. | | | | Tachnical Reports Center
| | ) Texas Transportation Institute

AN INVESTIGATION OF THE APPLICABILITY
OF ACOUSTIC PULSE VELOCITY MEASUREMENTS
TO THE EVALUATION OF THE QUALITY OF
CONCRETE IN BRIDGE DECKS

by

Gilbert Swift
Research Instrumentation Engineer

and

William M. Moore
Associate Research Engineer

Research Report No. 130-7
) A Study of Reinforced Concrete Bridge Deck Deterioration:
- Diagnosis, Treatment and Repair
Research Study 2-18-68-130

Sponsored by

The Texas Highway Department
In Cooperation with the
U. S. Department of Transportation
Federal Highway Administration .

August, 1971

TEXAS TRANSPORTATION INSTITUTE
Texas A&M University
College Station, Texas

Ly




PREFACE

This is the seventh report issued under Research Study 2-18-68-130,
A Study of Reinforced Concrete Bridge Deck Deterioration: Diagnosis,
Treatment and Repair. The previous six are as follows:

1. "A Study of Concrete Bridge Deck Deterioration: Repair,'
by Raouf Sinno and Howard L. Furr, Research Report 130-1,
Texas Transportation Institute, March, 1969.

2, "Reinforced Concrete Bridge Deck Deterioration: Diagnosis,
Treatment and Repair - Part I, Treatment," by Alvin H.
Meyer and Howard L. Furr, Research Report 130-2, Texas
Transportation Institute, September, 1968.

3. '"Freeze-Thaw and Skid Resistance Performance of Surface
Coatings on Concrete,'" by Howard L. Furr, Leonard Ingram
and Gary Winegar, Research Report 130-3, Texas Transpor-—
tation Institute, October, 1969.

4, "An Instrument for Detectihg Delamination in Concréte
Bridge Decks," by William M. Moore, Gilbert Swift and
Lionel J. Milberger, Research Report 130-4, Texas Trans-
portation Institute; August, 1970.

5. "Bond Durability of Concrete Overlays,' by Howard L. Furr
and Leonard L. Ingram, Research Report 130-5, Texas Trans-
portation Institute, April, 1971.

6. '"The Effect of_Coatings and Bonded Overlays on Moisture
Migration,'" by Leonard L. Ingram and Howard L. Furr,
Research Report 130-6, Texas Transportation Institute,
June, 1971.

‘The authors wish to acknowledge their gratitude to all members of
the staff of the Texas Transportation Institute who contributed to this
research., Special thanks are expressed to Mr. L. J. Milberger and Mr.
Frank H. Scrivner for their advice and assistance throughout the study,
and to Mr. Rudell Poehl for his assistance in the data reduction.

The support given by Texas Highway Department personnel is also

appreciated, especially that of Mr., M. U. Ferrari and Mr. Don McGowan

who provided advice and assistance throughout the study and that




of the personnel of District 2 who assisted during the preliminary field
tests. |

The opinions, findings and cdnclusions expressed in this publication
are those of the authors and not necessarily those of the Department of

Transportation, Federal Highway Administration.

ii



ABSTRACT

.

The compressional wave velécity was measured and compared with sevefal
other significant properties of concrete specimens, using a wide variety of
concrete compositions. Measured velocities in cohcretesAcontaining 1ike.
coarse aggregates were found to decrease with loss of stfength. In all
concretes tested, the elaStic modulus could be estimated satisfactorily
from the measured pulse velocity and the unit weight.

A technique for measuring compressional wave velocities on bridge
decks or other concrete structures having only 6ne accessible surface
was validated by measurements made on laboratory specimens. A portable
field-type velocity measuring instrument qtilizing this technique was
developed. It was concluded that such an instrument appears suitablé
for the task of detecting the extent of deterioration of concrete in
bridge decks.

Key Words: Pulse-Velocity, Concrete, Bridge Deck, Measurement,

Instrument.
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SUMMARY

Pulse velocity measurements were found to be indicative 6f deteri-
orated or poor quality concrete in bfidge décks.

It was found that the measured velocity could be used togethér with
the unit weight, to estimate the elastic modulus of the cbncrete. It‘wés
also found that the éompressional wave velocity in concretes of similar
composition ‘was generally indicativé of their éuality or strength.

A portable field-type velocity measuring instruﬁent was developed>
during this study, for use on bridge decks. It was concluded that this
instrument appeared to fulfill its design objectives and to be applicable
to the task of deteéting the extent of deterioration of concrete in

bridge decks.

IMPLEMENTATION STATEMENT

The work reported establishes the foundation for a practical method
of evaluating the extent of deterioration of concrete in bridge decks.
The method and apparatus developed for'making in situ measurements of
compressional wave velocity appear suitable and applicable for use in
conjunction with the Delamination Detector previously developed in this
study and now being implemented by the Texas Highway Department. Further
field evaluations of the velocity measuring technique and instrument are
needed before tﬁis system can be introduced into routine use in connec-—

tion with bridge maintenance.
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1. INTRODUCTION

This is>the second progress report of Phase 1 ofﬂa research study
entitled "A Study of Reinforced Concrete Bridge Deck Deterioration:
Diagnosis, Treatment and Repair,' being conducted by the‘Texas Transpor-
" tation Institute as part of the cooperative research program with the.
Texas Highwey De@artment\and the United States Department of Transporta-
tion, Federal Highway Administration. The specific objective of this
phase of the research is the development of methods to evaluate the
extent of deterioration in concrete bridge decks.

