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This paper reviews recent advances in the following nondestructive meth
ods of testing concrete: ultrasonic, resonance, radioactive, electrical, 
initial surface absorption, chemical analysis, and hardness. A brief re
view is given of the research work in progress at the South Dakota School 
of Mines and Technology. There is a great potential in the concrete in
dustry for nondestructive methods of testing concrete. Two major fields 
where those methods could prove to be superior to traditional methods are 
quality control in the construction of structural members, both precast and 
cast-in-place, and monitoring strength development to determine accept
able times for the removal of form work or transfer of prestressing force 
to concrete. 

•THE PURPOSE of this paper is to review some of the recent advances in nondestruc
tive testing methods as applied to concrete technology. Advances in both field and basic 
laboratory research methods are discussed. Special attention is given to advances and 
trends that, in the authors' opinions, will dominate the field in the future. An attempt 
is made to present a modern, balanced, realistic picture of nondestructive testing of 
concrete. References are used freely to indicate the sources from which the authors' 
opinions have been derived. References include those that present information on non
destructive testing of concrete (1, 2, 3, 4) and those that review the state of the art of 
nondestructive testing of concrete f5,-6,-7). 

Nondestructive methods have been of considerable value in the testing of concrete. 
They are most useful in the testing of concrete structures in situ. In the laboratory, 
their special usefulness lies in the repetitive testing of the same specimen when the 
influence of time is evaluated. These are the two aspects of testing to which the non
destructive methods are better suited than the destructive methods. 

It is, however, essential to keep the limitations of nondestructive testing methods 
in view and to exercise due caution in interpreting the results of these methods. All 
methods, including surface hardness methods, resonance methods, pulse velocity meth
ods, and radioactive methods have been found to have their own limitations in applica
tion. Those methods cannot, at the present, replace the destructive test for the pur
poses of assessing the strength of concrete. Hence, in all cases, it is recommended 
that the data obtained be interpreted by taking into account all other available informa
tion under test, including the strength data from destructive testing, if any. Nonde
structive methods of testing concrete may be used with greater confidence when the ob
jective is only a comparative qualitative assessment or a change from a known quanti
tative state or standard. 

Some of the recent trends in the studies concerning nondestructive methods appear 
to be determination of damping properties of concrete; resonance vibration of circular 
plates for determining the elastic properties of concrete (8); utilization of more than 
one observation in the statistical correlation of the strength of concrete (9), such as 
pulse velocity and damping constant (10) or these two along with rebound hammer ob
servations (8); and a differentiation between the sharpness and flatness of the onset of 
the pulse. The use of more than one method to solve a particular problem is certainly 
logical in view of the inherent complexity of concrete. It is expected that this trend 
will continue. 

The attempts are toward either developing new procedures of estimating the strength 
and other properties of concrete or using the existing methods for getting more reliable 
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and dependable information of the quality of concrete. Although every such attempt adds 
to the usefulness of nondestructive methods, investigations should also be directed to
ward development of altogether new methods and new instruments that can overcome 
many of the limitations of the existing methods. 

"In all but the methods employing radioactive isotopes," states Jones (3), "the ex
perimental techniques have now reached a stage when no major development is likely 
to occur for many years and, in most cases, commercial apparatus is readily avail
able." It is, therefore, to be inferred that instrumentation of hardness, resonance, 
and pulse velocity methods do not constitute a potential field for a major breakthrough, 
and some other properties must be effectively used in the development of new nonde
structive methods for testing concrete. 

ULTRASONIC TESTING OF CONCRETE 

The ultrasonic testing of concrete is mainly based on straightforward measurements 
of longitudinal pulse velocity; the pulse is produced by an electroacoustical transducer, 
which is held in contact with one surface of the concrete member under test and re
ceived by a similar transducer in contact with the other surface. There are several 
ways in which the behavior of ultrasonic pulses in concrete can be used to obtain useful 
information, particularly with regard to elastic stiffness and strength. Generally the 
elastic modulus of concrete increases with density and so does the velocity of ultra
sonic pulses. It is for this reason that pulse velocity varies from point to point in a 
piece of concrete because density and elastic modulus are by no means constant through
out the concrete. However, between pulse velocity and static modulus there is a sim
ple empirical correlation that holds good over quite a wide range of different concrete 
compositions (11). Both elastic modulus and pulse velocity are related to strength or 
quality of concrete. 

