum obtained from the finite element simulation. The
Fig. 3.3.1—Spectrum obtained from finite element simula-
tion of impact-echo test on concrete section containing 
ungrouted duct.
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secondary peak at 26.4 kHz corresponds to reflection from
the air void in the ungrouted duct. The peak at 4.4 kHz is less
than the thickness frequency of the solid plate. The presence
of the air void causes the shift to a lower frequency, and this
frequency shift is an additional indicator of an anomaly in the
plate (Jaeger et al. 1996). Fig. 3.3.2 shows the result from an
Fig. 3.3.2—Spectrum obtained from impact-echo test car-
ried out over ungrouted duct in post-tensioned beam.
impact-echo test performed on the web of an I-beam in a
post-tensioned bridge. All key features of the responses are
similar, and the overall agreement between the numerical
simulation and field test is excellent. (Note that the P-wave
speed in the numerical model and actual beam were the
same.) Such results are typical, and the finite element meth-
od has served as a powerful tool in developing the current
understanding of the impact-echo method and its applica-
tions.

3.3.2 Simulation of wave propagation in deep founda-
tions—Numerical techniques have been used for studying
wave propagation in deep foundations in order to:
• Match predicted responses with real test responses for 

either sonic-echo or impulse-response methods, and 
• Model pile behavior for use in the impedance-logging 

analytical method. 
Interpretation of low-strain pile testing is based upon the

theory of one dimensional stress-wave propagation within
the pile shaft. After the shaft head is struck with a hand-held
hammer, a low-strain stress wave travels down the shaft at a
velocity that depends on the density and elastic modulus of
the concrete. Any change in the shaft's shape, continuity, or
material properties results in changes in the shaft impedance
at the point of the anomaly, and a portion of the incident
wave is reflected back to the pile head. Interpretation of the
test response depends on the quality of the recorded signals,
as well as identification of the parameters controlling the pile
response (such as soil conditions, pile size, and shape).
Therefore, the result of simulation matching is only as good
as the quality of the real test signal.

Impulse-response—The first reference to simulation
models using numerical techniques is in Davis and Dunn
(1974), where a numerical model was developed for harmon-
ic vibration testing (forerunner of impulse-response) of
drilled shafts. Based on the analogy between the equations of
motion and those of an electrical circuit, an analog electrical
circuit model was used to represent the pile response. The
force applied to the pile head was represented by an applied
sinusoidal current and the resulting voltage represented the
pile head velocity. Other electrical components were used to
account for the density of the concrete and of the soil, the
wave speed in the concrete and in the soil, and the diameter
of the pile. The pile was divided into different segments, with
different mechanical characteristics, that were converted to
the equivalent analog circuits. The computed response of the
circuit was compared with the measured response (velocity/
force) and the characteristics of the segments were adjusted
until there was good agreement between the two responses.
This process is analogous to the inversion procedure used in
the SASW test.

The analyst needs to have as much information as can be
obtained about the real pile and soil conditions before at-
tempting the simulation. This helps to reduce the number of
steps required to obtain a matching fit between the real and
simulated mobility-frequency plots. Typical values of mate-
rial properties that can be used as a first try are:
• Concrete P-wave velocity from 3800 to 4100 m/s, 
• Concrete density from 2300 to 2400 kg/m3, 
• Soil density from 1700 to 1900 kg/m3, 
• Shear wave velocity in soil from 100 to 300 m/s. 
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The errors in estimated depths of anomalies or pile toe
arise principally from error in the estimation of the concrete
pile stress-wave velocity. An error of ±100 m/s will result in
a depth error of approximately ±2.5 percent.

Sonic-echo tests—Simulation of velocity-time wave-
forms from sonic-echo pile tests became practical with the
advent of digital signal processing techniques in the 1980s
(Middendorp and Reiding, 1988). The reflections recorded
in a sonic-echo signal are caused by impedance changes in
the pile shaft (necks, bulges, cracks, pile tip, or changes in
concrete quality) and in soil resistance. All the changes in
shaft impedance are modeled as variations in shaft cross sec-
tion. It is necessary to know as much as possible about the
site soil profile to simulate the response waveform.

The matching of sonic-echo test signals is performed in
three steps:
• A reference pile response for a given pile population at 

the site is selected, by testing the pile population and 
selecting an average response. 