In this study, two defects have been considered to be of paramount
importahce. They are (a) delamination (separation of the original slab
into two or more approximately horizontal layers) aﬁd (b) pbor quality
concrete. Research Report 130-4 entitied "An.Instrument for Detecting
Delamination in Concrete Bridge Decks,' describes the "Delamination"
portion of the research. The present report is being written to describe
the efforts directed toward the detection of poor quality or deteriorated
concrete.

Laboratory measurements were made on a wide variety>of concrete
specimens to explore the applieability of acoustic pulse velocity
measurements to the detection of poor quality concrete and to establish
the feasibility of a technique for making such measurements conveniently
on the accessible upper surface of bridge decks.

Compressional wave velocities were found to be strongly related to

elastic moduli determined either by conventional resonant frequency

testing or by standard stress-strain observations. Also velocities were




found to generally increase as compressive strength increased for concretes
having similar compositioq. Thus, éompérisons of concrete quality based

on observations of velocity tend to be valid for structures éomposed of
similar concretes.

An instrumént for measuring compressional wave velocities on the
‘upper suffgce of bridge decks has been designed and constructed. The
basic considerations for its design were portabiiity, accuracy, and
convenience of operation. Limited field and laboratory tests indicate

that these design objectives have been met.




2. REVIEW OF LITERATURE AND SELECTION OF METHOD OF ATTACK

From theviiterature, acoustic pulse veiocity measurements appeared
to offer the‘most promising method for determining thé quality of the
concrete in bridge decks. Accordingly,; as a first step, the relation-
ship of acouétic wave velocity to other proﬁerties of concrete was
explored. |

The literature indicates the existence of a genefal relationship
between concrete quality and acoustic ﬁelocity (L, 25 3)*% and a
theoretically based‘relationship between velocity,'density.and the
elastic constants of concrete (3,'4, 5, 6, f, 8). A relationship has
also been found between velocity and presence of certain cracks
which lengthen the path and thus lower the observed velocity (1, 2, 3,
8).

A relationship between velocity and a subjective description of

‘the quality of concrete is contained in reference 1 as indicated in

the following table:

Table 1: Relation of Velocity to Concrete Quality
(after Krautkrﬁmer)

Velocity
in feet/sec Quality of Concrete
above 15,100 Very Good
11,800 to 15,100 Good
9,850 to 11,800 Questionable to Moderate
6,900 to 9,850 Bad
below 6,900 Very Bad

* Numbers in parenthesis designate reference numbers in Section 8.




A somewhat similar table is given in reference 2. While these approximate
relationships neglect many factors which can influence the results, they
imply that the extent of deterioration of concrete in a bridge deck might
be determined'by surveying the deck with an instrument which measures the
acoustic wave velocity.

The theoretical relationship between the compressional wave velocity,
the density and the elastic constants of a homogeneous elastic material

follows:

E 1-u )
vV = //'— e « o + 4 » s o s+ 2 o s e o s +» Egq. 1
c o (1+u) (1-2n) q

where Vc is the compressional wave velocity,

E = Young's modulus of elasticity,

u = Poisson's ratio,

p = the mass density, or W/g,

W = the unit weight, and

g = the acceleration due to gravity.

While concrete is not perfectly elastic, nor homogeneous, this re-
lationship has been reported by several investigators to be generally
apblicable to concrete (4, 5, 6). TFrom it a value for Young'vaodulus
can be computéd; given the compressionai wave velocity, the unit weight,
and the value of Poisson's ratio, viz:

_ VoW (1) (1-2p)
- = e e e e

E . Eq. 2

This relationship is such that in the vicinity of Poisson's ratio equal
to 0.20 (the vicinity applicable to both good and inferior concretes),
small changes in Poisson's ratio have very little effect on the value
obtained for the elastic modulus. For. example a 25 percent increase in

Poisson's ratio changes the modulus by less. than 7.5 percent. A decrease




has less effect. Changes in unit weight have.a directly proportional
effect on the modulus value. Accordingly, one might expect to find that
measurements of the compressional wave velocity could be used to'compute
a reasonable accurate value for the elastic modulus using estimated vaiues
for Poisson's ratio and unit weight. To the degree that a decrease in
the derived modulus value is an indication of deterioration, the above
relationship also implies that the extent of deterioration of concrete
in a bridge deck might be determined by surveying the deck with a suitable
compressional wave velocity measuring instrument.

The literature contains seemingly conflicting opinions as to the
validity or the generalrapplicability of -these relationships between »
the puise velocity and other attributes of concrete. The application'of
pulse trgnsmission is not recommended by ASTM for determination of
strength.or modulus (ASTM C597)*. Maﬁke ana Gallaway (4) state that
there appears to be gome doubt as to the value of dynamic moduli cal-
- culated from measured pulse wave velocities. However, Manke and
Gallaway also quote Whitehurst (3) whoistates in effect, that the
pulse velocity itself is as good a criterion for coﬁparison of concretes
as any other property which might be calcuiéted from it. Woods and-
McLaughlin (6) similarly conclude that in general no benefit is deriﬁed
from calculating a modulus of elasticity value from velocity measure-
ments. They note, however, that the use of the theoretical relationship,
given above, to convert velocity to dynamic modulus is recommended by
Long, Kurtz and Sandenaw (7) for mass concrete and is recommended by Leslie

and Cheesman (8) for all concrete, including laboratory specimens.