Most of the experimental work carried out to evaluate the results of ultrasonic test
ing of concrete has been based on a comparison between pulse velocity and the standard 
crushing test. The statistical confidence of this correlation is not so high as concrete 
engineers would like. The reason is that the correlation is influenced by a number of 
factors such as cement content, aggregate type, age of concrete, and curing tempera
ture. Those factors would have to be t~en into account if a reasonable prediction of 
crushing strength has to be made from pulse velocity measurements. 

Ultrasonic testing is also used for locating flaws, voids, or other defects in con
crete (12); the technique is based on the negligible transmission of ultrasonic energy 
acrossa concrete-air interface. Ultrasonics is also used for defectoscopy investiga
tions for location of weaknesses and damaged units and for analysis when failure has 
occurred. It is cheaper than drilling test cores (6). A combination of surface pulse 
propagation and longitudinal thickness resonance techniques (6) or pulse reflection has 
been developed to provide estimates of thickness of a concrete slab. 

There are many applications of ultrasonic testing to field problems during the con
struction and acceptance phase and the evaluation of damaged concrete structures (2, 
13). During the construction phase, ultrasonic testing can be used to determine corl--= 
solidation and filling of deep forms. Voids may be detected in the filling of deep forms. 
Inadequate consolidation will result in reduced velocity readings. Detecting and correct
ing potential problems immediately in the field result in significant long-term economics. 

Ultrasonic testing of concrete at an early age in the field can be used to determine 
setting characteristics and evaluate the action of accelerators and retarders. Further
more, ultrasonic testing as early as 10 hours can provide an estimate of 7- and 28-day 
compressive strengths. Because the strength of concrete depends on many factors, all 
nondestructive methods for estimating it should be used with caution. Calibration data 
should be prepared for each particular mix and aggregate used. Care should be taken 
if any parameters having an effect on concrete strength change after the calibration is 
complete. Galan (10) states that "estimating concrete s trength , especially in a water 
saturated condition~by pulse velocity alone is unreliable and in most cases impracti
cal." Galan advocates measuring both the pulse velocity and the damping constant of 
the ultrasonic impulse in order to assess both elastic and inelastic properties of 
concrete. 
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Ultrasonic testing has been used successfully in prestressing and precasting opera
tions where quality control is generally better than that in the field. The added vari
ables of cast-in-place operations require more care on the part of the operator running 
the ultrasonic tests. 

The pulse velocity of concrete may be used as an acceptance criterion in its own 
right. High-quality concrete has a pulse velocity markedly greater than that of poor
quality concrete. 

In older and potentially damaged structures, the integrity of the concrete can be 
assessed by ultrasonic means. In this case, cores may be cut from representative 
parts of the structure to provide calibration data. Ultrasonic testing may also be used 
to predict accumulating damage under fatigue conditions as well as damage resulting 
from fires, earthquakes, and overloads. 

Measurements of concrete pavement thickness may be made by using pulse velocity 
measurement in conjunction with resonance testing as discussed by Muenow (14). Other 
techniques for measuring pavement thickness by using the transmission of mechanical 
energy as a base are discussed by Howkins (_i). 

Assessment of Ultrasonic Testing of Reinforced Concrete Beams 

A recent investigation (15) examined the validity of pulse velocity measurements in 
comparison with compressive strength tests when the structural quality of reinforced 
concrete beams is judged. It has been shown that pulse velocity measurements are 
more successful than crushing tests of companion specimens in assessing the flexural 
strength of beams. Although most of the investigation has been concerned with beam 
failure in bending, part of the program considered the prediction of shear failure from 
ultrasonic tests. It has also been shown that ultrasonic tests can clearly identify re
gions of low-strength concrete in reinforced concrete beams, and the influence of these 
weak zones can be predicted with reasonable accuracy. Evidence has been presented 
to show that the flexural stiffness of beams is closely related to ultrasonic pulse veloc
ity in the concrete. 

