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cpm., the speed of testing has practically no
effect. This is important, since it suggests that
considerable time can be saved in future in-
vestigations by conducting the tests at the
higher speeds.

SUMMARY

It should be noted that several specimens
failed after sustaining over 1 million cycles of
stress. Few data are available in this field from
tests that have been carried beyond 1 million
cycles. Even though these tests were con-
ducted to a maximum of 10 million cycles af
stress, no specimen failed at a stress less than
55 percent of the static strength. Neverthe-
less, there is no indication that an endurance
limit exists.

The results of the tests indicate that the
speed of testing, within the range investigated,
has little effect, if any, on the fatigue strength
and life of concrete, assuming the concrete to
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be of the strength normally used in construc-
tion. This conelusion must be limited to con-
cretes made of sound aggregates. However, as
a word of caution, it should be pointed out
that other factors, such as moisture content,
over which no control was exerted in these
tests, might have had as great an influence on
these results as the speed of testing. Future
tests are contemplated to study the influence
of these and other variables.
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Testing of Concrete by Ultrasonic-Pulse

Technique

R. JonEes, Road Research Laboratory
Harmondsworth, Iingland

A DEscrIPTION is given of the apparatus for making high-precision measurements
of the velocity of an ultrasonic pulse in concrete. The use of this velocity (the longi-
tudinal-wave velocity) as a criterion of quality is discussed with reference to such con-
ventional criteria as the modulus of rupture, compressive strength, density of the
concrete. The effect of a large number of variables has been studied, and it was found
that the longitudinal-wave velocity could be used to measure changes in the quality
of the concrete, except when the aggregate-to-cement ratio was varied. For this reason
the longitudinal-wave velocity cannot be used as a general criterion of concrete quality.

The technique can be applied directly to the concrete in structural members and
can be used to detect any weakness due to deterioration or poor compaction. Where
test specimens of the structural concrete are available, a calibration curve can be
obtained from which the equivalent strength of the concrete can be inferred. Examples

of such tests are given.

Laboratory applications of the technique have been the study of crack formation
in conerete (1) under load, (2) subjected to frost action, and (3) when inversion takes
place in high-alumina cement. An interesting result showed that concrete cubes in
compression develop initial cracks with planes parallel to the direction of application
of the load at about 30 percent of the ultimate load.
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@ INVESTIGATIONS into the use of non-
destructive methods for testing concrete were
started at the Road Research Laboratory in
1945 with the objeet of measuring the thick-
ness of concrete road slabs. Parallel with this
research has been the study of the transmission
of an ultrasonic pulse through concrete with
the object of developing a method of measur-
ing the quality of concrete in situ. Early work
showed that there are many difficulties asso-
ciated with the thickness measurement (1) and
most of the effort has been devoted to the
second investigation.

The conventional methods of testing con-
erete in roads and structures involve making
test specimens from the concrete at the time
of construction. Significant differences may
arise here, however, because the test specimens
are usually better compacted than the placed
concrete and are consequently of better qual-
ity. The relative compaction of test specimen
and placed concrete varies considerably with
the type of construction and degree of control.
Tests have revealed little or no difference in
well-controlled prestressed concrete work (2)
but a large difference in poorly compacted
concrete in a gravity wall (3).

The ultrasonic-pulse technique has two ad-
vantages over the conventional methods: (1)
The results obtained are directly related to the
properties of the concrete of the road or strue-
ture and (2) useful results can be obtained on
structures of any age without damage.

Long, Kurtz, and Sandenaw (4) were the
first to use a pulse technique for testing con-
crete in situ. The pulse was produced by a
hammer blow and the longitudinal-wave ve-
locity was measured along the surface of a
concrete pavement. The dynamic modulus
(E) was caleulated from the longitudinal-wave
velocity (V) by the relation

2__]’] (1"‘0’)
Vo= G+ o0 - 20

Here the density of the concrete (p) was
known and Poisson’s ratio (¢) was assumed
to be 0.15. The dynamie modulus was deter-
mined because it had previously been shown
to be related to the quality of the concrete by
tests on beam specimens using the sonic
method (5, 6). A disadvantage of the method
was that the veloeity was measured at or near

(1)
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the surface of the slab and there was no means
of studying the variation with depth. Also, un-
fortunately, it is not permissible to assume a
constant value of Poisson’s ratio; measure-
ments have shown it to range from 0.18 in a
concrete containing rounded-gravel aggregate
to 0.31 in a concrete containing crushed lime-
stone (7). The difference in the dynamic mod-
ulus due to such a variation is of the order of
28 percent.

It seemed logical at this stage to consider
the use of the longitudinal-wave velocity as a
criterion of quality, particularly since this
quantity can invariably be measured in con-
crete in situ. Early measurements using an
ultrasonic-pulse technique gave empirical rela-
tions between the longitudinal-wave velocity
and the density and static strengths of satu-
rated specimens of a concrete of fixed propor-
tions. The apparatus employved in these tests
was rather crude, and it was obvious that the
testing of small laboratory specimens would
require a much higher precision of measure-
ment. An improved measuring technique was
devised (7), but this in turn has been super-
seded (8), and the final form of the apparatus
is described in the following section.