* All referenced ASTM tests can be found in reference 11.




A highly informative survey by anes and Facaoaru (95 shows widespread
use of the pulse velocity technique for estimating.in situ strength of
concrete. However, considerable divergence of opinion and practice was
revealed by answers to questions such as what analytical formuia is used
and Qhat properties of the concrete sﬁould be varied in order to deriVe
the ﬁorrelation between pulse velocity and compressive strength of lab-
oratory éamples. A more positive finding is reported by Elvery and Din
(10) who conclude that ultrasonic pulse testing provides a better correla-
tion with beam strength than that given by control specimens. They'are
referring to comparisons of fhe flexural strength of‘reinforced concrete
beams with pulse velocity in the critical zone of the beam and with |
laboratory crushing strength tests on cubes made of the same concrete..

In view of this range of opinion it was considered desirable to
gxplore the underlying relationships between acoustic pulse velocities
and other properties of concrete, in order to apply them to thebproblem
of detecting deterioration éf concrete in bridge decks. The investigation
began with a laboratory comparison of measured wave velocities in a variety
of concrete specimens having different compositions, strengths, and
other physical properties.-

Specifically, relationships among the following variables were
explored for a wide variety of concrete compositions:

1. Compressional wave velocity

2. Dynamic modulus (from resonant frequency tests)
3. Elastic modulus (from stress-strain observations)
4. Unit weight

5. Compressive strength -




The compressional wave was selected in preference to other acoustic
waves because its velocity can be measured more,convenieﬁtly and ac-
curately. ‘Ifs highér vélocity insures that the first ébserved arrival
of energy represents tbat of the compressibnal wavé. The velocities
of the léter arriving waves usually cannot be determined precisely

since their arrivals tend to be obscured by the earlier arrival and

the duration of the compressional wave.




3. MEASUREMENT OF COMPRESSTONAL WAVE VELOCITY IN CONCRETE

Basically the compressional wave veloc1ty of any material can be
determined by initiating an acoustlc 1mpulse in the material and tlmlﬁg
its travel over a known distance. In elastic solids several types of
waves are generally produced in addition to the compressional wave.
Fortunately, however, the compressional wave travels faster than the
others. Hence the first arrival of energy at a poiﬁt not too distant
from the source may be identified safely as being due to the compres-
sional wave,

The ability to time ﬁhe arrival ofva wave accurately is a fuﬁction
of the abruptness or rise~time of the wave. Accordingly the acoustic
impulse and the received wave should rise as steeply as possible. Most
sonic and ultrasonic transducers are inhereﬁtlyvresonant devigeé which
produce and receive impulses having the form of lightly damped wave
trains which oscillate numerous times while building up to their maximum
amplitude. With such transdﬁcers the attainable timing accuracy is
generally‘proportional to-the frequéncy of the wave train. Therefore,
for accurate velocity measurements, it is de51rab1e to use as high a
frequency as possible and té time the travel of the wave over as large
a distance as possible. However, the properties of concrete prohibit
the use of the high frequéncies which are normally employed for testing
metals and other relatively homogeneous elastic substances. The granular
nature of concrete causes scattering and attenuation of waves whése length
is comparablé to, or shorter than, the size of the coarse aggregate
particles. . These effects set a limit somewhat below 100 kilohertz for

the highest frequency which can be employed satisfactorily in concrete,

—-8-




and a limit of a few feet to the practical distance range. Frequepcies
between 20 and 50 kilohertz are therefore generally chosen for use with
concrete. | a |

Compfessionai wave veloéities in various concretes ordinarily range
betWeenVS,OOO and 16,000 feet per second. The waves thus traverse a
distance of one foot in about 60 to 120 micrdsecoﬁds. an determine their
velocity with a precision in the order of one percent one must, therefére,
be able to define the onset of the wave train to within 0.6 to 1.2 micro-
seconds per foot of path length in the specimen. Such accuracy is not
readily achieved with wave trains, each oscillation of which occupies
20 to 50 microseconds and whose first oscillation is éubstantially
smaller than the succeeding ones. Judgment of the observer is thus a

highly significant factor in the iiming process.




4. LABORATORY INSTRUMENTATION AND TECHNIQUE:

Tﬁe appérétus used for the laborafbry measureménts of‘compressionél
wave velocities is shown in Figure 1 and is substantially fhe same as
that described in reference 4, It consists of a pulse geﬁerator, ar.
commercially available oscilloscope équipped with a calibrated delayed
sweep, and a pair of piezoelectric transducers. The assembled trans-
ducers are resonant at approximately 40 KHz. A repetition rate of 60
impulses per second is employed to facilitate observafion.