• The shaft and toe resistances are derived for the refer-
ence pile. Because the shaft and toe resistances have a 
dominant effect on the test response, the derivation of 
the soil model is a prerequisite. To obtain the soil 
parameters, it is assumed that the reference pile has a 
uniform diameter. It is necessary to use as much infor-
mation as is available about the site soil conditions at 
the beginning of this step. The shaft and toe resistances 
are adjusted until there is a good match between the 
measured and simulated signals. 

• The discontinuities in the pile under simulation are 
derived. Discontinuities cause reflections that are 
displayed in the sonic-echo waveform. By measuring 
the travel time for the arrival of the first reflection, the 
location of the discontinuity can be determined. In the 
two most frequently used methods (Rausche et al., 
1988; Starke and Janes, 1988), the impact force is 
applied as the input to the pile head in the computer 
model, and the measured velocity at the pile head is 
taken as the reference signal for the calculated 
response. The cross section of the computer model 
shaft is varied at the signal reflection location until a 
good match is found between the calculated and the 
measured signals. 

In these simulations, the pile is modeled as a series of
springs and dashpots to represent the pile cross section and
effect of the surrounding soil. As when modeling the im-
pulse-response test, the analyst needs to have as much infor-
mation as can be obtained about the real pile and soil
conditions before attempting a sonic-echo simulation. The
most commonly used simulation methods are proprietary to
the equipment manufacturers and are sold with their own
testing systems. However, if good-quality sonic-echo test
signals can be obtained, it is possible to develop response
simulations using the approach outlined above for the im-
pulse-response method. Again, as in the impulse-response
simulation, the selected value of the concrete stress-wave ve-
locity is critical in accurately predicting depths of features.
Impedance-logging analysis—The impedance-logging
technique (Section 2.3.3) is, in essence, an extension of the
matching of measured impulse-response test results, as de-
scribed above. To obtain an impedance log profile, the fol-
lowing steps are necessary:
• Good-quality test signals must be obtained, including 

both the force and the velocity responses in the time 
domain. Minimum sampling rate for most shaft lengths 
studied should be 10 kHz, with a minimum of 1024 
data points for each waveform. A reflected signal from 
the pile tip must also be present in the velocity wave-
form. 

• The first analytical step is to remove the following from 
the velocity waveform: 1) the motion of the top of the 
shaft caused by the hammer impact; and 2) effects of 
the impedance changes resulting from changes in soil 
profile. This is achieved by calculating a theoretical 
mobility plot for an infinitely long, defect-free shaft 
with the nominal shaft diameter and known lateral soil 
variations. This computed mobility plot is subtracted 
from the test response. This gives a “reflected” mobility 
response containing information about changes in the 
shaft geometry and in the surrounding soil. Next, the 
impulse response in the time domain is calculated by 
taking the inverse fast Fourier transform of the 
“reflected” mobility plot. This is referred to as a rela-
tive reflectogram, which contains the time history of 
the reflections that return to the top of the shaft. 

• By applying a selected amplification function to this 
calculated time response, the return signal strength can 
be approximated to a constant value down the entire 
length of the pile shaft. 

• The reflectogram so obtained does not quantify the 
absolute shaft impedance, nor does it distinguish 
between changes in impedance caused by shaft condi-
tions or those caused by lateral soil variation. The real 
impulse-response test result, however, does quantify the 
shaft impedance at the pile head, that can be used to 
calculate the impedance down the shaft as a function of 
time from 

(3.2)

where Z(t) is the shaft impedance as a function of time, 
Z(0) is the nominal impedance at the top of the shaft, and 
R(t) are the reflection coefficients from the scaled rela-
tive reflectogram.

• Finally, the impedance as a function of depth is obtained 
from Z(t) by converting time to depth using the com-
pression wave velocity of the pile material. As in simu-
lation of both the impulse-response and sonic-echo 
methods, if the density and compression wave velocity 
of the pile are known, changes in impedance correspond 
to changes in the cross-sectional area of the pile. The 
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resulting impedance-depth plot can be drawn as a plot of 
either diameter or cross-sectional area with depth. This 
is the final impedance log, and an example is given in 
Fig. 2.3.4. 

As in other simulations of pile response, the analyst must
have all available soil data and pile construction records to
calculate the relative reflectogram.

