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ABSTRACT: An investigation of amethod of determining air content of hardened concrete
by gamma-ray transmission was conducted, based on the premise that since gamma ray
tranemission wae related to density, it could also be related to concrete air content, de-
pending on the correlation between air content and density. A direct statistical compar-
ison was attompted between air content as measured by the linear traverse method and by
gamma-ray trangmission. A sealed source of radium 226, a scintillation detector, and
appropriate scaler were used to measure cylindrical samples of hardened concrete of
varying lengths made with three kinds of coarse aggregate. The theoretical agsumptions
proved tobe incompatible with the experimental techniques and the analygisof error com-
ponents, performed subsequent to this study, investigated and defined the effects on con-
crete density of variables other than air content. This study concludes that there are
certain inherent limitations in the nuclear method for measuring air content of hardened
concrete which cannot be eliminated by further research or additional instrumental devel-
opment,
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PREFACE

A research project that fails to attain its objectives often proves to
‘be of considerable value despite the initial disappointment accompanying
its apparent lack of success. Such projects, although not directly produc-
tive or profitable, often prove to have significant, indirect value to future
workers in the discipline concerned. The value of such studies lies in the
guidance they provide to future experiment designers by delineating pitfalls
to be avoided and the approachesthat are non-productive of useful results.

The reportthat follows describes indetail the assumptions, equipment,
procedures, and results of one such study. It describes an attempt to
evolve a direct-transmission, nuclear-type, non-destructive measurement
system for determiningthe air content of hardened concrete. As the study
progressed it became apparent that the resolving power of the equipment
developed was not sufficient to measure concrete density variations due to
air content with the degree of accuracy required in highway work.

_ An analytical study of the density variation effects of the ingredients
of concrete, other than air, hasbeen made a part of the report (pp. 15-22).
This analysis was performed subsequent to the main study and pointsup the
inherent difficulties in measuring air content by density determinations.
These results show that the magnitude of density variation due to air con-
tent alone is secondary to variation caused by the other constituents of
highway concrete,



INTRODUCTION

Conventional methods of determining the air content of hardened con-
crete include derivation from density (unit weight) (1), the high-pressure
method (2,3), the linear traverse (Rosiwal) method (4), and the modified
point-count method (4}, Currently, the Michigan Department of State High-
ways uses the linear traverse method, :

In April 1963, the Michigan Department of State Highways prepared a
researchpreoject proposal to the U, 8, Bureau of Public Roads for Federal
financial participation under the Highway Planning and Research Program,
The project was approved, and work was started in July 1263,

The purpose of the study was stated as the determination of the fea-
sibility of a test for air content of hardened concrete based on the relation-
ship between the air content andgamma -raytransmission, and development
of such a test if shown feasible. From previous studies in the nuclear lit-
erature it is known that the density of a material is related to the linear
attentuation factor (u), which is used to measure the decrease in gamma
rays as they pass through the specimen for which density is determined.
In this study, it was assumed that if density could be measured, the air
content of the concrete might also he obtained, sincé there should be some
relationship between density and the concrete air content.

_Theoretic al Basis

If a beam of gamma radiatien of intensity (I) is.incident to a layer of
matter of thickness (x)}, the intensity of the emerging beam will be a function
of the energy, intensity, and collimation of the incident beam, and of the
kind, density, and thickness of the matter. Under appropriate conditions
use is made of these relationships in nuclear physics in determining the
absorption coefficients (u) of pure materials, where

AL = ~plAx, | (1)
énd after integrating_

I - '
= = e HX : ) (2)



Kaplan (2) and others have shown that proper use of Equations 1 and 2
is restricted to situations in which the gamma radiation is monoenergetic
and well collimated to a small solid angle, and the absorber is thin com-
pared to itsarea, Under these conditions ¢ ig found to be independent of x.

It was not known at the outset how u would vary with x in the case of
relatively thick layers of such a heterogerneous material as concrete; there-
fore, it was decided to hold x as constant as possible and to investigate the
relationship subsequently. Moreover,-a decision to use available radium
226 as a source of gamma radiation precluded any assumption of ‘Kaplan's
prerequisite of a monoenergetic incident beam. Nevertheless, it was felt
that even under these conditions i should be'a function of specimen density
and that its relation to air content should be explored: Solving Equation 2
for p yields: : : . e I :

o dnl. ~ 1n T T -
u:O—IX ’ N _ (3):
, - ; . .

