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1 INTRODUCTION

The ultimate behavior of concrete structures under earthquake and
other repeated loadings can be predicted by using constitutive rela-
tionships obtained for cyclic loading. As continuous microcrack growth
occurs during cycling, measurement of crack growth presents a very
intutively appealing method of monitoring the deterioration that
occurs during cycling. The results would also indicate why a linear
degradation assumption such as Miner's hypothesis may be
unconservative.

The measurement of cracking has to be conducted by the use of
nondestructive techniques in order to obtain a continuous measurement
of crack growth during a cyclic loading. Out of the nondestructive
methods, ultrasonic methods offer the distinct advantage of being able
to determine the interior properties of the specimen, detection of
deterioration even after the occurrence and the possibility of taking
measurements without causing any damage and at relatively low cost. In
the present study ultrasonic attenuation was used instead of ultrason-
ic pulse velocity to monitor crack growth because of the higher
resolution offered by the attenuation method.

The paper presents results of cyclic loading tests obtained for
concrete. It is also shown how these data may be used for predicting
the remaining 1life of concrete structures which have already sustained
some damage.

2 NONDESTRUCTIVE CRACK MONITORING TECHNIQUES USED FOR CONCRETE

Nondestructive techniques that have been used to monitor crack growth
in concrete include ultrasonic waves, acoustic emission, infra-red
thermography and a host of other magnetic and electrical methods,
Malhotra (1984). In the acoustic emission technique, the low-frequency
sound emitted during the formation and growth of cracks is monitored.
The location and the orientation of the cracks may be monitored by
using a suitable arrangement of transducers, Maji and Shah (1986). The
major drawback of this technique is however, that cracks can be
monitored during their formation process only. Most of the other
proposed nondestructive techniques yield information only on the
surface properties and interior properties cannot be obtained.
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2.1 Ultrasonic Techniques Used For Concrete

Ultrasonic waves are mechanical waves with frequencies usually in
excess of 16kHz. Basically there are two types of waves reffered to as
pressure waves and shear waves. 'In the concrete industry, compression
waves have been used exclusively for ultrasonic testing apparently
because of the difficulty of coupling shear transducers and because of
the higher attenuation characteristics of shear waves.

Ultrasonic pulse echo methods have been employed to locate finite
size flaws in concrete, Krautkramer (1983). This technique cannot,
however, be used to detect a large number of small distributed cracks.
Distributed cracks of this nature exist in concrete prior to loading
and also during load application until they finally coalesce at the
point of failure.

Ultrasonic transmission methods have therefore generally been used
to assess the quality of concrete. In this method the receiving
transducer is placed on a specimen surface different from that of the
transmitting transducer. Using the pulse transit-time obtained from
the transmission method many researches have attempted to correlate
the pulse velocity to the compressive strength of concrete. It has
been found, however, that even if such a relationship can be estab-
Tished, it would be strongly dependent on factors such as materials
used, curing conditions, moisture content, etc., Facaoaru (1969).
Furthermore, it has also been observed that a relationship established
during the developmental stages of the concrete cannot be used to
predict the strength of concrete which has already undergone some
deterioration. As a result, little confidence has emerged among engi-
neers on the use of ultrasonic inspection techniques for predicting
the compressive strength of concrete.

Suaris and Fernando (1987) have conducted uniaxial compression tests
while monitoring the ultrasonic pulse velocity in a direction perpen-
dicular to the axis of loading. These tests indicated that the Tlongi-
tudinal cracks developed under uniaxial compression did not influence
the pulse velocity significantly. It was also found that the point of
decrease in lateral velocity coincided with the point where the
lateral strains began to increase sharply, implying that the decrease
in pulse velocity may be due to the opening of the cracks than actual
crack growth itself. The pulse velocity is therefore not a very
sensitive indicator of crack growth and in the present study ultra-
sonic attenuation was used to monitor crack growth.

2.2 Ultrasonic Attenuation

The amplitude of the ultrasonic waveform decreases gradually as it
passes through the specimen. This attenuation can be used to monitor
the crack growth in a specimen, if the transmission length is kept
constant and the transducers are acoustically well coupled with the
specimen. The attenuation would then depend on the frequency of the
transducer and, the size and number of flaws encountered between the
transmitter and the receiver.

The amount of crack growth may be inferred from the reduction in
amplitude of the ultrasonic waveform by introducing a damage coeffi-
cient defined as,

(1) D=1 - (A/Ag)
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where A,,A are the amplitudes of the ultrasonic waveform as measured
from the first positive peak to the subsequent negative peak, under
zero load and after load application, respectively. The damage coeffi-
cient, as defined, varies from zero for a virgin specimen to unity for
a fully cracked specimen,

The first peak-to-peak amplitude was chosen to quantify the cracking
as the frequency of the first cycle best represented the nominal
frequency of the transducers. The waves that arrive subsequently are
due to reflections at specimen surfaces. As this involves a longer
path length more attenuation occurs. Due to the faster attenuation of
the higher frequencies, a lower resonant frequency other than the
nominal frequency can be expected to dominate the wave train here.

As shown by Suaris and Fernando (1987) some erroneous results can
also be expected, if the trnasmitting path of the wave is not perpen-
dicular to the plane of crack growth. This effect may be eliminated by
combining the readings of two transducers which transmit pulses in two
perpendicular directions.

A combined damage coefficient which incorporates results from both
transducers can be introduced as,

(2) D=|R, - & /| Al

where A, A are vectors with the amplitude of the waveforms as compo-
nents, pece1ved at the unstressed state and stressed state respective-
1y.l | denotes the magnitude of a vector.