3.3.3 Simulation of ground-penetrating radar—Numeri-
cal techniques can also be used to model the propagation of
electromagnetic waves through concrete and to study the re-
flection and refraction of these waves at buried interfaces.
Two modeling techniques may be used: the finite-element
method and the ray tracing method. In the finite-element
technique, the same approaches are used as was discussed in
regard to stress-wave propagation. The structure is modeled
by a mesh of finite elements, with each element having di-
electric properties to represent different materials. The elec-
tromagnetic field in the test object due to a specified input
field is computed as a function of time. This method allows
the analyst to visualize (by means of post processing pro-
grams) the propagation of the field through the test object
and how the field interacts with buried targets. 

In the ray tracing technique, the analyst chooses two
points: where the electromagnetic pulse is introduced and
where the response is to be calculated. A series of possible
ray paths that can connect these two points is determined.
The response associated with each ray is computed, taking
into consideration the reflection coefficients at points of re-
flection and the attenuation due to travel distance. The re-
sponses due to the arrival of each ray at the point of interest
are added together to obtain the total response that would
represent the theoretical waveform recorded by a perfect re-
ceiver.

In addition to ray tracing methods in the time domain, syn-
thesis of the radar waveform may be accomplished by treat-
ing the reinforced concrete structures to be tested as a
multilayered medium with regular cylindrical subsurface
anomalies (reinforcing bars) (Halabe et al., 1995). A fre-
quency-domain synthesis fully accounts for the multiple re-
flections and the frequency dependence of dielectric
properties. Using the fast Fourier transform, a transmitted
electromagnetic pulse can be decomposed in the frequency
domain into a number of sine waves with different frequen-
cies. A closed-form solution for the complex reflection coef-
ficient for a multilayered medium and a single frequency
sine wave can then be used with superposition to synthesize
the radar waveform for the multilayer medium in the fre-
quency domain. The presence of the reinforcing bars greatly
affects the recorded radar waveform. The reinforcing bars
can be treated as regular cylindrical subsurface anomalies
with a uniform depth and spacing. Equations for the time-do-
main response for the reinforcing bar grid combined with the
equations for the frequency-domain responses for the multi-
layered medium are combined to obtain a synthetic waveform
for a reinforced concrete structure based on geometric layout
and physical properties. This waveform synthesis is sensitive
to the exact shape of the pulse emitted by a particular antenna.
Using the radar waveform synthesis model, the effects on the
radar waveform of various parameters such as porosity, wa-
ter and chloride content, cracks and delaminations, and rein-
forcing bar layout can be assessed.

3.3.4 Simulation of thermal anomalies—Thermography
directly senses emitted infrared radiation. Since there is no
calibration to an absolute radiation level, what is detected is
the relative strength and location of the thermal anomalies.
Thermal response of concrete structural members may be
numerically simulated using a finite-element program with
capabilities for transient heat-flow analysis. The concrete
structure is modeled by a mesh of elements, with each ele-
ment having thermal properties characteristic of the appro-
priate parts of the concrete structure. For example, a thermal
model composed of a damaged zone with altered thermal
properties layered between sound concrete zones can be used
to model a delaminated concrete deck (Maser and Roddis,
1990). The deck properties that must be specified are:
• Thickness of the cover, delamination, and lower deck 

layers;
• Thermal conductivity and volumetric-heat capacity of 

the sound and damaged concrete; and
• Heat-transfer coefficients for the top and bottom of the 

deck.
The environmental conditions of ambient temperature and
incident solar radiation, both varying on a diurnal cycle,
drive the thermal response of the model. Since the driving
forces are a function of time, the system is not static. The
system could be treated as if it were static if the deck re-
sponse time to variations in the driving forces were short
compared with the length of time over which the driving
forces fluctuated. This condition for quasi-static behavior is
not satisfied for the deck model since the thickness and vol-
umetric heat capacity of the concrete give the deck signifi-
cant thermal inertia, slowing the system’s response time. The
thermal model must therefore account for transient heat-flow
behavior.

3.3.5 Laboratory and field mock-ups—A possible alterna-
tive to numerical modeling when the evaluation investigator
is faced with a new or unusual testing condition is to fabri-
cate and test specimens (mock-ups) that simulate the expect-
ed field conditions. It may be possible to use portions of the
actual structure as a mock-up if it known for certain that the
tested area is sound or contains a flaw. Such experimental
mock-ups can also be used to verify new numerical models.
As in the case of numerical simulation, the mock-ups can be
used to establish:
• Whether a certain anomaly can be detected, 
• The best testing configuration to detect a specific 

defect, and
• The baseline response of an unflawed object. 