The simplest measuring technique, as shown in Figure 2, may ber
described as "timing thfough"—the spécimen. Veélocity is determined by
observing the time-interval bet&een the occurrence of the driving im-
phlse and the onsgt of the wave frain received through the specimen,
then subtracting the time-interval observed with the transducers coupled
directly together in the absence of the specimen. In taking this differ-
ence it is assumed that no change of the time‘delay within the frans—
ducers or in the acoustic couplings occurs when the specimen is introduced
or removed. Accordingly, for reliable measurements it is essential to
insure good coupling. This is generally attained by applying a film of
greasé or starch which acts aé a couplant between the transducers and
the specimen, and by applying a substantidl pressure during the measure-—
ment.

An alternative technique which is appiicable to specimens which have
only one accessible flat side may be described as "timing along" the
specimen. As shown in Figu;e 3 this technique utilizes a series of two

or more observations made with various distances between the transducers.

-10-




Figure 1:

Timing oscilloscope and pulse generator
used for measuring acoustic pulse velocities
in concrete.
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‘Velocity is obtained from the slope of the distance versus time plot of
these observations.- The intersection of this plot with the tiﬁe axis is
a measure of the time delay in the transducers and their couplings plus
any time required by changes in the direction’of the wave ﬁath. In this
vtéchnique céupling delay remains an important factor affecting the
accuracy of each individual observatién but its éffect tends to average
out amoﬁg the series of Qbservatibns. Adequate contact is obtained by
placing a weight of a few pounds on each transducer and by using a

suitable coupling agent.
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5. LABORATORY RESULTS

5.1 Comparison of “timing along" versus "timing through" Techniques

The accessibility of the upper surface of bridge decks makes it con-
venient to perform pulse §elocity measuyrements there uéing.the "timipg
along'" technique. Accordingly, before developing aﬁ appafatus'fpr such
measurements on bridge decké, a series of laboratory tests was‘made to
examine the validity of this technique.

Thirty-six 3 x 3 x 12 inch beams made during this study from twelve
-batches of concrete —- three replicate (i.e., as nearly identical as pos-
sible) beams from each batch —- were measured by both tﬁe "timing through"
and the "timing along" methods. Descriptions of the twelve batches of
concrete are given in Table A-1 of Appendix A. It is suffipient to say
here that the batches contained three very different types of aggregate,
“and had widely varying cement factors. The results of the measufements
made by the two methods are given in Table A-2 of Appendix A, and are plotted
in'Figqre 4. This figure shows a satisfactory agreement between the two
measurement techniques.” Thus, either of the two tedhniques may be aﬁplied
for cbmparison of various concretes and for estimation of their velocity-
related properties. A small bias was noted in the comparison in that the
velocities obtained by "timing through" a given specimen averaged about
3 percent greater than the velocities obtained by "timing along' the

same specimen. The reasons for this bias have not been determined.

5.2 Relation of Velocity to Dynamic Modulus, Ey

The theoretically based relationship of velocity to the elastic

modulus and the unit weight (Equation 2) was examined through measurements

-15~
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Figure 4: Comparison of velocities measured using the
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ﬁade on fifty-seven 3 x 3 x 12 inch beams. Thirty»six.ofithese beams
iwere the new beamé described above and the remaining twenty-one Qefe
similar beams of unknown compositidn which had been déteriorated:by
freeze-thaw cycling in a research study conducted severai years pre-
~viously. Velocities were determined by the "timing through" technique,
uﬁit weights were determinéd from the weight and dimensions of the
specimens, and the dynamic elastic moduli, Er’ were determined by the
transverse resonant frequency method (ASIM €215). The results of these
measureménts; aé well as computed v;lues of chp (i.e.,,VCZW/g), are given
in Table A-2 of Appendix A.:

A plot of the dynamic modulus versﬁs'chp is shown in Figure 5.
Also shown on this plot are theoretical iines for sevefal values of
Poisson's ratio, as éomputed from Equation 2. The line which best fits
the plotted points is seen to coincide with the theoretical line for
Poisson's ratio equal to 0.26. One can note from this plot that fairly
reasonable estimates of the dynamic moduli could have been made from the
values of chprif 0.26.had been assumed for the.Poisson'é ratio of all
beams. The standard deviation and the coéfficient of variation for the
prediction errofs, assuming 0.26 for Poisson's ratio, are given in Table II.

Table II: Errors associated with Dynamic Modulus
' and the Quantity chp
Standard Coefficient

Number Deviation of Variation
of Tests (10% psi) (percent)

Prediction Error (Er - 0.817 chp) 57 0.411 9.7
Within batch replication error in Er 36 0.334 6.5
Within batch replication error in chp 36 0.108 1.8

-17-
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Figure 5: Relationship between the dynamic modulus, E,, as measured by transverse resonant
frequency method and the quantity chp determined from laboratory measurements.




Variations in measured values obtained on replicate beams from ﬁhe
same concrete batch are due to both measurement errors and beam'variations,
and these variations might be considered a limiting value for any predict-
4ing technique. Thus, an anaiysis of variance'was-made for the values of
dynamic modulus and the values of chp for the thirty-six beams cast from
‘the twelve different batches to determine the standard deviations and
the coefficients of variation‘fqr these two parameters within a concrete
batch. These values are also given in Table II.