APPARATUS AND EXPERIMENTAL TECHNIQUE

The method is similar in principle to that
devised independently at the Hydro-Electric
Power Commission of Ontario and embodied
in the instrument known as the soniscope (9,
10). The main difference lies in details, for
whereas the soniscope was designed for long-
range testing in dams, the apparatus described
below is for distances of 4 in. to 8 ft. The re-
duced range, however, has made it possible to
achieve a higher accuracy of measurement,
and even over a 4-in. path length it is possible
to measure to within £0.5 percent (£0.1 mi-
crosecond). Full details of the apparatus com-
plete with the electronic circuits have been
given elsewhere (8), but the following gives the
essential elements of the technique:

The longitudinal-wave velocity is calculated
from the time taken for the leading edge of the
pulse of vibrations to traverse a known length
of concrete. The pulse is sent out 50 times per
second from a piezoelectric-erystal transducer
held in contact with one face of the concrete
member under test. After passing through the
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concrete, the pulse is received by a second
crystal transducer which converts the me-
chanical pulse into a corresponding electrical
signal. This is amplified and produces a visual
image of the pulse on the trace of a cathode-
ray tube, which sweeps across the screen 50
times per second in synchronism with the
transmitted pulse. Timing marks also appear
on the trace at intervals of 10 microseconds.
The time of propagation of the pulse is meas-
ured by the displacement of the visual signal
with respect to the timing marks when the
transducers are respectively (1) in contact
with each other and (2) separated by the con-
crete member under test. An interpolation
device enables the time to be measured to 0.1
microsecond and reading is facilitated by ex-
panding the part of the time scale in which
the signal lies.

The accuracy of measurement depends upon
the sharpness of the onset of the pulse, and for
short path lengths, this is improved by using
crystal transducers with a high natural fre-
quency. A further advantage of using such
crystals lies in the increase of directionality,
since the angular spread of the vibrational
energy is reduced with increase of frequency.
However, there is an upper limit to the fre-
quency which can be used, due to the increased
attenuation of the vibrations when the wave
length becomes comparable with the size of
the coarse aggregate in the conerete. A quartz-
crystal transducer of frequency about 200 ke.
per sec. has been found suitable for use on
conerete specimens up to 2 ft. thick, when the
maximum size of the stones was about 34 in.,
and the wave length is about 1 in. For longer
paths it is necessary to use transducers with a
lower natural frequency, and in the present
apparatus, Rochelle salt transducers of fre-
quency 60 ke, per sec. have been used for
thicknesses of up to 8 ft., whilst in the soni-
scope a range of up to 50 ft. has been obtained
with a frequeney of 20 ke. per sec.

The method is particularly easy to apply to
specimens used in laboratory tests, since the
only limitation imposed on the specimen with
respect to shape is the existence of two smooth
opposite faces. A thin film of oil between the
surface of the transducers and the moulded
faces of the specimens provides adequate con-
tact. Structural concrete cast against steel
shuttering can be tested in a similar manner,
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and only very rough surfaces have required
special preparation, such as, at worst, coating
with a thin layer of plaster before applying
the oil.

The presence of large-sized aggregate in con-
crete renders it heterogeneous, and it is to be
anticipated that in small laboratory speci-
mens observations through different parts of
the specimen will show appreciable scatter.
Analysis of the times of propagation of the
ultrasonic pulse over a path length of 4 in. in
cube specimens gave the distribution shown
in Figure 1. The three sections, top, middle,
and bottom, are all with reference to the posi-
tion of the cube as cast and with the floated
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Figure 1. Distribution of transmission time through
three sections of a concrete cube.

surface uppermost. When the path in conerete
is long, the material becomes statistically ho-
mogeneous, and for uniform compaction, sue-
cessive observations are in excellent agree-
ment. There is, however, more variability in
poor-quality concrete, and it has been sug-
gested that this variation is related to the
quality of the concrete (17).

Attenuation of the ultrasonic vibrations also
depends on the quality of the concrete, the
loss of energy being greater in porous concrete
than in well-compacted material. Thus the
amplitude of the received signal can provide
an indication of the quality. However, it is
difficult to derive a quantitative test of con-
crete quality because of the difficulty of ob-
taining reproducible contact between the
transducers and the concrete and also because
of the large increase in attenuation of the
signal accompanying a decrease in the mois-
ture content.
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LONGITUDINAL-WAVE VELOCITY
OF QUALITY

AS CRITERION

The quality of conerete can be defined, from
conventional tests, by the following proper-
ties: (1) the density, (2) the strength in com-
pression, and (3) the strength in flexure. In
Great Britain the test most frequently used is
the strength in compression and the test speci-
men is usually a cube of either 4- or 6-in. side.
This fact has tended to bias the research to-
wards the use of the cube strength as a cri-
terion to a greater extent than either density
or flexural strength. It will be appreciated that
cubical specimens give higher compressive
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Figure 2. Longitudinal-wave velocity and density at
various depths in a road slab.