 When NDT methods based on wave propagation are used,
the specimens need to be designed carefully to ensure that
the boundary reflections do not interfere with reflections
from the anomaly of interest. The material for the mock-ups
should be selected so that it has properties similar to that ex-
pected in the field. Depending on the test method, similar
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properties may mean similar density, elastic constants,
conductivity, or dielectric properties. For example, if the
evaluation investigator is interested in evaluating the ability
of different covermeters to detect individual reinforcing bars
when there is a complex or congested layout, it is not neces-
sary to make concrete specimens. Since the response of cov-
ermeters is not influenced by the concrete (except when field
concrete contains a significant amount of iron bearing aggre-
gate), the mock-up can be made using a wooden frame to
support the bars or the bars can be embedded in sand. This
allows the investigator to consider different situations with
little additional effort. Likewise, for a mock-up to be tested
with GPR, it is not necessary to use concrete. Depending on
the specific objective of the tests, it may be possible to make
mock-ups using moist sand to represent the concrete. The
moisture content of the sand will affect the attenuation of the
electromagnetic pulses. Investigators have also used water/
oil emulsions for accurate modeling of the dielectric and
conductivity properties of concrete (Bungey et al., 1994).
The use of the emulsion instead of concrete permits chang-
ing the testing configuration without having to cast new con-
crete specimens. 

For test methods based on stress-wave propagation, concrete
specimens have to be used because of the need to model the
correct mismatch in acoustic impedance (wave speed times
density) between concrete and the anomaly. A variety of ap-
proaches may be used to simulate defects. For example, rigid
foam insulation board can be used to simulate air voids (San-
salone and Carino, 1986), thin sheets of flexible plastic foam
have been used to simulate cracks (Cheng and Sansalone,
1993), and thin metal sheets that are withdrawn after final set-
ting have been used to simulate surface opening cracks (San-
salone et al., 1997). Honeycombing has been simulated by
casting a mass composed of cement paste and coarse aggregate
(Sansalone and Carino, 1986). The absence of fine aggregate
leads to voids between the coarse aggregate, simulating the
structure of honeycombed concrete. After the mass has hard-
ened, it is cast into the mock-up specimen.

Field mock-ups of deep foundations—Stress-wave
methods evaluate the integrity and continuity of concrete
piles and drilled shafts, either by direct transmission testing
(sonic logging, see Section 2.3.4) or by reflection of stress
waves propagated down the shaft by impacting the head of
the pile (sonic-echo or impulse-response testing, see Sec-
tions 2.3.1 and 2.3.2).

Sonic logging of piles can be modeled in the laboratory, as
described in the previous section. However, pile head impact
tests rely upon the channeling of dispersive stress waves
down cylindrical or prismatic structural members with
length/diameter ratios typically between 10:1 and 40:1.
Paquet (1968) points out that the frequencies used for both
harmonic (vibration and impulse-response) and echo tests
are relatively low, and the corresponding wave lengths are
great compared with typical pile diameters.

Both the impulse-response and sonic-echo tests are affect-
ed by soil damping. If it is required to study the effect of soil
damping on the pile response, then the wavelengths in the soil
are much greater than the pile diameter. Take, for example, a
soil with a shear wave velocity of 800 m/s; at a frequency of
500 Hz, the wave length is 1.6 m, close to the pile diameter.
At higher frequencies, the calculated damping would be a
poor approximation of the true value.

For these reasons, tests on scaled-down laboratory pile
models do not produce satisfactory results. This was realized
early in the development of the methods, and several full-
scale test sites have been constructed worldwide to test the
validity and accuracy of various NDT methods. Usually, var-
ious defects or shape changes have been included in the test
shafts. These full-scale experimental sites include:
• London, England, 1969 (Levy, 1970) 
• Ghent, Belgium, 1987 (Holeyman et al., 1988) 
• Northumberland, England, 1987 (Kilkenny et al., 1988) 
• Federal Highway Administration (FHWA) trials, USA 

(Baker et al., 1993) 
California, 1989
Texas, 1990

• Delft, Netherlands, 1992 (Anon., 1992) 
• University of Houston, 1996 (Samman and O’Neill, 

1997) 
In several of these cases, initial tests were performed

blind, that is, without prior knowledge of the lengths of the
shafts or the location and type of built-in defects or shape
changes. The accuracy and reliability of the test methods
were then assessed by the sponsors of the test sites. At least
two of the sites have been preserved for future testing as
methods are refined and developed (Northumberland and
FHWA Texas).