From a comparison of the values shown in Table IT one can note that
the prediction errors are not excessively 1érge. Thus, there is substantial
agreement 5etween the resonant frequency method of determining dynamic
elastic moduius (ASTM C215) .and values derived from velocity and unit
weight measurements. From the folléwing'equation (Equation 2 with Poisson's
ratio equal to 0.26), a compressional wave velocity observation, in_cbm—
bination‘with a cofresponding value of unit»weight,Acan be utilized to
estimate the dynamic elastic modulus as would be measured using the

transverse resonant frequency method:

& V2w :
Er—5670.............v..... .Eq.3

Awhere ﬁr estimafgd dynamic modulus in psi;
Ve = compressional wave velocity in ft/sec,
W = unit weight in pcf.
Since the dynamic modulus is generally thought to be indicative of
deterioration due to freeze-thaw cycles (ASTM-C290 and C291) it follows
that dynamic modulus values estimated from observations of the compres=

sional wave velocity should be similarly indicative of deterioration

within a bridge deck.




5.3 Relation gi-Velocify_Eg_Chord Modulus, E¢

The theoretically based relafionship pf chp to elastic (chord)
modulus was also examined, from measurements made on 56 cylindrical
épecimens. Thirty-six of the specimens were 6 inch diameter x 12 inch
high cylinders. Three replicate specimens were cast from each of the
previously mentioned twelve batches bf concrete. The remaining twenty
spécimens were cores of various origins, described in Table A-3, Appendix
A. Velocities were determined by the "timing through' technique, unit
weights were determined from the weighté and dimensions of the specimens,
and the chord moduli, Ec, were determined by stress-strain observations
(ASTM C469). The results of these measurements, as well as computed
values of chp, are given in Table A-3 of Appendix A.

A plot of the chord modulus versus chp is shown in Figure 6. In
this case the line which best fits the plotted points coincides with
the theoretical line for Poisson's ratio equal to 0.32. One can note
from this plot that fairly reasonable estimates of the chord moduli
could have been made from values of chp if 0.32 had been assumed for
the Poisson's ratio of all specimens.* The standard deviation and
the coefficient of variation for the brediction errors, assuming 0.32
for Poisson's ratio, are givén.in Table III. Also shown in this Table
are similar values for the within batch replication errors for both the

chord modulus and chp.

* The apparent increase in Poisson's ratio over the value of 0.26
previously found is attributed to the fact that the chord modulus,
E:, is usually found to be substantially smaller than the dynamic
modulus, Er ’ :

=20-
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Table III: Errors associated with Chord Modulus
and the Quantity chp

‘Standard Coefficient
Number - Deviation of Variation
of Tests (10° psi) (percent)

Prediction Error (E, ~ 0.699 V 2p) 56 0.503 - 12.0
Within batch replication errors in E, 36 0.348 7.3
Within batch replication error in chp 36 0.164 ; 2.4

Again there is substantial agreement betweeﬁ'two methods of deter-
mining moduli. Velocity and unit weight can be uéed in the following
equation (Equation 2 with Poisson's Ratio equal to 0.32) to estimate the
chord modulus as would be determined with stress-strain measuréments,

(ASTM C469):

ﬁc = %2%%-. e e e e e e e e e e e e e e e e c e Eq. 4
where éc = Estimated chord modulus in psi,
Ve = compressional wave velocity in ft/sec., and
W = Unit weight in pcf.

Thus, observations of compressional wave velocities should make it
possible to rank the concrete at'a number of locations with respect to
the chord modulﬁs. To the degree that a decrease in chord modulus
indicates the occurrence of quality deterioration, the velocity measure-

ment can serve to locate the extent of this deterioration.

5.4 Relation of Velocity to Compressive Strength
The relationship between the compressional wave velocity and

compressive strength was explored by measuring the ultimate compressive

-22—




strength (ASTM C39)* of the 56 cylindrical specimens used for the chord.
modulus detefminations. VThe compreséive strength values are given in
Table A-3 of Appendix A. " | |

No consiStent'relationship was found émong ail»the cylindridal speci-
meﬁs, but separate tendencies were noted for the Qelocity to increase
witﬁ strength~within each group of cast cylinders containing a given type
of coarse aggregate. Cores taken from beams were consistently higher in
strength than cylinders cast from the same concrete Batch, althoﬁgh
their modulus values and their velocitiesvwere substantiallj alike.

While no useable relationship could be established for éstimating the
strength of all the cylindrical specimens from the measured velocities,
the consistént trends for velocity to increase with modulus for all
concretes tested and to increase with strength within groups having
similar composition, indicate that velocity measurements, utilized

with discretion, are generally indicative of the quality of the concrete.

* Compressive strength of air-dried specimens was determined shortly
after measuring the velocity.
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6. PORTABLE FIELD~TYPE VELOCITY MEASURING INSTRUMENT

A veloéity measﬁring system particularly édapted for use in tﬁe field
was developed, utilizing the experience gained withvthe laboratory instru-
mentation described in Section 4. The basic considerations for its design
were portability, accuracy, freedom from coupling errors and convenience of
operation. Since'the instrument is intended for use on bridge decks,
pavement slébs and other concrete structures, of which only one flat sur- .
face may be accessible, it is based on the "timing along" principle.