strengths than evlindrical ones made from the

same conerete. Although the exact relation is
not precisely defined, it is often taken as

cube strength 4
evlinder strength — 37

The relation between density and velocity
in Figure 2 was obtained for a eylindrical core
drilled from a road slab and sliced into sec-
tions 2 in. thick. It will be seen that the den-
sity of the conerete varied considerably with
depth and that the variations in longitudinal
wave velocity were of a similar nature. A simi-
lar change in veloeity oceurs in liquid emul-
sions when the percentage of the included
phase is varied, and provided this percentage
is small, a theory can be developed (12, 7).
The effect may be regarded, qualitatively, as
due to an increased path length when the
pulse ix diffracted round the air or water voids.
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A decrease of density of concrete is known
to produce a decrease of strength, so it is to
be expected that if the density only is changed,
there will be a unique relation between the
longitudinal-wave velocity and the static
strength. In structural concrete, however,
there are many factors which influence the
quality of the concrete, and it is essential to
know the effect of these on the longitudinal-
wave velocity before the technique can be ap-
plied with confidence. The remainder of this
section considers the effect of the following
factors on the longitudinal-wave velocity in
well-compacted concrete: (1) age, (2) water-
cement ratio, (3) aggregate-cement ratio, (4)
type of aggregate, (5) moisture content, (6)
presence of mild-steel reinforcement, (7) pres-
ence of calcium chloride, (8) air entrainment,
and (9) type of cement.

Normal portland cement was used through-
out (except for Item 9) and air entrainment
was only emploved under Item 8. The test
specimens were cured in water, and except for
Items 5 and 6, they were tested in a saturated
condition. Any measurement of static strength
was made on the same specimens immediately
following the dynamic tests.

Age

It has been shown that the final setting of
conerete is associated with a rapid increase in
the longitudinal-wave velocity as will be seen
from the results in Figure 3 which were ob-
tained from cubes and beams of 1 to 174 to 3
concrete with a water-to-cement ratio of 0.40.
After this period the velocity continues to
increase but at a slower rate. Cube strengths
from the same mix showed a similar type of
increase with age and the relation between the
compressive strength and the longitudinal-
wave velocity is of the form given in Figure 4,
which was obtained for cubes of ages 1 to 7
days.

It is of interest to note, from Figure 3, that
Poisson’s ratio, calculated from the tests on
beams, showed a rapid decrease as the concrete
set but approached a constant value beyond
an age of 28 days.

For a fuller discussion of the effect of age
on wave veloeity, reference should be made
to a recent report of work carried out by An-
dersen and Nerenst in Denmark (77). In this
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article an expression is given which gave good
agreement with the experimental results.

Water-Cement Ratio

Other factors remaining unchanged, an in-
crease in the water-cement ratio produces an
inerease in the number of water voids, and as a
result, the longitudinal-wave velocity, com-
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Aggregate—Cement Ratio

Coarse aggregate invariably has a dynamic
modulus much higher than that of the concrete
in which it is contained. It is not unexpected
to find, therefore, that increasing the percent-
age of coarse aggregate increases the longitu-
dinal-wave velocity (7), whereas the static
strength is not appreciably, altered. As a re-
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Figure 3. Variation of longitudinal-wave velocity and Poisson’s ratio in concrete with age.
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Figure 4. Relation between longitudinal-wave velocity
and compressive strength.

pressive strength, and flexural strength are all
reduced. Consequently, there exists a relation
between the longitudinal-wave velocity and
each of the static strengths, as shown in Figure
5 for compressive strength and Figure 6 for
modulus of rupture for conerete of mix propor-
tions either I to 114 to 3 or 1 to 3 to 6. It has
also been found that the longitudinal-wave-
velocity-to-statie-strength curve is independ-
ent of age or water—cement ratio.

sult, a different relation exists between the
longitudinal-wave velocity and static strength
for each aggregate—cement ratio which will
have been observed in Figures 5 and 6.

For similar reasons, the dynamic modulus is
also dependent upon the aggregate—cement
ratio, and Figure 7 gives the relation between
dynamic modulus and modulus of rupture for
the beams used in Figure 6.

Type of Aggregate

It is generally assumed that the type of
coarse aggregate has no appreciable effect on
the compressive strength of concrete for a
given water—cement ratio. This is not strictly
true, but the differences are relatively much
smaller than those produced in the longitu-
dinal-wave velocity and modulus of rupture.
The experimental results show that the rela-
tion between the longitudinal-wave velocity
and modulus of rupture is sensibly independ-
ent of the type of aggregate (Fig. 6) whereas
separate relations exist between the longitu-
dinal-wave velocity and compressive strength
for each type of aggregate (Fig. 8).
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Mozrsture Content

When concrete cubes are allowed to dry
prior to test, the compressive strength is
slightly higher than for undried cubes of the
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To investigate the effect of moisture content
on the longitudinal-wave velocity, measure-
ments have been made on beams 32 by 331 by
324 in. made from concrete of mix proportions
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same age and composition. The modulus of
rupture and overall density of the concrete,
however, show slight decreases with loss of
moisture.
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1:4/0.39, 1:6/0.50 and 1:9/0.68 by weight,
which were cured in water for 58 days, dried
in air for 132 days and subsequently soaked in
water for a further 17 davs. The changes in
longitudinal-wave velocity and density, after
the initial curing period, are given in Figure 9.
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The results show that as the conerete dried
the longitudinal-wave velocity and the overall
density of the concrete decreased in a similar
manner.