Descriptions of the test shafts, the installed defects, and
the results of initial test programs are described in the refer-
ences listed above. In particular, reference should be made to
the FHWA report (Baker et al., 1993) for the evaluation of the
most recent state of development of stress-wave methods as
well as the nuclear-based, gamma-gamma logging method.

3.4—Correlation with intrusive testing
Because NDT methods provide indirect information about

the conditions of the test object, it is not good practice to rely
only on nondestructive testing for most condition surveys. A
minimum amount of supplemental intrusive sampling or
probing is often necessary to make a sound evaluation. Such
intrusive techniques can serve several functions:
• Provide verification of the NDT results; 
• Assess the conditions at selected points when the NDT 

results are inconclusive; 
• Provide samples for additional testing to supplement 

the NDT investigation; and 
• Refine the correlation between NDT results and actual 

conditions. 
Because the NDT methods that have been discussed are

not generally well understood by those requesting the inves-
tigation, providing the results of intrusive sampling or prob-
ing to compare with the NDT results is an effective means to
instill confidence in the NDT results. If intrusive probing
does not confirm the NDT results, such information must
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also be provided to help explain the inherent limitations of a
given method. Probing will increase the cost of the investi-
gation, but it is a necessity when difficult investigations are
undertaken.

Confirmation of NDT test results on a routine basis is nec-
essary to ensure consistency and veracity of the testing. Ide-
ally, the selection of the confirmation probing should be
based on a sample size that is sufficient to provide some pre-
determined measure of statistical confidence. As a mini-
mum, it is recommended that confirmation be conducted on
a routine basis such as daily on small-scale testing projects,
or weekly on large-scale projects.

When samples are needed for other tests, these can be ob-
tained by coring or sawing. The NDT tests should be per-
formed first and the sampling locations selected after
preliminary analysis of the results. If possible, samples
should be recovered at those test points where an anomaly
has been clearly detected, where there is no indication of an
anomaly, and where the NDT results are inconclusive.

When samples are not required for additional tests, differ-
ent intrusive probing methods may be used. These may in-
clude chipping away the concrete with a hammer and chisel,
using power-driven jackhammers, or drilling holes. A very
effective approach is to drill a hole and inspect the inside of
the hole using a rigid boresope or flexible fiberscope. Anoth-
er example is to pour water into a drilled hole to provide in-
formation about the relative size of interconnected void
space.

3.5—Reporting results
Vast amounts of data can be acquired during the NDT in-

vestigation. A challenge for the evaluation investigator is to
select a data-presentation format that will be understood by
those that have to make decisions based on the results of the
investigation. On the other hand, all of the data should be
preserved and arranged so that it can be easily understood by
others. This is especially important when it is desired to in-
vestigate how conditions change with time. In such cases, it
is critical that the test locations be documented accurately.
The use of photographs to supplement written records is rec-
ommended. Before beginning the investigation, the evalua-
tion investigator should reach an agreement with the client
on the method of presenting the results. The format of the fi-
nal report may have to be adjusted due to changes in the na-
ture of the investigation due to unexpected conditions.

The use of drawings to summarize the reduced data is an
effective supplement to tabular data. For example, contour
plots can be used to summarize the results of ultrasonic pulse
velocity or half-cell potential surveys. Background data can
be documented in an appendix. On large-scale testing pro-
grams, electronic storage can be a beneficial way to manage
the data. Moreover, the permanent record of all test results is
convenient for follow-up testing at a later date to assess
changes in conditions of the structure.
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P.O. Box 9094
Farmington Hills, Mich. 48333-9094
American Society for Testing and Materials (ASTM)
100 Barr Harbor Drive
West Conshohocken, Pa. 19428-2959

American Association of State Highway and Transporta-
tion Officials (AASHTO)
444 N. Capitol St., NW
Washington, D.C. 20001

Canadian Standards Association (CSA)
178 Rexdale Boulevard
Rexdale, Ontario M9W 1R3
Canada

British Standards Institution (BS)
2 Park Street
London W1A 2BS
England
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APPENDIX A—THEORETICAL ASPECTS OF 
MOBILITY PLOT OF PILE

Dynamic pile mobility is defined as the pile mechanical
admittance (which is the inverse of the pile impedance)
when the pile is subjected to a vertical dynamic force. Mo-
bility is measured as velocity/force (V/F) and is expressed in
metric units as m/s/N.