Specimens for Study

Since air content determinations on hardened concrete are normally
conducted oncored field specimens . it was felt desirable to base the study
on cylindrical specimens cast inthe laboratory. Three series of specimens
were therefore prepared, one series containing anatural gravel as coarse
aggregate, one a limestone, and one a slag. The gravel series was pre-
pared twice, the first time consisting of eight batches of different air con-
tents, each of which was cast into three 6-in, diam by 12-in. long cylin-
ders. The second gravel series and the limestone and”slag series each
congisted of five bdtches having different air contents, each batch also
being cast into three 6= by 12-in. cylinders. All batches of the three five- -
batch series contained approximatély 1.2 cu ft 'of concrete, permitting
slump measurements and Acme low pressure air content determinations
(ASTM Designation C 231) on material not used in casting the cylinders.
For the slag series, Roll-A-Meter air checks (ASTM Designation C 173)
were made in lieu of low pressure readings. Cylinders were removed
from themolds 24 hr after casting for early determination of their nuclear
1t values, and thencured for 28days in themoist room. Table 1 gives mix
proportions for all series,



TABIE 1
TEST SPECIMEN MTX PROPORTIONS

Bateh | Comont Dry Aggregate, lb | 0 1 Air_Entraintng Stump, | Fresh Mix m‘;‘t
iC ) .
No. | 1@ | Fine | Course® water Ageny i, | AT ontents { weignt,
2 N8) (64) m percen pof
- ™
3 1 18,2 56.4 67.2 8.15 0.0 2 7/8 2.1 151.8
8 2 19,2 53.1 67,2 8, 42 3,0 2 5/8 3.95 149.9
o 3 19,2 49,8 67,2 7.98 6.0 2 7/8 4.4 - 149.8
§ 4 19.2 49,8 67.2 9. 00 9,0 t3/4 4.9 147.3
m 5 19.2 49.8 67.2 8.91 9.0 21/8 5.8 146, 0
& 6 19,2 46,5 61.2 8.48 12.0 21/8 6.1 145, 9
%" 7 19.2 48.5 67.2 8. 06 25, 0 41/8 8.7 142.5
8 19,2 43,2 87.2 7.72 30,0 317/8 9.5 141, 7 )
\ . _ <
i 21,0 62, 0 74. 0 9.27 0.0 13/4 2.0 154, 8
5w 2 21.0 62.0 74.0 8.14 2.0 11/8 3.8 164.5
= ﬂ 3 21,0 62.0 74,0 9,15 10,0 23a/8 6.6 148.5
88 1 210 62,0 74.0 8,40 B. 0 16/18 4.4 153.5
5 21.0 62,0 74.0 8.7 25.0 15/8 8.0 146.5
o
2l o 1 21,0 62,0 74,0 10.48 0.0 2 1/4 L4 153.8
A[EF 2 20 e 74.0 9.66 2.0 11/2 3.0 152.2
ala 3 21,0 62,0 74,0 B.22 5.0 17/8 4.8 150.0
SIS 4 210 62.0 74.90 9. 04 8.0 2 8/4 7.4 145.0
o = B YW 62.0 740 9.66 12.0 31/8 8.8 142.5
[
B 1 21,8 64.5 66. 0 8. 85 0.0 13/4 2.5 145.7
H 2 21,0 62.0 83,5 7.11 2,0 2 1/4 4.1 143, 2
HFa 3 21,0 62.0 63.5 9.48 5,0 3 3/4 6.8 140, 7
“ 4 21.0 62,0 63.5 9, 62 8.0 41/2 9,8 134, 7
L 5 21,0 62,0 63.5 9.10 12.0 43/4 9.6 133.8
\ Y,

@) Peerless Type 1
() ot yp

" Gravel - Boichot, Lansing (1-in, max)
Limestione - Inland Lime & Stone
© Slag - Levy, Detroit
Darex

Design of Equipment

The equipment used in the study (Figs. 1 through 4) was patterned after
normal laboratory setups used instudying the effects of absorbers on gam-
ma radiation, with allowance for the large volumes of the test specimens.
A housing was designed to accommodate a leadsource holder, the specimen,
collimating device, and sensor along a common axis, with provision for
varying distances as required, Enough shieldingwas built into the housing
so that when the source holder contained a 5-millicurie source of radium
226-beryllium, not more than 5 milliroentgens per hour of garmma radia-
tion was present at any point of the surface of the housing.

Geometry. The lower portion of Figure 4 shows the geometrical ar-
rangement of the setup schematically. The impinging gamma-ray beam
subtended all but the outer 1/2 in. of the incident face of the Specimen, in
order to avoid marginal irregularities such as chipped edges. Similarly,
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radiationpassing through the specimen was selected for measurement only
from portions of the emergent face no closer than 1/2 in, to the edge. A
conical taper of the source collimator of 16° fixed a source-to-specimen
distance of 20-1/2 in. between the source capsule and the incident face of
the specimen, and a taper of 439 10! in the detector collimator fixed a
separation of 7-3/4 in. between the emergent specimen face and the leading
face of the scintillation erystal. These distances were based on the use of
6-in. diam specimens, whose length ("x" in Eqs. 1, 2, 3) might have any
value up to 12 in. The housing was therefore constructed to provide a
maximum source-~to-crystal separation of 40-1/4 in. as shown in the dia-
gram, with provision for altering the parameters as required in order to
accommodate 4-in. diam specimens. The axis of the source container was
coincident with the longitudinal axes of the specimenand sensor. A source
holder that could be detached from the rear portion of the source container
permitted source removal without movement of the 70-1b container. Abore-
sighting insert could be placed in the opening provided for the source holder
to facilitate visual alignment. The housing consisted of three compart-
ments supported by a common base.