Pulse Velocity Technique as Applied to Small Concrete Specimens Under 
Repeated Compressive Loads 

An ultrasonic pulse velocity technique has been applied by Raju (16) for the study of 
microcracks formed in high-strength concrete in a state of uniaxialcompression under 
static and repeated loads. The tests were conducted on prismatic concrete specimens. 
They have revealed significant differences in the magnitude of pulse velocity decrease 
under static- and repeated-load systems. The progressive nature of the failure in con
crete under repeated loads was studied by the parameter percentage decrease in pulse 
velocity in relation to the percentage of fatigue life. An empirical relation between the 
parameters was established from the test data, which could be used to predict the re
maining fatigue life of a partially fatigued specimen. 

The ultrasonic pulse velocity technique first introduced by Long, Kurtz, and Sande
naw (17) is essentially a nondestructive method of testing the quality of concrete by 
transmitting a vibrational pulse to travel a known distance through concrete. This 
technique has a definite advantage over the resonant frequency technique in that it could 
be used on any element irrespective of size and shape. This factor becomes important 
for testing the quality of concrete that forms part of a built-in structure. 

Many investigators (18, 19) have used the longitudinal wave velocity method for de
tecting the formation ofc racks inside concrete specimens; of these, Jones has con
ducted the most comprehensive study of microcracking under short-term static loads. 
The purpose of Raju's investigation was to extend the use of this well-established tech
nique to repeated load situations, the data from which could be helpful in understanding 
the mechanism of fatigue failure in concrete. 

The pulse velocity studies have demonstrated that sonic techniques can be advan
tageously used for detecting the development and growth of cracks under repeated loads, 
as shown by the progressive changes in the pulse velocity. The technique has a con
siderable advantage because of the ease of setup and use in the laboratory or field; and 
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the method permits an assessment of the condition of concrete along the entire path 
length, in contrast to the strain measurements that are made only on the surface. The 
use of pulse velocity and fatigue life relations determined from tests on small speci
mens, such as those used to predict the remaining fatigue life of larger structural 
members, should be made with caution. More tests are needed to study the effect of 
size on changes in pulse velocity in relation to fatigue life. 

Significant differences were observed in the magnitude of decrease in pulse velocity 
between static and fatigue tests. The average decrease of pulse velocity in fatigue tests 
was found to be nearly 3 times that observed in static tests. The reasons for this con
siderable difference were investigated by conducting separate static and fatigue tests on 
similar concrete prisms with their surfaces ground so as to expose the aggregate ma
trix interface clearly. The crack data resulting from the microscopic studies during 
the tests were grouped into bond, matrix, and aggregate cracks. One study indicated 
that the major proportion in both static and fatigue tests was bond cracks, varying from 
55 percent of the total length in static to 75 percent in fatigue tests. However, their 
orientation appears to have an almost identical distribution in each type of test with the 
greater part of their length nearly parallel to the direction of compressive stress. 

The large magnitude of bond cracks accounts for the large decrease in the pulse ve
locity observed in fatigue tests. The constant stress amplitude used in fatigue tests 
favors the growth of a large number of local bond failures; in static tests only a few 
well-defined cracks form and grow. The large decreases in pulse velocity and modulus 
of elasticity of the specimens that fail under repeated loads indicate that the basic frac
ture mechanics concepts are qualitatively true for concrete in a state of uniaxial com
pressive stress. 

Under repeated loads, the progressive nature of the failure provides excellent pos
sibilities for using the pulse velocity technique with brittle materials. More research 
in the field of size effect in relation to changes in pulse velocity will help to make the 
ultrasonic pulse velocity method valuable in assessing the remaining fatigue life of a 
partially fatigued structural member in the field so that replacement or strengthening 
can be effected whenever necessary. 

Raju has drawn the following conclusions from his investigation: 

1. A significant decrease in the pulse velocity occurs in the lateral and longitudinal 
directions for concrete specimens subjected to repeated compressive loads of intensity 
65 to 85 percent of the static ultimate strength; 

2. The magnitude of decrease in the pulse velocity in the lateral direction under re
peated compressive loads is nearly 3 times greater than that under static loads; and 

3. The pulse velocity decreases with fatigue life at an increasing rate, and an em
pirical relation established between the parameters can be used to estimate the remain
ing fatigue life of a partially fatigued specimen. 

Improvement in Instrumentation 

One of the major difficulties in the popular use of nondestructive test methods, par
ticularly the pulse velocity method, is the complicated and expensive instrumentation. 
However, new digital instruments that could revolutionize ultrasonic testing of con
crete have been developed (20, 21) and are easy to operate, quick, cheap, and more 
accurate than currently available instruments. 