The effect of time delays within the transducers themselves, or in the
coupling of the transducers to.the concrete, is minimizea in this system
by using an array of two transmitters and two receivers as shown in
Figure 7. This array ﬁetmits waves to be propagated from left to right
using the left transmitter or from right to 1eft using the right trans-
mitter. Time of travel, between the two receiving transducers, which are

spaced one foot apart, is observed first for one direction of travel and

then for the opposite direction. The two observed time-intervals are
then averaged to obtain a value which is sﬁbétantially independent of any
time delay in ;he coupling of either receiving transduéer. It can be
seen that any excess delay in one of these couplings will lengthen the
observed time-interval for waves travelling in one direction but will
diminish the observed interval by a like amount for oppositely travelling
waves.

Timing is accomplished by separately observing the first zero
crossiﬁg of each received signal on one trace of a dual-trace oscillo-=
scope and setting an appropriately shaped voltage step to occur at the

corresponding instant on the second trace. The appearance of this
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Figure 7: Array of four transducers for velocity measurement

using the '"timing along" technique. This array
propagates waves alternately in two directions,
thus minimizing coupling delay errors.
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oscilloscope display is shown in Figure 8. When this matching has been
done for both received signals the time—inﬁerval between the two voltage
steps has been set equél to the time-interval between the wave arrival
at the two receivers. The two voltage steps are utilized respectively
to start and stop a time-interval counter having a digital display
readable to the neareét one-tenth microsgcond.‘\A single switch on the
control panei defermines the direction of wave travel and selects which
of the received signals is displayed on the oscilloscope.

The complete instrument comprises the probe-shbwn'in Figure 9
together with the control unit and the oscilloscope shown iﬁ_Figure,lo.A
The appératus is intended primarily for operation fromAthe tailgate
of a station wagon and is powered, through an inverter, from the vehicle
battery.

The probe, which is weighted ﬁo 30 pounds to provide good coupling,
is attached to the control unit through a flexible cable. Electrical
couplihg between the transmit;ing and receiving transducers is minimized
by employing magnetostrictive transmitters with plezoelectric receivers.
Individual pulse generators are mounted directly on the probe above each
of the transmitting transducers, and réceiving prg—amplifiers’are mounted
adjacent to the receivers. Acoustic coupling through the frame of the
probe is made slow compared with the travel time in concrete by construct-
ing the frame of low-velocity plastic material.

Coupling of the transducgrs to the concrete surface, particﬁlarly
for somewhat rough or uneven surfaces, is facilitated by suspending the
transmitting transducers from the frame in a flexible manner and by

providing telescopic mountings for the receivers. Also, the receiving
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Figure 8: Representations of typical oscilloscope display -
showing received wave with three successive
adjustments of a voltage step used for :timing

~the wave arrival. ' : :




Figure 9: Measuring probe, employing four-
transducer array, used in the por-

table field-type velocity measuring
system.
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&

Figure 10: Timing unit and oscilloscope

' used with the measuring probe
in the portable field-type
velocity measuring system.
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transducers themselves are permitted to swivel in ball joints at the . -
bottom of their telescopic housings, and thus adjust themselves to the
local surface irregularities. A grease or starch couplant is placed
on the contact surfaces of the prqbg.

In operation it has been found thatra second operator can usually
reproduce the observed tiﬁe—inﬁervalsrto within about’d;4 microsécona
with fhe probe remaining stationary. Muchulargef variations are
generallyvencountered.ﬁhen the probe is ﬁoVed a few inches, due. to
the inherent nonuniforﬁity of the material.r Variagility of the time
delay in the couplings of the two receivers hés been found to réhge
from zero to as muéh as four,microseconds at some 1ocations, but‘és
mentioned, averaging the obsefvati@ns for two directions 6f travél cén—
cels this effect. Accordingly, the accuracy of this veloéity meter
appears to be limited principally by its readability and by the
variability within the concréte. For an observed travel time of 60
_ microseconds for one foot, which corresponds to a velocity of 16,700
feet per second the readability of 0.4 microsecond represents about
0.7% error and for a speed of 100 microseconds per foot which corres-
ponds to 10,000 ft/sec it is 0.4%. It cdan be seen that the inaccuracy
might be up to ten times larger if the coupling delays were not
averaged out.

A limited number of measurements have been made with this instru-
ment in the field on bridge decks. In general the system has proven
fieldworthy and its measurements appear to have adéquate accuracy
and resolution. It appears to be stable, rugged and simple to operate.
The velocities observed on the few bridges tested were all representative
of good quality concrete. Further field evaluation of this instrumenp

is planned together with supplementary strength tests at the same sites.
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7. CONCLUSIONS

1. Compressional wave velocities measured by the "timing along"
technique were found to be in substantial agreement with velocities

measured by the "timing through"

technique. Thus; the "timingAalong"
technique, Which is more conveniently applicable on bridge-~decks and
other concrete structures of which one flat surface is accessible,

can be utilized, in conmection with relationships estéblished by either
techﬁique, to evaluate the velocity-related properties of concrete

in situ.

2. The compreésional wave véloéity and uﬁit weight can be used
to estimate the dynamic modulus'of,concrete as it would be determined
by the transverse resonant frequency method (ASTM €215).

3. The compressional wave velocity and gnit weight can be used
to estimate the chord modulus of concrete as determined from stress-
strain measufements (ASTM C469).