Presence of Mild-Steel Reinforcement

B The influence of reinforcement on the wave
velocity has been investigated in tests on slabs
containing various forms of reinforcement. In
all tests, quartz transducers of natural fre-
quency 200 ke. per see. and 1 in. in diameter
were used to produce the ultrasonie pulse.
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Figure 8. Effect of type of aggregate on relation
between wave velocity and compressive cube strength of
concrete.

The first slab was 2 ft. 6 in. square by + in.
thick and contained square-mesh reinforce-
ment at 3-in. centers, placed at the middepth.
Extensive tests were made both through the
thickness of the slab and also in a direction
along the reinforcement, but in no case did the
wave velocity near the reinforcement differ
significantly from that in the plain conerete.

Further tests were made on slabs 2 ft.
square by 3 in. thick containing reinforcing
bars of diameters 0.325, 0.50, 0.60, 0.75, and
1.0 in. placed at middepth and with about
15 in. of cover at each end. Measurements
through the thickness of the slab showed that
only when the diameter of the bar became

CONSTRUCTION

comparable with the diameter of the trans-
ducer was there any significant change in the
wave velocity. Through sections containing
the 0.6-, 0.75-, and 1.0-in. diameter bars, the
decrease in the wave velocity was 1 to 2 per-
cent, 2 to 3 percent, and 6 to 7 percent, respec-
tively, of which only the latter was significant
when the scatter of the observations on plain
concrete is considered. Measurements along
the axis of the bars gave two separate signals
for bars with diameters greater than 0.6 in.,
of which the initial signal through the steel
was of much smaller magnitude than that
through the concrete. Figure 10 gives the
transmission times in the slab containing the
bars of 0.5-, 0.75-, and 1.0-in. diameters, and
it will be seen that even though no double
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Figure 9. Effect of drying on the wave velocity in con-
crete beams of mix proportions: a) 1:4/0.3%9; b) 1:6/0.50;
c) 1:90.68.

signal was obtained axially in the vicinity of
the 0.5-in.-diameter bar, the wave velocity
was increased. The results indicate that only
a small amount of energy is coupled into the
steel bars, but since any resultant signal pre-
cedes that travelling in the concrete, care
should be taken to avoid propagating the
pulse near the axis of thick reinforcing bars.

Effect of Calcium Chloride

In the winter months it is not unusual to
add about 2 percent of calcium chloride to the
cement to accelerate the hardening of the con-
crete. Tests on a structure led to the conclu-
sion that the presence of calcium chloride
influenced the compressive-strength-to-longi-
tudinal-wave-velocity relation and the effect
has now been studied in greater detail. The
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wave velocity and compressive strength were
obtained for a concrete of mix proportions 1
to 6/0.60 by weight at ages of 1, 3, 7, 14, and
28 days. Half of the 12 cubes tested at each
age contained cement to which 2 percent of
caleium chloride by weight of the cement had
been added; the cement in the control cubes
was untreated. The wave veloeity was meas-
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emerge: (1) The initial hardening is accel-
erated by the presence of calcium chloride, for
at an age of one day, the strengths and wave
veloceity were lower in the control cubes. (2)
At an age of 28 days, however, the calcium
chloride produced a 12-percent increase in
compressive strength, a 5-percent decrease in
modulus of rupture, and no significant change
in the longitudinal-wave velocity.

Avr Entrainment

Very little work has been done on air-en-
trained concrete, and the results in Table 1
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Figure 10. Transmission times in concrete containing
1.0-, 0.75-, and 0.3-in.-dlameter reinforcing bars.

ured at positions within the top, middle, and
bottom sections of the cube. The wave veloe-
ity and moclulus of rupture were also measured
on two 16- by 4- by 4-in. beams from the same
conerete mixes at ages of 1, 3, 7, and 28 days.

The compressive strength, modulus of rup-
ture, and mean longitudinal-wave velocity are
given in Figure 11. The following conclusions
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Figure 11. Effect of calcium chloride on the compressive
strength, modulus of rupture, and wave velocity of
concrete of mix proportions 1:6,0.60 by weight.

were obtained on a series of trial mixes tested
at an age of 7 days.

The sand content and water—cement ratio
were adjusted slightly to give comparable
workabilities. In Figure 12, the results for the
compressive strength and longitudinal-wave
veloeities are shown to be in agreement with
the curve obtained from a similar 1-to-7!s mix
with water-to-cement ratios 0.52 to 0.68 and
tested at ages of 3 to 28 days.

The secatter of transmission times within the
top or hottom sections of the cubes showed no
significant difference for all the mixes, and the
mean standard deviation was 0.35 micro-
second (coefficient of variation 1.5 percent).
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Type of Cement

In one series of tests, information was re
quired on the longitudinal-wave velocity in
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sults from a 1-to-2-to-4 mix using the same
type of aggregate but with ordinary portland
cement. The results given by the two cements

TABLE 1
. . I Type of Air Cement Compacting Compressive Longitudinal
Mix Proportions by Weight Aggregate Content Content Factor } Strength Wave Velocity
A (g(‘l.[;;ie;'f ! ’ 1b./sq. in. ft./sec.
1:7.5/0.75 (379, sand) River 0.4 4.53 0.874 ! 1830 15,270
1:7.5/0.70 (35% sand) Gravel 1.7 4.63 0.891 [ 1950 15,300
1:7.5/0.65 (339, sand) (Chertsey) 4.1 4.68 0.888 i 2080 15,430
1:7.5/0.65 (339 sand) 8.1 4.48 0.947 ‘ 1620 [ 15, 050
w50 fall on the same curve between longitudinal-
Line given by 1:742 mix WIC to L

052 to 068 (mo air-entrainment)
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Figure 13. Compressive strength and longitudinal-
wave velocities in concrete made with two types of
cement.

concrete made from high-alumina eement. The
results in Figure 13 were obtained from con-
crete of a 1-to-2-to-4 mix with water—cement
ratios of 0.49 and 0.60 and tested at ages of 6
hr. to 3 yr. Included on the diagram are re-

wave velocity and compressive strength, irre-
spective of age or water-cement ratio.