Source Compartment, The source container rested upon an oak cradle
having two wheeled axles (Fig. 1). The wheels rode on an aluminum sup-
porting frame, and traversing was aided by a 20-turn-to-the-inch screw.
The assembly could be traversed so that the source-to-specimen distance
remained constant regardless of specimen length, or this distance could
be altered if desired. A cover clamp locked the entire compartment.

Specimen Compartment. This compartment, located in the center of
the housing, contained three oak supporting members spaced to accept the
complete range of specimensizes (Fig. 2). Theemergent face of the spec-
imen was placed in contact with a stop, which projected from the support
nearest the sensor compartment, Thus, a constant specimen-to-sensor
distance was maintained regardless of specimen length (this distance could
be altered if desired by changing the location of the stop). Provigion was
made to accept samples of 4-in, diam by means of supporting member
adaptors.

Sensor Compartment. The sensor compartment (Fig. 2) was designed
around a conical multibular collimator and a scintillation detector. The
collimator (Fig, 3) ""saw" all but the outer 1/2 in. of the specimen's emer-
gent face. It was'adapted from the theory underlyingthe development of the
Potter-Bucky grid, usetul in x-ray technology for permitting passage only
of radiationparallel tothe openings. The scintillation detector was at such
a distance from the collimator that the gamma photons emerging from the




collimator crossed over to form a divergent beam coveringthe entire 2-in.
crystal, Leadshielding covered the detector shell to reduce spurious radia-
tion at the crystal. A clamp in the compartment cover held the detector
in the operating position.

LABORATORY PROCEDURE

Effect of the Random Nature of Radioactivity

With any system based onnuclear disintegration of matter, the random
nature of the disintegrations introduces an uncertainty into determination
of the disintegration rate. The magnitude of this uncertainty is a function
of the square root of the total number of disintegrations observed. The
present study required the determination of two count rates for each test
(withand without the specimen), and it was operationally convenient to have
the random errors of these count rates equal. This was accomplished by
determining the count rate (intensity) from the time required to record a
given total count, rather than by recording the total count reached in a
fixed time period. Coincidence losses are not taken into account in these
relationships.

Three total count values were considered: 104, 109, and 109 counts.
The 0.95 errors of count rates based on these total counts are about 1. 96,
0.62, and 0.196 percent, respectively. This means in effect that there are
95 chances out of 100 that the uncertainty due to the random nature of radio-
active decay will not exceed the percentages cited. Counting times for
6-in. diam, 12-in. longconcrete cylinders were found to average 0.7, 7.0,
and 70 minutes, respectively, for total counts of 104, 109, and 106 per
specimen, A total count of 109 was therefore selected as a standard, re-
quiring approximately 7 minutes to achieve with the specimen in place,
which was considered areasonable length of time., With the specimen re-
moved, the same total count was reached in about 1-1/4 min.

Effect of Lerngth Measurement

Iftcan be seenfrom Eq. 3 that considerationmust be given to the error
in determination of the specimen length (x). Test specimens deviate in
varying degrees from true right cylinders, and average cylinder height (x)
was estimated. To preserveaccuracy in measuring cored samples, which
were used later in the study, it was found necessary to saw off the lower
jagged portion of the sample before measuring and testing.



In determining x, the specimen was placed upright on a metal plate
and its height measured witha height gage (Fig. 5). Twenty-five readings
taken to the nearest 1/64 in., at random locations on the top surface were
averaged to arrive at a value of x that was considered reliable., Individual
readings taken on a specimenin this manner had a standard deviation from
the mean of 0. 035 in,

Figure 5. Determination of speéimen length.

Effect of Moisture

It is known that hardened concrete of a given air content may vary in
moisture content. It is therefore necessary to ascertain how variations
in moisture content will affect the correlation between p in Eq. 3 and the
air content as determined by conventional methods. It was decided to in-
vestigate this effect at the extremes of moisture content,

After completion of the curing period, all 24 specimens of the first
gravel series were checked for air content by the high-pressure method.



This had the effect of saturating them with water under high pressure.