The traditional equipment uses a cathode-ray tube to display the onset of the pulse 
and its position relative to timing marks superimposed on the same display. The use 
of this type of equipment requires patience and skill that are often difficult to maintain 
under arduous conditions usually prevalent on construction sites or in precast concrete 
factories. An instrument recently developed by Elvery and Vale (21) has no cathode
ray tube but gives a direct digital display of the time of transmission of an ultrasonic 
pulse passing from a transmitting to a receiving transducer; and it is compact (10.5 by 
4.3 by 6.2 in.) and portable, demands less operator skill, and enables testing to be done 
more rapidly. This has a range of 1 to 1,000 µS and an accuracy of ±1 count. 
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RESONANCE TESTS 

For the measurement of the elastic moduli of concrete, resonance techniques have 
become part of concrete testing technology. In this country and in many other countries, 
including Russia, India, Japan, Poland, and Czechoslovakia, this test has been included 
in the standards. Resonance methods are also specified in this country as a means of 
determining resistance to frost, and they have been used in other countries to determine 
resistance to attack by sulfate or sewage. 

The main disadvantage of this method is that it is restricted to specimens of shapes 
for which it is possible to derive the frequency equations. Resonance techniques are 
rarely applicable to structural concrete for which ultrasonic methods are more suitable 
for in situ testing. 

RADIOACTIVITY METHODS 

Radioactivity methods are being increasingly used for the identification of defects 
that develop in concrete during construction and are hidden from the eye. When a beam 
of X-ray or gamma radiation passes through concrete, more radiation is absorbed by 
the denser parts than by the less dense parts of concrete. Gamma rays differ from 
X-rays only in their origin. The two main techniques used are radiography and radi
ometry. In both cases, gamma radiation is preferred because it is more portable than 
X-rays, is easier to use on sites, can penetrate thicker sections of concrete, and is 
cheaper than X-rays. 

Radiography 

Gamma radiography is now an established technique. The observation is made by 
the interaction of the emergent radiation with a suitable photographic film. Voids in 
the concrete will produce more intensity, and the steel in reinforced concrete will at
tenuate the radiation more than the concrete and consequently produce less interaction 
with the film. In a recent paper (22) Forrester reviewed the principles, techniques, 
and limitations of gamma radiography of concrete. The main use of radiography to date 
has been to detect voids in concrete and voids in the grouting of post-tensioned con
crete, to locate steel in reinforced concrete, to determine the quality of mortar joints 
in precast prestressed units, to detect variable compaction in concrete of thickness up 
to 2 ft, and to measure the extent of corrosion. Gamma radiography is now being used 
increasingly in Great Britain where a British Standard Specification is being proposed 
for its use (22). 

Radiometry 

In radiometry, variations in the gamma intensity are detected by radiation detectors, 
such as Geiger or scintillation counters, and measured by associated electronic appa
ratus. There is an approximately linear relationship between attenuation of gamma 
radiation and density of concrete, and that provides a basis for measurement of the 
density of concrete. 

Radiometry is used in Russia and East Germany for measuring density and its vari
ation in precast concrete units (6). It is especially suitable for testing large numbers 
of precast units of a given shape- and is used at the Road Research Laboratory in Eng
land for measuring density variations in cores cut from pavements (23). The core is 
rotated through a gamma-ray beam, and the count variation is detected by a rate meter. 
The change in count rate versus the depth in the core is automatically plotted on a chart 
record. 

Instruments used for the in situ determination of density of concrete are either the 
backscattering type or the transmission type. The backscatter method is used to detect 
voids in concrete under steel plating where the use of ultrasonic reflection would cause 
confusion. The transmission type has been employed in the study of density variations 
with depth in columns and deep beams (24). 
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Microwave Absorption 

Microwave absorption provides one way of measuring the moisture content in various 
materials including concrete. The method is based on the much higher absorption of 
microwaves by moisture than by the material in which the water is dispersed (1.). 