4. No consistent rela;ionship was found between velocity and
strength among all concretes tested; however a trend was found for
velocity to increase with strength within concretes containing like
coarse aggregates.

5. Compressional wave velocity in concretes-of similar compo-
sition is generally related to their quality. Slower velocities
indicate poorer quality, lower modulus and diminished strength on a
given bridge deck or other structure having a single concrete batch design.

6. The portable field-type velocity measuring instrument developed
in this study appears to fulfill its design objectives and to be applicable

to the problem of detecting the degree and the areal extent of quality

deterioration of concrete in bridge decks.
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APPENDIX A

Included in this Appehdix are tables of data pertaiﬁing to the
concrete specimens tested. Beams and cylinders were cast from a
varietyrof concrete batches which were desigﬁéd to approximate the
range of concrete broperties typically found in Texae. Sﬁpplementary
specimens were of various origins as noted in Tables A-2 and A=3.
Most of tﬁese were of unknown composition which had been deteriorated

by freeze-thaw cycling in a research study conducted several years -

previously.




Table A-1:" Concrete Batch Design

Design Actual Water
Batch Type of Coarse Cement Factor Cement Ratio**
Designation Aggregate* Sacks/C. Y. » Gal/Sack

1PD River Gravel 5 5.6

2PD River Gravel 5 - 5.8 ;
3PD River Gravel 6.5 3.9

4PD River Gravel 6.5 ' 3.9 =
5PD Str. Lightweight 5 6.9

6PD Str. Lightweight 6.5 5.3

7PD Crushed Limestone 5 7.2

8PD Crushed Limestone - 6.5 v 5.3

9PD River Gravel 4 7.5
10PD River Gravel 4 7.5
11PD - Crushed Limestone 4 9.2
12PD Str. Lightweight 4 8.8

* Natural sand was used in all batches for fine aggregate.

*% The quantity of water estimated in mix design was adjusted during
mixing to obtain a 3 inch slump in all batches.



Table A-2: Data from Tests of Beam Specimens

Velocity : Velocity Unit Weight Dynamic Modulus chp

Specimen (V. through) (V§1 along) W) - (Ey) ASTM C 215 (computed)

designation* 103 ft/sec 103 ft/sec pef 10% psi . 105 psi
1PD-1 14.6 14.4 143 , 5.78 ' 6.58
-2 14.4 14,5 144 6.05 6.45
-3 14.8 14.5 145 _ 6.36 6.86
2Pp-1 14.4 14.2 144 ' . 5.88 - 6.45
C=2 14.4 14.0 143 ‘ 5.43 6.40
-3 14.4 14,0 142 .5.93 6.36
3PD-1 15.2 14.8 147 6.07 ‘ 7.33
' -2 15.3 14.6 148 : 6.69 7.48
-3 15.3 : 14.6 146 : 5.07 7.38
. 4PD-1 15,2 14.8 148 6.41 7.38
5 -2 15.4 14.8 145 _ 6.62 - 7.42
-3 15.3 14.8 146 6.29 7.38
5PD-1 12.2 - 12,0 108 2.92 B 3.47
- 12.4 11.9 110 - .2.99 3.65
-3 12.4 12.1 109 3.03 3.62
6PD-2 12.8 12.8 111 3.35 3.93
-3 12.9 12.4 112 3.44 4.02
=5 12.9 12.4 111 , 3.35 ' 3.99
7PD-7 14.5 14.4 140 5.57 6.35
-8 14.5 ' 14.0 141 ' 5.44 6.31
-9 14.4 14.4 142 5.15 6.36
8PD-7 14.5 13.7 : 142 ~ 5.06 6.44
-8 _ 14.4 13.6 142 5.62 : 6.36
~-11 - 14.5 14.0 . 143 5.76 6.49
9PD-7 14.9 - 14.8 145 5.64 6.95
-8 ' 15.1 14.8 146 5.78 7.19
-9 15.2 14.5 149 6.54 - 7.43
10PD-7 15.1 14.7 147 6,29 7.24
-8 ' 15.1 14.8 146 5.92 7.19
=9 15.2 15.1 ‘ 147 6.04 7.33
11PD-7 14.2 13.8 - 143 4.79 ) 6.22
-8 14.3 - 13.9 144 5.01 6.36

-9 14.5 14.2 141 4.87 v 6.40




Table A-2.(continued): Data from Tests of Beam Specimens

Velocity Velocity Unit Weight Dynamic Modulus chp

Specimen (Ve through) (V.! along) (w) (Ep) ASTM C 215 (computed)

designation* 103 ft/sec 105 ft/sec pef 105 psi 10% psi

12PD-7 12.5 : 12.4 116 3.09 ' 3.91
-8 12.5 11.8 116 3.04 3.91
-9 12,6 12.2 115 : 3.24 3.94
C~4 12.9 ' ‘ 142 : 2,82 , 5.10
D-42 14.0 : 145 4.56 6.22
D-43 14.3 o 146 5.06 6.54
DO-12 113.9 : 143 4.95 5.96
GB~-1 12.8 107 2.98 3.78
GB-2 12.0 107 3.09 3.33
GB-3 12.6 109 2.95 3.74
IMID-1 11.4 : 98 1.85 2.75
. 1MID-3 11.4 99 2.19 2.78
L "3FTW-1 ;1.8 100 2.02 3.01
3FTIW-2 10.9 97 1.99 2.49
3FTW-3 11.2 _ ' .99 2.01 2.68
4FTR-2 11.4 ‘ ' 108. 2.79 3.03
4FTR-3 : 11.5 : 108 2.77 3.08
5FTH-2 13.1 138 . 3.71 5.11
5FTH-3 12.8 140 3.76 4.95
28R~1 9.8 105 1.18 2.18
28R-2 9.4 100 1.10 1.91
28R-3 10.5 . 106 1.43 2.52
237-2 11.4 109 . 2.64 3.06
237-3 11.6 3.11