While still saturated, their p values were determined aCCor'ding to Eq. 3.
The average p value of the three specimens in each batchwags plottedagainst

average air content of thebatchas determined by the high-pressure method.

The specimens were then oven dried for 72 hr at 225 F, cooled to room

temperature, and their u values redetermined. Figure 6 shows bhoth sets

of u values plotted against the high-pressure air content results.

|
3300 o .,
al
3200
BEFORE
< OVEN DRYING
=]
»
=
AFTER OVEN DRYING
300 —
NOTE: Fach batch number represents 7
the average of three 6-by 8-in, hardened
conerete cylindrical' specimens, first *o 8
water-aaturated and the oven dried.
Maximum moisture loss =4 pcf.
. !Aa
3000 | ] i ] i | |
) 2 3 4 5 -] 7 8 9

AIR CONTENT (HIGH PRESSURE METHOD) ; PERCENT

Figurc 6. Effect on p of moisture extremes in gravel specimens,

Weight losses after drying indicated that the specimens had contained
as much as 4 pcfof free water. Comparison of the twocurves in the figure
shows that the difference in g values at the extremes of water contentcor-
responds to a difference of about 0. 8 percent ofair. The range of moisture
found in typical field hardened concrete cores would not be this greaf and
therefore the error from this source would be proportionally reduced.
(However, for high porosity aggregates such as slag, the moisture range
could be greater than for the specimens in Fig. 6.)



Development of Calibration Curves

Effect of Source Type. The effect of source type was determined ex-
perimentally. Three sealed gamma-emitting sources were available--
cobalt 60, cesium 137, and radium 226-beryllium. - Using each in turn,
apreliminary trial sctup was arranged with the aid of temporary supports,
and g values were obtained forall of the cylinders of the eight-batch series
containing gravel aggregate. The sensor employed in these experiments
was a Gelger tube mounted in a counting chamber withthe door open. Temp-
orary shielding and partial collimation were used. o

The results, shown in Figure 7, indicate no evident advantage of cobalt
or cesium over radium. In fact, the correlation between linear traverse
air content results and the p values obtained with radium is somewhat better
than with the other two sources. Moreover, the extremely long half-life
of radium 226 (1620 years) eliminates the need for periodic recalibration
whichwould be required with cobalt 'ancl desirable with cesium, The range
of uncertainty in predicting air content from nuclear measurements when
using a cobalt 60 or cesium 137 source is approximately 2.7 percent air
while for a radium 226 source it is approximately 2 percent. The specimens
used inthe experiments were normally 4-in. sections cul from the original
12-in. cylinders. The detector employed was a Tracerlab TGC-2 counter
operated at 1350 v. N was 128, 000 counts for each determination.

Calibration Curves for Fr'ésh Concrete. ‘i_Using the preliminary trial
setup, but with the Geiger tube replaced by a DS-5scintillation detector,
i values were determined for each of the 15 cylinders prepared as test
specimens in each of the three five-batch series, 24 hr after molding. N
was 109 counts in all cases, with an applied voltage of 1200, Figure 8 shows
theindividual p values plotted against batch air contents determined on the
fresh mixes by the Acme low pressure meter (ASTM Designation C 231)
for concrete of varying air contents and a single source of gravel and a
single source of limestone, and by the Roll-A-Meter (ASTM Designation
C 173) for concrete with a single source of slag, The data indicate that
separate calibration curves are required for concretes made with different
coarse aggregates. Data for thepoints in thegraphs are given in Table 2.

Calibration Curves for Hardened Concrete. Using the final, com-
pletely housed, shielded, and collimated unit shown in Figure 4, u values

f

were redetermined for the 12-in. cylinders. The new vilues are shown

plotted against linear traverseair content results in Figure 9. Two effects
in particular are to be noted: 1) u values have been reduced in magnitude,’

-10-
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Figure 8. Relationship of aggregate type

- and u value.

Figure 9. Calibration curves with con-
{idence intervals for individual specimens
in terms of percent air content, Each
point represents an individual 6- by 12-in.
hardened concrete specimen containing
the coarse aggregate indicated, Mich-
igan specification for air-entrained high-
way concrete is 5.5+ 1.5 percent air.
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 TABLE?2 |
SUMMARY OF FRESH CONCRETE TEST DATA

| wvalue | Freshmix Cy?ii'éselﬁyzthr
Cylinder | 24 hr After Air Content, .
: - - ; After Molding,
Molding percent pof

f’ f
G 1211 0.2311 2.0 150, 74
G 1212 '0.2310 2.0 149, 84
G 1213 0.2316 2.0 ‘150,25
G 1221 0.2299 3.8 148,18
G 1222 0, 2301 3.8 148.78