Radioisotope X-Ray Methods for Field Analysis of Wet Concrete Quality 

One of the most outstanding problems today in concrete technology is that of quality 
control of concrete. Criteria of quality are based on the strength of the concrete, and 
currently that can only be measured after the concrete sets and cures. It may then be 
too late and very expensive to rectify mistakes. The strength of concrete is related to 
the cement and water contents, the bulk density, and the degree of air entrainment of 
the wet mix. Ideally, on-site measurement of these parameters should be made within 
the short time available between delivery and pouring. Unsatisfactory concrete could 
then be rejected on the spot and costly mistakes avoided. 

Nucleonic density and moisture gages have been available for some time, and their 
application to concrete analysis and other construction materials is increasing every 
year. These instruments are capable of rapid nondestructive measurement and, if 
properly employed, give adequate accuracy of concrete bulk density and water content. 
Other non-nuclear methods are also available for measuring air entrainment and con
crete consistency. No other suitably rapid method has yet been developed, however, 
for on -site measurement of the cement content of the mix, except for the pioneering 
work of Berry and Furuta (22) on a radioisotope X-ray methodology and conceptual in
strument design for field analysis of wet concrete quality. 

Their work has shown that the technique of low-energy gamma-ray scattering offers 
much promise for the analysis of cement in wet concrete mix. A practical arrangement 
of source and detector and a choice of radiation energy that afford good sensitivity while 
being insensitive to the coarse particle size distribution have been obtained. The mea
surement is relatively insensitive to moisture content per se but does depend on the 
sample bulk density and chemical nature of the aggregate. For a known aggregate, an 
accuracy of ±0.3 sack/cu yd is possible provided the density is determined to about 
±1 lb/ cu ft. A theoretical treatment of the problem has been shown to give a satisfac
tory explanation of the experimental observations. The theory also suggests that a 
practical self-contained instrument can be developed to yield the cement content inde
pendently of bulk density, water content, and aggregate type. To correct for the latter 
requires a sample of the raw aggregate for normalization purposes. The conceptual 
design of a portable instrument suitable for field assay was obtained. 

Berry and Furuta recommend that future study should include the optimization of 
gage parameters, for example, the source-detector spacing and scattering geometry 
of the 2 radiation beams, because it is very important that both beams effectively see 
the same sample. Further experimental work on actual concrete mixes is also neces
sary to establish the effectiveness of the matrix correction technique and to develop a 
simple calibration procedure for variable aggregate type. It is envisaged that following 
a short period of proof testing in the laboratory the instrument will undergo further 
tests in the field by highway engineers. 

COVER METERS 

Position of Reinforcement 

The depth of cover and condition of the steel can be determined by nondestructive 
test of in-place concrete. Gamma radiography is used to ascertain the position and con
dition of reinforcement in concrete. There are simpler magnetic devices for measur
ing the depth of the reinforcement near the surface. Cover meters, as they are called, 
are both portable and relatively cheap. One British cover meter (6) operates by mea
suring the reluctance of a magnetic circuit incorporated in a search unit; it consists of 
2 coils mounted on a U-shaped core. An alternating current is passed through one of 
the coils, and the current induced in the other is measured; this depends on the mutual 
inductance of the coils and hence on the distance of the search unit from the reinforce
ment. A similar cover meter has also been developed in Holland. 
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Neutron Meter for Moisture Measurements 

The use of a neutron meter is as feasible in moisture measurement in unsaturated 
and saturated zones of concrete as in soils (25). It is a nuclear technique using iso
topes and radiation technology, primarily with the aid of commercial instruments. 
There is a slow but steady increase in its application, even though field calibration re
mains a rather difficult problem. A real need exists for research and development to 
increase the reliability of the meters in field use (26). The variation of moisture con
tent with depth in columns and deep forms has beenstudied by using this method (24). 

ELECTRICAL METHODS 

Moisture Content 

When the moisture content of concrete changes, its dielectrical properties are 
changed. By measuring these changes by electrical methods, one can determine the 
moisture content. An instrument that measures the changes of capacitance by using 
fixed electrode geometries is being used in France to measure the moisture of plaster 
walls to ascertain when they can be painted (6). 

Electrical resistance probes have been used in tracing moisture permeation through 
concrete (28). Concrete specimens were subjected to a constant head of water while 
electrical resistance measurements were made periodically by means of embedded 
pairs of electrodes. The presence of moisture lowered the local resistance and con
sequently indicated the depth of penetration. Results showed that oven-dried speci
mens were fully permeated within a few days, but then, during a period of 120 days, 
hardening and reduction of permeability occurred. 