107 2.61

3 Specimens 1PD-1 through 12PD-9 were 3 x 3 x 12 inch beams cast from the concrete batches listed
in Table A-1. The remaining specimens were similar beams of unknown composition which had been
subjected to freeze-thaw cycling in a research study conducted several years previously.




Specimen

designated*

1PD-8
-9
-10
2PD-8

[¢]

Table A-3: Data from Tests of Cylindrical Specimens

Velocity
(Ve through)
103 ft/sec

FONMODONLWUNORRAMOIGALNOUGI YN S LWL

Unit Weight

(w)

pef
145
141
144
143
143
144
147
146
151
147

- 145

147
111

- 110

110
113

113

112
143
143

C 141

143
145
145

147

147
148
147
149
147
143

143
143

‘Chord Modulus
(E) ASTM C 469%%
10% psi
5.10
5.49
5.45
5.85
5.66
4.72
6.05
5.66
6.07
6.18
5.8¢9
7.22
2.39
2.65
2.70
3.36
3.29
3.10
4,65
4.66
5.17
4,62
5.60
5.36
4.98
5.16
4,94
6.04
6.04
6.31
4.26

4,18
4.14

Compressive Strength
ASTM C 39%%*

103 psi
3.91
3.61
3.98
3.79
3.92
3.39
4.61
4 .64
4.95
4.52
4.85
4.50
4.57
4.72
4.42
5.69
5.35
5.41
5.36
5.29
4.78
5.63
6.64
6.64
2.65
2.58
3.03
3.0%
2.83
2.79
2.45
3.13
2.96

V2o
(computed)
106 psi

7.62

7.60

7.56

7.42

7.42

7.56

8.85

8.58

9.09

'8.96

8.73

8.74

4.50.

" 4.01

4,14

4.45

4.51

4.47

7.13

7.51

7.22

7.32

7.62

7.72

7.62

7.43

7.87

7.92

8.03

7.72

7.13

6.95
7.04




Table A-3 (continued):

Data from Tests of Cylindrical Specimens

Velocity Unit Weight Chord Modulus Compressive Strength Vo2

Specimen (V. through) (w) (E) ASTM C 469%% ASTM C 39%% (computed)
designated* 108 ft/sec pef 108 psi 103 psi 106 psi
12PD-1 12.9 115 2.82 1.77  4.13
-3 +12.8 116 2.43 2.02 4.10
-4 12.9 117 2.36 1.93 4.20
1PD-3 14.1 143 4,94 4.17 6.14
2PD-2 13.6 141 5.10 4.64 5.63
12PD-12A 11.7 108 2,63 3.37 3.19
12PD-12B 12.1 108 2.66 3:39 3.41
- FW-1 14.9 153 4.93 -5.51 7.33
Fw~2 14.5 C 147 5.62 4 .41 6.67
FW-3 14,6 147 5.38 4.64 6.76
C-4 12,7 140 2,93 3.38 4.87
D-42 14.4 144 3.88 5.11 - 6.45
o  DO-12 13.9 143 3.07 4,54 5.96
o GB-2 12.0 106 2.68 5.66 3.29
IMID-3 11.2 99 1.87 4.36 2.68
1KRFT~2 9.9 123 0.99 2.48 2.60
3FTW-2 10.8 100 1.66 3.10 2.52
3FTW-3 11.0 101 1.98 3.16 2.64
4FTR-3 11.1 106 2.29 4.34 2.82
5FTH-2 12.8 145 3.55 3.32 5.13
10D-1 11.4 101 1.90 4.57 2.83
28R-2 10.1 103 1.59 3.13 2.27
237-1 12.1 106 2.65 5.15 3.35

* Specimens 1PD-8. through 12PD-4 were cylinders,
from the concrete batches listed in table A-1.
were cores, 2-5/8 inches in diameter by approxi

6 inches in diameter by 12 inches long, cast
The next four specimens, 1PD-3 through 12PD-12B,
mately 5 inches long, taken from 3 x 3 x 12 inch

*%

beams cast from the concrete batches listed in table A-l1. The next three specimens, FW~1 through
FW-3, were cores 4-1/2 inches in diameter by approximately 6-1/2 inches long, taken from a bridge o
deck. The remaining specimens were cores, 2-5/8 inches in diameter by approximately 5 inches

‘long, taken from 3 x 3 x 12 inch beams which had been subjected to freeze-thaw cycling in a

research study conducted several years previously.

Chord modulus and compressive strength of air-dried specimens were determined shortly after
measuring the velocity. ' '