The theory of the mobility response of a pile in soil has
been fully developed in Davis and Dunn (1974). The princi-
ples of mobility-frequency response curve interpretation are
based on the following premises:

When a perfect, laterally unrestrained (free) pile of length
L resting on the surface of an elastic foundation is excited by
a continuous sinusoidal axial force with peak value Fo, the
pile head achieves a maximum velocity V0. As the frequency
of the applied force is varied, the amplitude of the pile head
velocity has peak values at equally spaced frequencies (res-
onant frequencies). The frequency interval, ∆f, between the
peaks is given by
(A.1)

where Cb is the speed of stress-wave propagation along the
pile axis.

In the case of an infinitely rigid elastic base, the lowest res-
onant frequency = Cb/4L. In contrast, when the pile rests on
an infinitely compressible base, the lowest resonant frequen-
cy approaches zero. In real conditions, the lowest resonant
frequency lies between zero and Cb/4L.

When the pile is embedded in soil, the pile movement is
damped by that lateral soil. The mobility curve is attenuated
to give the typical response shown in Fig. 2.3.2. The denser
the soil and the longer the pile, the greater is the attenuation,
with increasing reduction in the difference between the max-
imum and minimum amplitudes. Fig. A.1 summarizes the

∆f
Cb

2L
------=
mobility response from a perfect pile. A soil damping factor
σ (Briard, 1970) can be given by

(A.2)

where
ρs = soil density,
ρc = concrete density,
βs = lateral soil shear wave velocity at the pile/soil 

interface, and 
r = pile radius.

The geometric mean value of mobility in the resonant por-
tion of the plot is known as the average mobility N and is giv-
en by

(A.3)

where Ac is the pile cross-sectional area. This is the inverse
of the pile impedance.

The maximum and the minimum amplitudes P and Q provide
a measure of the soil damping effect from the relationships

(A.4)

This can also be expressed as

(A.5)

and σL can be calculated from

(A.6)

The mass of the pile Mp is calculated as follows

σ
ρsβs

ρcCbr
---------------=

N 1
ρcCbAc
------------------=

P N σL( )coth=

Q N σL( )tanh=

N PQ=

σL( )coth PQ=
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Fig. A.1—Theoretical mobility plot for impulse-response 
test of perfect pile in homogeneous soil.
(A.7)

The pile dynamic stiffness kd is calculated from the mobil-
ity response curve at very low frequencies (usually in the
range 0 - 60 Hz). At these low frequencies, inertial effects are
insignificant and the pile-soil unit behaves as a spring, giving
a linear response at the start of the mobility curve. The slope
of this line is the pile compliance, and the inverse of the com-
pliance is the pile dynamic stiffness kd

Mp LρcAc
1

2 ∆f N
------------------= =
 in units of N/m (A.8)

where fm is the frequency corresponding to the end of the ini-
tial linear portion of the mobility plot.

The mobility response curves obtained from real piles are
seldom as simple as the theoretical curve for a perfect pile in
homogeneous soil shown in Fig. A.1. Several factors affect
the shape of the mobility curve, of which the most common
are:

• Variations in pile diameter,

• Variations in the pile concrete quality with pile depth,

• Variations in the lateral soil stiffness, and

• The top section of pile being exposed above ground 
level.

The general effect of these factors is to produce superim-
posed variations in the geometric mean mobility on the gen-
eral mobility plot. Fig. 2.3.2 shows such a variation in the
mean between 460 Hz and 1360 Hz, which is a result of a
free pile head 2.1 m in length (2∆f = 1800 Hz). The interpre-
tation of mobility plots with superimposed features requires
experience. Help can be provided by computer simulation
models, as described in Davis and Dunn (1974).

kd

2πfm

Vo

Fo
------ 

 
m

---------------=
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