Electrical Measurements of Corrosion of Reinforcing Steel 

The extent of corrosion of reinforcing steel in bridges exposed to a variety of cli
matic conditions can be assessed by electrical measurements (29). The measuring 
technique consists of using a copper sulfate half-cell and voltmeter. 

Laboratory results of the use of this equipment were previously reported by the 
California Division of Highways. That agency also reported on the results of using 
this equipment on bridges in California. The Federal Highway Administration has 
made electrical measurements of corrosion on reinforcing steel in bridge decks ex
posed to a number of different climatic conditions both in the South and as far north as 
South Dakota. 

Pavement Thickness by Electrical Resistivity Measurements 

Several methods of nondestructively measuring the thickness of concrete pavement 
are discussed by Howkins (4). One method not mentioned is the electrical resistivity 
method that is being studied at the South Dakota School of Mines and Technology. This 
method was originally proposed by Moore (30) and is an adaptation of the resistivity 
method commonly used in geophysical exploration. Resistivity measurements are 
relatively easy to make, and the equipment is relatively inexpensive. These factors 
both favor the use of electrical resistivity to determine pavement thickness. The pri
mary difficulty lies in the interpretation of the field readings. Several methods of in
terpretation have been proposed for geophysical exploration and are currently being 
evaluated for use on concrete pavement. Results from field tests are encouraging; how
ever, no report will be made until the limitations of the method are more clearly de
fined. 

The electrical resistivity of concrete varies from that of an electrolyte before set
ting to that of a semiconductor after aging. It has been reported that the electrical 
resistivity of concrete varies exponentially with temperature. The higher the tempera
ture is, the lower the resistivity is. Furthermore, the resistivity of concrete is highly 
dependent on the moisture content of the material. Fortunately, all of the resistivity 
methods for determining the thickness of concrete pavement depend only on the ratio 
of the resistivities of the layers involved in the pavement system. 
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The temperature and moisture dependence of the electrical resistivity does pose the 
problem of interpreting the data in the presence of temperature gradients or moisture 
gradients or both through the depth of the pavement. All resistivity methods assume 
that the resistivity of each layer is constant or varies only slightly with depth. These 
potential problems are now under consideration. 

Cumulative Damage in Aggregates by Electrical Resistivity Measurements 

The electrical resistivity of rocks has been used as an indicator of accumulating 
damage (31). In dry rock, it was hypothesized that, as damage accumulated in the 
microstructure, more cracks opened and the electrical resistivity increased. The ex
perimental data tend to confirm this hypothesis. Other investigators have shown that 
the resistivity of saturated rock tends to decrease as failure is approached. Here the 
cracks that open apparently fill with water, which conducts better than the rock. Be
cause concrete may be thought of as a synthetic rock, it is anticipated that the same 
behavior may be observed. A program to study the variation of electrical resistivity 
with accumulating damage in concrete is expected to begin presently. 

INITIAL SURFACE ABSORPTION METHOD 

Levitt (32) has discussed the apparatus and techniques used for the measurement of 
permeability and absorption, and he has also shown how one can interpret the results 
obtained in terms of resistance to frost and chemical attack, color change, and lime 
bloom efflorescence. As a nondestructive test, the method has value as an alternative 
to the present destructive absorption test as far as durability is concerned. 

CHEMICAL ANALYTICAL METHODS 

A chemical analytical method of rapid analysis of fresh concrete, in which the com
position of a sample can be determined in 10 to 15 min, is reported by Brown and Kelly 
(33). It is claimed that it is possible to determine with adequate accuracy the cement 
content, the water content, and the content of chloride added deliberately or adventi
tiously. In addition, water-cement and aggregate-cement ratios and the dosage of cal
cium chloride on the weight of cement can be determined by calculation. A full de
scription of the development work and of an extended on-site trial has been reported 
(34). The possibility of the use of chemical analytical methods as a means of predict
ing the strength development characteristics of portland cement and predicting the 
strength of hardened concrete is under investigation. 