CONCLUSIONS

In only the variation of aggregate-cement
ratio are there strong grounds for rejecting the
longitudinal-wave velocity as a general cri-
terion of quality when the concrete mix is not
known. While this undoubtedly limits the
scope of the method, it is still valuable and the
best available for testing concrete in situ.

In all tests on reinforeed concrete, care must
be taken to avoid measuring the longitudinal-
wave velocity near to bars of diameter com-
parable with the diameter of the transducers.

APPLICATION TO THE TESTING OF CONCRETE
IN SITU

Concrete Walls and Structures

The type of concrete to be tested may fall
into one of two categories, unknown and
known. By “unknown’ is meant concrete for
which no details of the concrete mix are avail-
able. In “known’” concrete not only is the
concrete mix specified but, also, test specimens
are available. This latter category usually in-
cludes structures which are in the course of
construction and in which, for some reason,
doubt has arisen concerning the quality of the
placed concrete.

It is obvious, from the results of the pre-
ceding section, that no strictly accurate assess-
ment of the quality can be derived from meas-
urements of the longitudinal-wave velocity in
unknown concrete. On the other hand, there
is a big difference in the results between very
good and very poor concrete, and such a rough
division is possible. Leslie and Cheesman (9)
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and Whitehurst (13) have suggested a division
of the wave velocity into the classification in
Table 2.

Such a classification was based on work on
concrete in large structures and in particular
concrete dams. It should be realized, however,
that a condition which is acceptable in one
class of work may be rejected in others. To
illustrate this the minimum wave velocities
accepted for a few specific structures in Great
Britain are given in Table 3.

The wave velocity was the mean value ob-
tained from a sufficient number of measure-
ments to be representative of the concrete in
the member.

TABLE 2

Longitudinal Wave Velocity Condition of Concrete

ft. per sec. ‘
Above 15,000 Excellent
Good

12,000 to 15,000 ‘
10,000 to 12,000 | T'air or questionable
7,000 to 10,000 Poor

Below 7,000 ; Very poor

TABLE 3

‘ Minimum Value of |
. Wave Velocity for

Type of Work
Acceptance

L. per sec.

Prestressed concrete—T sections. . ... .. 15,000
Prestressed concrete—anchor units . . .. 14, 300
Reinforced concrete frame building. . .. 13, 500

15,500

Suspended floorslab . ...... ... ... . ..

The method is particularly suitable for
studying the variations of quality within
structural members and this type of test is
likely to be of most use on unknown concrete.
Whitehurst (73) has already commented on
this aspect, and in his tests with the soniscope,
he was able to detect areas of good-quality
concrete within a structure which, in general,
had deteriorated badly. As a result, emphasis
is placed on the importance of making an ade-
quate number of measurements to obviate
drawing wrong conclusions from spot tests.

The technique is capable of providing more
precise information about the quality of the
concrete when details of the mix are known,
and especially when test specimens are avail-
able. In this case auxiliary measurements on
the test specimens make it possible to provide
an assessment of the equivalent strength of
the concrete tn situ (2, 8) and to study the
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variations of strength. The main source of
error arises from the difference in moisture
content between the test specimen and the
conerete 1n situ. The results of the previous
section indicate that the discrepancy may be
only appreciable for comparison of compres-
sive strengths, where the equivalent strength
tn situ is underestimated. Allowance can be
made if the test specimens are dried under site
conditions before test, but even without such
a refinement, cubes cut from structures have
been found to have a strength within 15 per-
cent of the estimated value.

Firms of contractors and consulting engi-
neers are now beginning to appreciate the
value of the technique. Its main applications
are to: (1) ensure that the placed concrete has
a quality not less than that required by design,
applying particularly to work with good-
quality concrete as in prestressed structures
which are loaded at an early age; (2) check
concrete in sttu when the test specimen has
given a low result; and (3) locate porous con-
crete in structures of all types.

The number of tests have been relatively
small because of the limited number of work-
ers. However, when the commercial forms of
the apparatus come into wider use, the testing
technique will become more highly develope
and will probably result in a higher standard
of concrete construction.

Concrete Pavements

A pulse-reflection technique has not yet
been made to work, satisfactorily, on concrete.
Bradfield (74) has designed several trans-
ducers, both crystal and magnetostrictive,
using pulses of torsional as well as longitudinal
waves and covering a wide frequency range.
The main difficulties include (1) reverberation
by stones and voids at high frequencies; (2)
surface wave interference at low frequencies;
and (3) the small number of wavelengths pres-
ent in the total path length making it neces-
sary to produce a short highly damped pulse.