3 EXPERIMENTAL PROGRAM

The laboratory tests were conducted by using 3 inch diameter and 6
inches high specimens. The materials used were type I Portland cement
conform1ng to ASTM specification C150, river sand passing through
U.S. sieve No. 10 and 1/2 inch (12.7 mm) river gravel. The mix propor-
tions reported here is 1:2:3(0.5). The mixing was conducted in a
rotary mixer and the compaction was carried out using a vibrating
table. The concrete was cast in waxed cardboard molds and kept under
ambient conditions for 24 hours, covered with a polythene film. The
molds were stripped and the specimens were cured in a humidity room
for 28 days before testing them.

The ultrasonic pulse transmission during the tests were monitored in
the lateral direction using P-wave transducers. Lateral pulse trans-
mission was monitored in two diametrically oppos1te directions using
two pairs of transducers. One transducer pair had a crystal frequency
of 500 kHz while the other had a frequency of 150 kHz. Using two
seperate frequencies was expected to provide better resolution. than
using a single frequency as the level of attenuation depends on the
crystal frequency. The transducers were interfaced to curved metal
pads having a silicone rubber facing which matched the curvature of
the specimen. These lateral transducers were mounted on a circular
frame and spring loaded to accomodate the lateral expansion of the
specimen during loading. An ultrasonic couplant was applied between
the specimen and all transducers to facilitate better pulse transmis-
sion.

The excitation for ‘the transducers was provided by a seismic analyz-
er. A digital display in the seismic analyzer indicated the pulse
transit-time between the transmitting and receiving transducers. The
received waveform, after being amplified by the seismic analyzer, was
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passed onto a digital storage oscilloscope. The digital oscilloscope
was connected to a micro computer via a RS-232c Interface which
enabled the storage and the subsequent analysis of the waveforms.

The tests were conducted by using a function generator to cycle the
Toad sinusoidally between preset limits. In these tests the maximum
stress was adjusted to about 1.5 times the mean stress and the minimum
stress was adjusted to about 0.5 times the mean stress. The maximum
stress values investigated varied from 90%-97% of the monotonic
compressive strength. These high peak stresses were chosen to ensure
the failure of the specimen within about few hundred cycles. A1l tests
were conducted at a frequency of 0.01 Hz.

The computer was programmed to trigger the osciiloscope and display
the received waveform when any keyboard command was entered. The
waveform was then stored in the computer.

4, DISCUSSION OF TEST RESULTS

The attenuation vs. number of Toad cycles for the two transducers is
shown in Figs.l and 2 for specimens tested. The minimum and the
maximum stress during cycling is indicated in the figure. It can be
noticed that a higher relative attenuation during the initial cycle
generally results in failure within a relatively smaller number of
cycles. But the results from the 500 kHz transducer shows that speci-
men A. failed after a relatively shorter number of cycles despite the
lower initial attenuation during the initial cycle. The reason for
this becomes clear when the very high attenuation during the initial
cycle of the 150 kHz transducer is noted. The specimen thus appears to
have developed more cracks in planes perpendicular to the transmission
path of the 150 kHz transducer. This clearly illustrates the impor-
tance of monitoring crack growth in two directions when axi-symmetric
conditions are present. The number of cycles upto failure is also
found to be inversely related to the maximum stress except for speci-
men A-. The higher level of attenuation for a lower stress, during the
first” cycle, suggests however, that this particular specimen was
weaker than the other specimens.

Fig. 3 shows the variation of the combined damage coefficient with
cycle-ratio for all the specimens tested. It appears that the damage
accumulation during cyclic loading is virtually independent of the
maximum stress level when the results are presented as a function of
the non-dimensional cycle-ratio. The scatter in the results is gener-
ally similar to other cyclic loading tests.

5 SUMMARY AND CONCLUSIONS

The resolution of the technique may be enhanced by using a range of
frequencies as they would be sensitive to different crack sizes.The
damage coefficient, as proposed, can readily combine the amplitude
attenuation of several frequencies. A damage coefficient of this
nature would also be very useful to provide experimental verification
of constitutive theories which incorporate microcracking, Suaris and
Shah (1984).

The results from cyclic loading tests indicate that damage accumula-
tion as measured by pulse attenuation during cyclic loading is not
linear, particularly during the initial cycles. Therefore, using
methods which are based on linear damage accumulation (such as Miner's
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Figure 1. Percentage reduction in amplitude of
the 150 kHz frequency during cyclic loading.
(fc = 5,65 ksi, 1 ksi = 6.9 MPa)
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Figure 2. Percentage reduction in amplitude of
the 500 kHz frequency during cyclic loading.
(fc = 5,65 ksi, 1 ksi = 6.9 MPa)
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Figure 3. Variation of combined damage coefficint
with cycle ratio. (fc = 5.65 ksi, lksi = 6.9 MPa)

hypothesis) may lead to unconservative results when predicting fatigue
1ife under variable amplitude loading.

The crack growth results obtained in this study may be used for
ascertaining the extent of damage in a in-situ structure using the
following procedure. The ultrasonic waveforms obtained from a damaged
region can first be compared with that obtained from the same region
initially (if unavailable, the waveform from an unstressed region can
be used) to yield a damage coefficient. Then the calibration charts
obtained from laboratory specimens may be used to predict the extent
of damage due to cyclic loading. The proposed method can also easily
be extended to predict the deterioration due to shrinkage, creep and
other environmental effects as long as their effect:is to produce
cracking in the concrete.
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