1 Gizea 0.2299 3.8 148,16
21 G231 0, 2248 6.8 142,56
g G 1232 0.2247 6.6 142,22
G 1233 0.2259 6.6 142,33
G 1241 0.2287 4.4 146, 09
G 1242 0.2275 4.4 146. 09
G 1243 0.2279 4.4 146. 67
G 1251 0.2234 8.0 141,40
G 1252 0,2233 8.0 141.29
G 1253 0,2230 8.0 141,40

N\

(' L 1211 0,2281 1.4 149, 00
L 1212 0.2293 1.4 148.94
L 1213 0.2292 1.4 149,10
L 1221 0.2277 3.0 147.19
L 1222 0,2279 3.0 147,42

9! L1223 0.2270 3.0 147.56
&1 L1231 0.2249 4.8 145. 09
&1 11232 0.2246 4,8 144, 31
E L 1233 0.2256 4.8 145. 06
L 1241 0.2207 7.4 140, 32
L 1242 - 0.2207 7.4 - 140,67
L 1243 0.2213 7.4 . 140,92
L 1251 0.2181 8.8 138,12
1. 1252 0.2186 8,8 138. 12
L 1253 0.2176 8.8 137.50

\

( 8 1211 0.2211 2.5 146,01
5 1212 0,2232 2.5 145,70
5-1213 0.2228 2.5 145.70
S 1221 0.2205 4.1 145.35
S 1222 0.2216 4.1 144.42
8 1223 0.2220 4.1 144, 04
8 1231 0.2172 6.8 139.46

jf 8 1232 0.2166 6.8 138.75

w| § 1233 0.2166 6.8 139.53
S 1241 0.2109 9.6 133.72 -
8 1242 0.2114 9.6 133,93
8 1243 0.2100 9,6 133,42
8 1251 0.2101 9.6 135,57
‘8 1252 0.2095 9.6 135. 41
S 1253 0.2105 9.6 133,42

o

A
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and 2)the relationships have become more nearly linear than with the pre-
liminary trial setup. N was 109 counts, with linear traverse .detcrmina-
tions made on planes cut about 4 in. from the tops of the cylinders.

It should also bepointed out that these calibration curves were estab-
lished under highly controlled conditions--that is, using only one source of
gravel, one of limestone, and one of slag. Also, the mix proportions were
the same for all mixes. Thus. the calibration results would be expected
to reflect a much smaller variation than would be obtained under a test
condition where the relationship between concrete density and air content
would vary for any of the following reasons: '

1. Deviation of coarse aggregate Spe01flc grav1ty from that of the
calibration specimen.

2. Deviationof line aggregate specific gravity {rom that of the calibra-
tion specimen. '

3. Deviation of coarse agpregate- tOMmortar ratlo from that of the
calibration specimen.

4. Deviationof maximum gize and gradationof coarse aggregate from
those of calibration specimen. '

5. Deviation in chemical composition of coarse aggregate from that
of the calibration specimen. '

6. Deviationin theangularity charactemstlcs of the coarse aggregate
from those of the calibration specimen. ' :

Effect of Specimen Length. The effect of length of the specimen was
investigated simultaneously with a study of the effect of the distance be-
tween the source capsule and detector, or sensor. . Since it'was necessary
to conduct both studies on the same cylinders, to keep as many variables
constant as possible, and since the cylinders had to be cut, the studies
were conducted concurrently. ' ' '

One 6-in, diam by 12-in. long cylinder was se_lected from each of the
gravel, limestone, and slag series, such that their air-contents did not
vary by more than 0.5 percent from their mean leue of. 3. 6 percent pre-
viously determined on the wet mixes. These -cylinders had been molded
from material used to determine slump. .

~14-



As noted previously (see '"Geometry"), a 40-1/4 in. source-to-sensor
separation was provided in the housing to accommodate 12-in. cylinder
lengths in a manner designed to avoid edge effects by restricting the col-
limation at bothends to areas nocloser than 1/2 in, to theperimeter. This
separation, which could be varied at will by means of the tracking mech-
anism, had to be 36-1/4 in. for similar collimation at both ends of §-in.
long cylinders, and 32-1/4 in. in the case of 4-in. long cylinders. The
housing could be adjusted to other separations, to provide the same col-
limation for cylinders of any length up to 12 in.