There are methods which can be used to
study the variation of quality at or near the
surface of concrete slabs (4, 71), but these do
not take any account of variation of quality
with depth which may occur. Nevertheless,
these methods are very valuable in many cases
particularly in the study of surface deteriora-
tion (11).

A theoretical analysis of the vibration of a
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conerete pavement in contact with an elastic
subgrade has been made by Pickett (15). The
results of the analysis indicated that a sus-
tained vibration technique could be used to
determine the dynamic properties of pave-
ment and subgrade, but as yet, no experimen-
tal work has been reported.

DETECTION OF CRACKS OR DETERIORATION IN
CONCRETLE

The ultrasonic-pulse technique can be used
to study the formation of cracks in concrete
because of the poor acoustical coupling be-
tween concrete and air. A single limited crack
with its plane normal to the line joining the
transducers presents a surface at which a high
proportion of the energy is reflected. The exact
proportion reflected depends upon the width

Platen
Transducers vt
TR
f)
i
Py 1y
77777377777

(o) CUBE IN COMPRESSICN (b) CYLINDER IN

CONSTRUCTION

Here, measurements through the thickness of
the web gave higher wave velocities than
measurements along the surface within the
region of damage, indicating that the cracks
were normal to the surface. The region of dam-
age detected in this manner was greater than
that which could be seen by visual inspection.
Further examples of the detection of cracks or
deterioration in concrete are now considered
in greater detail.

Formation of Cracks in Specimens Under Load

Cubes, evlinders, bobbins, and beams of con-
crete were tested to destruction in mechanical
testing'machines of conventional design. While
the loads were being applied, measurements
were made at intervals of the longitudinal-
wave velocity in the axial or transverse direc-

UJ ¢
t 4
1 Y
COMPRESSION () CYLINDER IN TENSION

Figure 14. Arrangement of test specimens and transducers for measuring the velocity of ultrasonic pulses.

of the crack and whether it is filled with air
or water. On the receiver side of such a crack
the incident pulse is predominantly that which
is diffracted round the crack and because of
the increased distance there is reduction of the
velocity. Leslie and Cheesman (9) have made
use of this property to measure the depth of
surface cracks in conerete dams. If, however,
the plane of the crack lies along the line join-
ing the transducers, i.e., is edgeways on to the
direction of propagation, then the ultrasonic
pulsc can pass either side of the erack and
there will be no change in velocity. For such
a simple crack formation, measurements in
arious directions make it possible to deter-
mine the orientation of the cracks. This may
be examplified in the detection of cracks in
the damaged web of a reinforced T beam.

tion. The onset of cracking was indicated hy
a marked fall in wave veloeity.

The tests have already been reported (16),
so only the main results on cubes and eylinders
will be considered here. The experimental ar-
rangements for cubes and evlinders in com-
pression and eyvlinders in direct tension arc
given in Figure 14,

Specimens Tested in Compression. In the di-
rection of loading, the wave velocity remained
constant while the load was increased to fail-
ure. This indicated that the local elastic con-
stants of the concrete were not changed by the
stress.

In the transverse direction, perpendicular
to the direction of loading, the wave velocity
remained constant only up to a fraction of the
ultimate load and then decreased with in-
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creasing load, as shown in Figure 15. Taken
in conjunction with the constant axial-wave
velocity, this result indicates that, under these
stress conditions, internal fracture occurs by
cracking parallel to the direction of loading.
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The first eracks were indicated at about 33
percent of the ultimate load for the 1-to-114-
to-3 mix and at about 25 percent of the ulti-
mate load for the 1-t0-3-t0-6/0.62 mix. The
age at which the cubes were tested had no ap-
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Figure 16. Cubes tested in compression: Effect of load-
ing cycles.

Age and Mix Proportions. The reduction in
the wave velocity in the transverse direction
in 4-in. cubes at different ages is given in Fig-
ure 15 for concretes containing ordinary port-
land cement and Ham River aggregate in mix
proportions of 1 to 115 to 3/0.40 and 1 to 3 to
6/0.62 by weight.

on longitudinal-wave velocity in transverse direction.

preciable influence on the ratio in the case of
the 1-to-114-t0-3/0.40 mix, but there was an
increase of from 22 percent at 9 days to 29
percent at 90 days for the leaner mix.

Loading Conditions. The curves relating the
change in wave velocity to the applied load
were not altered by varying the rate of loading
from 600 to 5,000 psi. per min.

When the load was sufficiently great to
cause a decrease in the wave velocity in the
transverse direction, maintaining the load con-
stant at this value for 12 hr. produced no fur-
ther change in velocity.

Figure 16 shows the effect on the wave ve-
locity of reversing the load applied to a cube
of the 1-t0-115-t0-3/0.40 mix at 28 days. In
the transverse direction, a decrease of velocity
oceurred during both the loading and unload-
ing. This depended, however, upon the maxi-
mum load, and when this was such as to give
an initial decrease of wave veloeity of only 5
percent, the subsequent decreases were small
and occurred prineipally during unloading.
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MATERIALS AND CONSTRUCTION

less than 1,000 psi. The decrease was most
marked on complete removal of the load and
its magnitude was increased with increasing
number of load cyecles. It is to be inferred,
therefore, that cracks with a horizontal com-
ponent were formed during the unloading but
were closed again when the average stress ex-
ceeded 1,000 psi.