HARDNESS METHODS 

In a recent paper (35), Kolek argued that it is not only possible but also desirable 
to take advantage of the potential offered by the hardness methods and thereby to im
prove the general quality control, which prevails in concrete construction today, at 
relatively little extra cost. There arc basically 2 methods: the rebound method and 
the indentation method. Both are well known and are used internationally. However, 
both methods are of an empirical nature, and several precautions must be taken to ob
tain meaningful results. The methods give only a rough idea of the quality of concrete. 
Hardness methods in combination with other nondestructive methods have been used 
with success, and the accuracy of a strength prediction has been improved in such 
cases. The successful practical use of the combination of rebound index and pulse ve
locity measurements in Romania has been reported by Facaoaru (36). 

ACOUSTIC-EMISSION OR STRESS-WAVE-EMISSION TECHNIQUES 

For nearly a decade acoustic-emission or stress -wave-emission techniques have 
been used to study the rate of cracking and the presence and growth of fatigue cracks 
in metals. Recently Green (37) extended the use of those techniques to detect the fail
ure and progress of failure incylindrical concrete specimens and a model prestressed 
concrete pressure vessel. His findings have shown that variations in the stress-wave-
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emission data can determine impending failure and previous structural loading ex
tremes. He also found a limited correlation between stress-wave emission and modu
lus of concrete. 

Low-level acoustic emission is the characteristic and irreversible sound emitted 
when a material is plastically deformed. These waves propagate from their source as 
elastic stress waves and are detected as minute perturbations by sensors positioned 
on the surface of the test specimens. The variations in the time of stress-wave ar
rival at each sensor location are used to locate the origin of the wave. Sound is also 
emitted when a crack grows. This is acoustic emission. The intensity of sound emitted 
by a crack is a function of its size. When the crack reaches a critical size, the ma
terial will fail. The detection technique involves periodic proofing to loads greater than 
working load while simultaneously monitoring for acoustic emission. The detected 
stress-wave emissions are amplified, selectively filtered, conditioned, and then chan
neled to either a magnetic tape recorder or a specially developed digital computer (or 
both) for r ecording and analysis. 

Acoustic emission during successive loading can be employed to nondestructively 
evaluate prior loading levels and to locate the origin of cracking, the zone of maximum 
specimen deterioration, and the prestressing steel failures. The deviation from elas
tic response of the material can also be detected from the acoustic-emission data. 

BASIC MATERIALS RESEARCH 

Microstructure Studies 

Nondestructive and semi-nondestructive methods are being used in studying the mi
crostructure of concrete . These studies will eventually lead to a better understanding 
of the phenomenological macroscopic behavior and to improved concrete and better de
sign criteria. Bhargava (24) reports that radiography, penetrant (colored) dyes, acous
tic emission, ultrasonic pulse velocity, surface observation by optical microscope, and 
the photoelastic method have all been used in various studies of the microstructure of 
concrete. An understanding of the initiation and growth of cracks in concrete structures 
under load is essential to the understanding and control of fracture. The analysis of 
accumulating damage and fatigue life awaits more basic research on the microstructure 
of concrete. 

POTENTIALITIES OF NONDESTRUCTIVE TESTING 

There is a great potential in the concrete industry for nondestructive methods of 
testing concrete. Of all the nondestructive testing techniques available, the ultrasonic 
method is potentially the most useful for assessing concrete quality in engineering 
structures (11). Although it has been successfully used in the role of a troubleshooter 
when faulty workmanship has been discovered or is suspected in concrete construction, 
its full potentialities have hardly been exploited yet. In particular there are at least 2 
major fields of use in which it could prove to be superior to traditional methods: quality 
control in the construction of structural members, both precast and cast-in-place, and 
monitoring strength development to determine acceptable times for the removal of form
work or the transfer of prestressing force to the concrete. In regard to the quality 
control, ultrasonic testing provides an opportunity to test the actual concrete in the 
structure, and test zones can be chosen for their critical importance in having to re
sist the highest stresses. 

Progress is being made in the nondestructive methods of testing concrete both in 
the field and in basic materials research on the microstructure. Nuclear methods are 
showing great progress and are receiving increasingly wider acceptance. Neverthe
less, one of the greatest problems in nondestructive testing of concrete is education. 
Most engineers working with concrete in the field have been trained in civil engineering 
and do not have the background to work with ultrasonic, electrical, and nuclear equip
ment. The universities have an obligation to provide engineers with the basic back
ground in applied physics necessary for evaluating, selecting, and using this type of 
equipment and for comprehending its limitations. 
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