The following steps were involved inthis particular study. The housing
track mechanism was adjusted to provide 40-1/4 in. source-to-sensor
separation, Values of u were then determined on the three 12-in. long
cylinders. Next, the upper 1 in. (approximately) was sawed off the top of
each cylinder, leaving the cylinders about 11 in. long. Values of i were
determined on the 11-in. lengths at each of the following four source-to-
sensor separations: 1) separation adjusted to give collimation (avoiding
edge effects) for the precise cylinder length measured, 2) 40-1/4 in.,
3) 36-1/4 in. , and 4) 32-1/4 in. Another slice of approximately 1 in. was’
sawed off the tops, and the same determinations repeated. Thisprocedure
was carried out until the cylinders were approximately 1-in. long (actually,
slabs about 1-in. thick and 6-in. diam). :

The experimental results are plotted in Figure 10, which shows u values
vs specimen lengths, Itcan beseenthat the ¢ value-vs-length curves level
off and become nearly parallel to the abscissa (length coordinate) when the
source-to-sensor distance is maintained constant, When it is adjusted to
provide constant end collimation at each specimen length, however, the
curve becomes steeper, the effect of length is more pronounced, and the

curve is straighter. In fact, it was found that in the latter casethe square
of the u value bears an almost linear relationshipinversely with the square
root of:the specimen length. This same procedure was followed with a
© 6~in. diam aluminum cylinder, with the results plotted alongside the curve
for the gravel-aggregate concrete specimen in Figure 1¢. Aluminum has
a density close to that of concrete, and of course is a pure, homogeneous
material,

Analysis of Error Components

Batch Variance is variationinbatch density due tovariation in specific
gravity and proportions of mix components, Sample Variance is variation
in density from core to core, or cylinder to cylinder, for a given batch
due to random location of aggregates. Assume total density variance tobe
a linear function of batch variance 0;,23 individual core sample variance

~15=
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Oﬁi and the variance resulting from the random nature of gamma ray
emission 0;f . The effect of moisture is eliminated by oven drying.
Mathematically expressed, these assumptions are as follows:

. , ,
0F, = OF, + 03 +0F . )

Now, batch density variance can be caused by variations inthe total weight
of coarse aggregate Wg, or fine aggregate Wg, aswellas the other com~
ponents 2 Wo . Using these terms batch density g canbe expressed as:

_ Wea T Wra+ TWo _ Pca Vea + PeaVea + 2 (#v)o (5)
Pa = - =
: v . v o
where V is the bhatch volume. '

By expressing between-batch density variance in terms of the pre-
sumed independent mix component variances, using a Taylor expansion
(5, 6), we have: :

2 _ b G2 42 L z2 g2 G2 2 2
05 = V2 ]:FCAUV t VeaOca ¥ Praly  + Ve Tp  + UZ(Pv)t;l (6.)

No data are available on Varlatmn in other components, which is pI‘Ob—'l
ably small, however, and will be assumed to equal zero. The specific
gravities of Mlch1gan concrete mix materials for 1963 and_ 1964 were as
follows:

‘Dens 1ty , g/emS | Volume ®)
. Standard
Aggregate Average Star}da:rd Batch Deviation,
- Deviation | Percentage
/o 7 - percent
: ‘ T v
Gravel (CA) 2.68 0.042 Not known Not known
Limestone (CA) 2.68 0. 020 Not known  Not known
Slag (CA)  2.27 0.010 44,8 2.0

Sand (CA) 2.63 0.028 32.3 2.8

(a) Datafrom 1963 to 1964 "Aggregate, Cement and Soils Summaries, "
published by the Testing Laboratory D1v1smn Michigan Depart~
ment of State Highways.,

(b) Datafrom F. E, Legg's '"Study of the Mixing Efficiency of a 34-E
Dual-Drum Paving Mixer,' Testing Laboratory Division, Michigan
Department of State Highways, February 1959.
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Next, we Study the expression for between-sample density variance.
O‘pzs . This will be developed on the basis of 1-in;; maximum size aggre- -
gate (gravel, limestone, or slag for 12-in. cylinders), with all other mix "
variables held constant. By using data from Figure 11 obtained in a cor-
relation analysis between air content by the linear traverse method and
oven-dry density, the followmg estlmates of between—sample variance
O'Pi are chtained.

Standard Error\ 2
of Estimate,

‘ Standard Error
Aggregate of Estimate,

pef - pef
Gravel 187 3.50
Limestone 1.25 ©1.56
Slag- - 0.63 040

We have developed expressions for U}o and O‘,ozs in terms of density
units (g/ém omY). However, tounderstand thelr influence on air content deter-
minations, we must convert them to equivalent percent wair (by volume)
units. This can be accomplished by noting the regression line slopes fitted
to the data in Figure 11. The slopes for gravel, limestone, and slag are
-0. 0257, -0. 0255, and -0. 0259, respectively. Takmg O 0257 as the com-—
mon conversion factor we find that a unit change i S'pelelc gravity is
equivalent to 40 units change in air content After convertlng these values
to percent air, we can add them to 0',:5 and G'N to provide the estimate :
of o"pz the square root of which is plotted in Flgure 12