Varying End Restraint. Figure 17 shows the
effect of interposing hard rubber and ply-
wood packing, each 0.125 in. thick, between
the ends of the specimen and the platens of the
testing machine. The tests were made with
cubes (Fig. 17a) and cylinders (Fig. 17b) made
from the 1-to-115-t0-3/0.40 mix specified
above and tested at an age of 32 days.

Compared with specimens tested between
steel platens, the load at which the initial de-
crease in wave velocity occurred in the trans-
verse direction was reduced by the rubber
packing and increased by the plywood. The
effect was smaller with cylinders than with
cubes.

When cubes were tested with rubber pack-
ing, the failure was by two cracks through the
center of the cube and approximately parallel
to the vertical side (Fig. 18). After test the
rubber showed permanent deformations con-
sistent with the maximum surface stresses
being in two mutually perpendicular direc-

Figure 18. Failures of a concrete cube with rubber packing (faces in contact with rubber).

In the axial direction, there was a decrease
of wave velocity when the average stress was

tions (Fig. 19). The fracture of the cube was
probably due, therefore, to aggravated lateral
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expansion of the ends in contact with rubber
and the development of tensile stresses which
the concrete could not withstand. A similar
type of failure occurred with cylinders tested
with rubber packing; in this case the cracks
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count for the concrete withstanding a higher
load before the initial cracks occurred.

Shape of Specimens. It will be seen from
Figure 17 that the decrease in wave velocity
was less for eylinders than cubes. This does
not necessarily mean that the degree of pre-
cracking is less and could be due to a different
orientation of the cracks with respect to the
direction of propagation of the pulse. For ex-
ample, whereas in cubes the eracks are parallel
to the stress-free sides, it is possible that the
initial cracks in the cylinders are radial and,
therefore, have less effect.

It is quite definite, however, that the stress
at which the precracking occurs is at a higher
percentage of the ultimate stress for eylinders
than cubes. This is shown more clearly in a
summary of the results (Table 4).

Type of Aggregate. The aggregate used in
the concrete specimens in the preceding tests
was predominantly a hard flint river-gravel and
the failures occurred either in the mortar phase
or at the coarse-aggregate-mortar interface. A
further type of concrete was also tested in
which some failures occurred within the coarse

Figure 19. Deformations produced in rubber packing. aggregate; this concrete contained norma
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Figure 20. Effect of type of coarse aggregate on the failure of concrete cubes in compression. (Each result is the
mean of tests on 6 cubes.)

were in the radial and circumferential direc-
tions.

The apparent low strength of concrete when
the specimens are compressed between rubber
packing is probably due, therefore, to a non-
uniform stress distribution. Plywood packing,
on the other hand, is likely to produce a uni-
form compressive stress, particularly while the
plywood is being compressed. This could ac-

portland cement, Ham River sand and Vobster
limestone in mix proportions of 1 to 15 to
3/0.405 by weight. Results from cubes of this
and the comparable Ham River concrete at an
age of 32 days are given in Figure 20.

It will be seen that the initial cracking oc-
curred at approximately the same load in both
types of concrete though the subsequent
progress was less rapid in the limestone con-
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crete. At failure cubes from the limestone con-
crete showed a well-defined system of vertical
eracks such that large flakes could be pulled
away from the stress-free sides.

Specimens Tested in Compression, General
Conclusions. The results show that, in general,
the ultimate failure of specimens in unaxial
compression is preceded by internal cracking
parallel to the direction of loading. The load
at which this occurs depends on the strength
of the concrete and on the uniformity of the
stress distribution, which can, of course, be

TABLE 4
| ‘ Change of L
. | Transverse Ultimate | pojaion
Shape of Packing Velocity Failure o
Specimen Oceurred Oc(E\ér)red AtoB
(4)
| psi. pst. Y
Cube of {-in. |none ' 2,500 7,700 33
side plywood 3,600 6,900 55
Cylinder 12- | none 3,500 6,700 52
in. long., 6- | plywood 3,900 6,300 62
in. dia. ‘
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Figure 21. Specimens tested in dircct tension: Effect of
stress on longitudinal wave velocity in axial directions.

affected by change of end packing and of shape
of test piece.

Specimens Tested in Tension. When cylin-
ders were tested in direct tension, there was
no change in the wave velocity in the trans-
verse direction but significant decreases of
veloeity occurred in the direction of stressing.
Figure 21 shows the results obtained with a
eylinder 18 in. long by 4 in. in diameter. The
decreases in wave velocity were of the same
order or slightly less than those obtained in the
transverse direction using cvlinders under uni-
axial stress; the initial decreases also occurred
at approximately the same percentage of the
ultimate load.

CONSTRUCTION

Discussion of Results. The cracks detected
by the ultrasonic technigque were always in the
nature of tensile failures. Berg (17) observed
similar crack formation by the microscopie
examination of the surfaces of concrete speci-
mens subjected to compression and bending.
Here, measurements showed that the micro-
cracks occurred at a lateral strain of 1074,
which was also the deformation limit of con-
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Figure 22. Effect of freezing and thawing on different
concrete mixes.

crete in tension. It was concluded that the
failure of concrete could be accounted for by
a theory of maximum tensile strain and was
independent of the type of test.

The problem comes within the scope of the
“Theory of Rupture” derived by A. A. Grif-
fith (18) from the solution by Inglis (19) of
the stress distribution around an elliptical
hole in a plate. Though the theory is given in
a two-dimensional form, the general conclu-
sions will apply to three dimensions. It is
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shown that “the presence of internal cracks
un give rise to tensile stresses large enough
for fracture, even when the components of the
applied traction are both compressive, pro-
vided that they are unequal.” As Orowan (20)
points out, however, there is one difficulty in
that the most dangerous cracks in uniaxial
compression would be those at 45 deg. to the
stress, and they should propagate in their own
planes. It is necessary, therefore, to find a
mechanism which would produce the initial
eracks in the direction parallel to the direction
of compression. One possibility is that, due to
the different elasticities of the aggregate and
cement mortar, a shear stress is developed
across the interfaces which is & maximum for
those boundaries parallel to the direction of
compression. In support of this hypothesis,
recent tests have shown that no eracks appear
in mortar cubes or evlinders at loads equal to
those causing cracking in concrete containing
a comparable mortar.

This brief discussion will serve to indicate
the complex nature of the compressive test,
particularly in relation to cubes. It seems cer-
tain that the test provides no fundamental in-
formation and is useful only as a comparative
test, in which form it was originally designed.

The nature of precracking is most probably
governed by the distribution of bond strengths
between aggregate and mortar throughout the
specimen. The mode of preparation of the
specimens may also affect the results, and for
long evlinders cast vertieally, it is possible for
a poor bond to exist between the underside of
a piece of aggregate and the mortar. In direct
tension, such weak bonds would be expected
to fail early and would cause a reduction in the
wave velocity.

Effect of Frost Action

Nondestructive methods are particularly
suitable for repetitive types of test where the
same specimen is studied throughout o se-
quence of events. The results are also founp to
be more consistent and reproducible than in
the more conventional static-strength tests,
and thus, fewer specimens are required. These
advantages have led to the use of nondestruc-
tive methods for studyving the -effect of frost
action, and typieal results obtained by the
ultrasonic pulse technique are given in Figure
22. Six eubes of each mix were cured normally,
and a further six cubes were subjected to freez-

ing-and-thawing cyeles. It will be seen that
the effect of the freezing-and-thawing cveles
was to give a relative decrease in the longi-
tudinal-wave velocity compared with cubes
cured normally. During a prolonged thaw, the
damaged concrete showed a remarkable degree
of recovery, indicated by the dotted line in
Figure 22.

Each velocity of Figure 22 is the mean of a
large number of measurements from which a
detailed study of the local deterioration within
each cube can be made and which show that
the deterioration is not uniform. Such detailed
information is not usually necessary, and other
types of test, i.e. sonic tests, which give an
average result have distinet advantages for
laboratory studies. P. J. F. Wright of the Road
Research Laboratory has found that the sonie
method can be applied for a larger number of
freezing-and-thawing cyeles than the ultra-
sonic method, since in the latter, the pulse is
considerably attenuated if there is a high de-
gree of cracking or if the surface becomes
badly damaged.

Inversion Effects in Iligh-Alumina Concrete

It is well known that if high temperatures
are developed during the setting of concrete
made with high-alumina cement, deterioration
an result from the chemical inversion process
which occurs. The heat developed may be con-
trolled either by spraving the concrete with
cold water throughout the hardening or, pref-
erably, by restricting the laver thickness to
less than 18 in. The Lafarge Aluminous Ce-
ment Company, Ltd., had studied the tem-
perature rise in 3-ft. and 18-in. cubes, and
with their collaboration, nondestructive tests
were made on the same specimens. A 3-in.-
square grid was marked on the cubes and
measurements were made between directly op-
posite positions, as shown in Figure 23.

In most cases the velocity distribution
across each pair of faces was similar and lines
of equal velocity (or more conveniently of their
reciproeal, microseconds per ft.) could be plot-
ted. Such results are given for a 3-ft. cube
without! and with cold spray in Figure 24
(a) and (b) and for an 18-in. cube without and
with cold spray in Figure 25 (a) and (b).

The main observations on these results are:

1. The initial curing under a cold spray pro-

1 This cube guve a different distribut_inn across the N-8
faces due to having been stored with E side as base.



274 MATERIALS AND CONSTRUCTION

(@) Cured in air under sacks (E-W faces only) (b) Initially cured under cold spray

Figure 24. Contours of transmission time in mircoseconds per foot through 3-ft. cubes of high-alumina concrete.

duced a decrease in the volume of concrete and 18-in. cubes. Temperature measurements
affected by the inversion process in the 3-ft. had shown that the effect of the spray was to
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reduce the duration of maximum temperature
though not the actual temperature.

2. The quality of the concrete in the 18-in.
cubes was superior to that in the 3-ft. cubes,
particularly near the center. This can be ex-
plained mainly by a reduction in inversion but
with a slight increase in compaction as a con-
tributory cause.

The results confirm the advice given on the
placing of high-alumina concrete which re-
stricts the lift thickness to less than 18 in.
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(a) Cured in air under sacks (b) Initialiy cured under cold spray

Figure 25. Contours of transmission time in microsec-
onds per foot through an 18-in. cube of high-alumina
concrete.
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