An estimate of variance dueto radio-counting error O'N? can be com-
puted from the Michigandata using an error analysis procedure similar to
that already presented. - For aproper experimental setupusing enly trans-
mitted emission, this source of error can be made extremely small for
practical counting times. Because of excessive scattered gamma radiation
in the present setup, additional counting error was experienced. The fol-
lowing values for radio-counting error for various total counting times (also
shown in F1g 12} were obtained takmg these factors into con51derat10n

Time, min, O, percent air
1 2.82
3 - 1.26
10 0.89
15 . 0.74
30 | 0.53
60 S 0.39

-18-
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However, because of space limitations, development of these error values
is omitted from this report. : )

Figure 12 shows that 66 percent of the air content test results (one
standard deviation) can be expected to fall within plus-or-minus the value
shown on the top line for various counting times. For reduction of error
tothelower limits inthe regions designated, the assumptions areas follows:

All Regions

Samples are oven dried.

Region A

1. Errorin this region can be reduced withproper experimental tech—
nique. This involves proper 'geometry,'" counting time, and nuclear

source,

2. Coarseaggregate distribution in the test specimens does not effect
linear attenuation factor pu.

3. Chemical effects on gamma rays are uniform for all cylinders.

4, Counting time variability is zero.
Region B

Error in this region might be reduced somewhat (but not entirely) if
the following exact calibration curves are available:

For specific gravity of coarse aggregate.
For specific gravity of fine aggregate.
For coarse aggregate gradation.

For proportion of coarse aggregate.

For proportion of fine aggregate.

For water-cement ratio.

=2 LR S

Region C

Error inthis regionis irreducible because of between-sample (cylinder)
variability in dens1t1es due primarily to fluctuations in coarse aggregate
guantities,

- =20~ .



PRECISION LIMITS FOR 88 PERCENT OF
NUCLEAR AIR CONTENT DETERMINATIONS, PERCENT AIR

5.0

2.0

PRESENT NUCLEAR TECHNIQUE

OO WO 3
Srrseeletat s o...-..-_.an..-.-_..-.....---........
(NN N PN I L UL

NUCLEAR TECHNIQUE WITH ZERO COUNTING ERROR

A =Radioactive counting error due to.random nature of emisaion,

B =Variation due to between-batch differencea indensity for gravel, lime-
stone, or slag coarse aggregate (this error due to variation in specific
gravity of coarse and fine aggregates and to variation in amounts of

. concrete mix constituents).

C =Variation due to within-batch specimen differences in demsity {this
error due to variation in distribution of constituenta in a given concrete
mix hetween cylindera from a given batch).

NUCLEAR TECHNIQUE WITH ZERO COUNTING ERROR AND

“PERFECT CALIBRATION OF SPECIFIC GRAVITY

AND MIX DESIGN

100,

"TOTAL ERROR

IN LINEAR TRAVERSE

Figure 12.

NUCLEAR COUNTING TIME, MINUTES

Approximate error curves for 1-in, maximum size gravel, limestone, or slag.
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The analysis for this report is for 1-in., maximum coarse aggregate:. -

which is commonly used in bridge construction. Error analysis for pave-
ment concrete using 2-in, maximum aggregate was impossible, because
no significant relationship between air content and density could be found
for the air content range available.

Tests Using Field Specimens

Todetermine the gamma-ray method’s predicting power for field sp'ec—
imens, two air content tests series were conducted with field cores, using
both the linear traverse and nuclear methods. In thefirstseries, pavement
concrete cores containing 2-in. maximum size gravel were tested using
calibration curves basedon 1-in. maximum size gravel, with results shown
in Figure 13. In the second, bridge concrete cores of 4-in. diam con-
taining 1-in. maximum size coarse aggregate were tested. The linear
traverse and nuclear test methods failed tocorrelate ineither test series,
even though the air content ranges by the linear traverse method were 2 to
5 percent and 5.5 to 11 percent, respectively.. As shown in the preceding
analysis of error components, errors in measuring air content of field
specimens can be traced to the following causes:

1. Variation in density among different mixes, caused by differing
specific gravities of coarse and/or fine aggregates, orby varying propor-
tions of mix components.

2. Variation in density among cores from the same mix.
3. Variation inherent in radio counting.

Effect of these three error components are shown for the nuclear
method in Figure 12, These error sources, if 'expressed as :variances,,
are additive, thus permitting estimation of overall, total, or composite
error in field use of the method. For example, for a core found to con-
tain 5-percent air by the linear traverse method, two-thirds of the nuclear
determinations using current calibration curves will range from 1 to 9
percent air',- and one-third beyond that range. It should be noted thatin-.
creasing nuclear counting’time by any duration beyond 10 minutes would
result in very little reduction in this range. Even if coarse and fine ag~
-gregate specific gravities, as well as exact batch proportions for all con-
stituents, were accurately known--a practical impossibility-~then this
range could be reduced only to 3.81 to 6.19 percent air by the nuclear
method for a 5-percent linear traverse reading. From apractical stand-
point, calibration of the nuclear method could not reduce this range to

—-22~
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Figure 13. Comparison of air content predicted by the nuclear method, with air
. content measured by the linear traverse method.
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much less than i 3.95 percent air, By comp'ariso'n,' two-thirds of linear
traverse determinations by the same operator fall within a range of only -
+ 0.43 percentair, Similarly, gravel, limestone, and slag determinations .
fall within + 0.09, + 0,08, and + 0.29 percent air, respectively, using

the high pressure (Lindsay) method. ‘

SUMMARY AND PROJECT CRITIQUE

A method of determining air content of hardened concrete by gamma-
ray transmission was investigated. This investigation was based on the
prémise that since gamma ray transmission was related todensity, it could
also be related to concrete air content, depending on the correlation be-
tweenair content and density. A direct statistical comparisonwas attempt-
ed between air content as measured by the linear traverse method and by
gamma-ray transmission.

Specialized equipmentwas designed and constructed, including devices
for source-holding and shielding, beam-collimating, sample supporting
and aligning, and separationand tracking;and anintegral housing for safe
containment of source, specimen, and sensing pickup.

The method entails use of a b-millicurie sealed source of radium 226,
a scintillation detector, and an appropriate scaler. Neither pulse-height
nor energy-discrimination circuitry was employed in the study. Samples
consisted of right cylinders of hardened concrete of 6 in. diam and varying
lengths up to and including 12 in., made with natural gravel, limestone,
and slag as coarse aggregates.

No advantage was found to the use of either cobalt 60 or cesium 137
rather than radium 226, as a source of gamma radiation. Calibrations
were made for concrete specimens containing coarse aggregate of three
different types--a gravel, a limestone, and a slag. It is not known from
the present investigation whether each coarse aggregate source would re-
quire separate calibration, but it would appear from the experimental re-
sults and results of other investigations that the factors discussed pre-
viously (including: variations in specific gravity of coarse aggregate,
variationsbetween mixesin coarse aggregate or angularity of particles or
chemical composition), would have an adverse effect on accuracy deter-
minations of air content. Therefore, separaie calibrations for variations
in these items may be necessary to improve between-batch results and
bring them closer to within-batch results as shown in Figure 12.
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The report section titled "Effect of Specimen Length' points up the
fact that the laboratory apparatus developed was not successful inachieving
the "good geometry" required if Eq. 3(” _Infp-1n Ix) is to be applied.

X

Possible solutions to this problem would include:

1. Redesigning the laboratory apparatus to eliminate as much gamma-
ray scattering as possible,

2. Incorporating discrimination circuitry into the apparatus. Scat-
tered gamma-rays, being of reduced energy, could thereby be eliminated
from the overall counts, ’

3. Completely eliminating Eq. 3 from the procedure. Maintaining
sample length and apparatus variables at constant levels would permitusing
count rate itself as an index of dengity. This would also eliminate the
necessity for an Iy reading, thereby further simplifying the procedure.

As stated in the Preface to this report, the theoretical assumptions
are incompatible with the experimental techniques used in this inquiry.
The analysis of error components performed subsequent to the primary
study (and included in this report), investigates and defines the effects on
concrete density of variables other than air content. Had this work been
performed prior toundertaking the study, the poor relationships found to
exist between gamma ray transmission and air content might have been
predicted, '

CONCLUSIONS

From experimental results obtained, it is apparent that separate cal-
ibrations are required for predicting air content of concretes with the three
types of coarse aggregate--gravel, limestone, and slag. Further, from
limited testing of field cores, the inconsistency in results when using the
calibration curves for concrete with a given coarse aggregate inpredicting
air content, incomparison withthe lineartraverse method, indicates that
further calibration controls are necessary to obtain correlations that would
be satisfactory. (It is suggested that the limiting accuracy for anair con-
tent measurement would have tobewithin + 1 percent at a 95-percent con-
fidence limit.) Study of error components in nuclear determination of air
content indicates that even though the calibrations were perfect for the
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specific gravity of the coarse aggregate and for the mix proportions, the

variation would be larger than + 1 percent for one standard deviation and"
approximately + 2. 4 percent for a 95-percent confidence limit, Thus, even
an inordinate amount of calibration toeliminate between-batch variations

in density as a source of air content measurement variations would not

give sufficient precision for practical application. The nuclear method,

while giving some indication of air content, isnot sufficiently precise tobe
a practical method for such a measurement. This conclusionholds even
if "good geometry' could be obtained thereby removing the effects of spec-

imen length on y determinations.

It is also apparent from this study that the nuclear method has certain
inherent limitations in measurement precision of air content of hardened
concrete which could not be eliminated by further research or additional
instrumental development.
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