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A Field Investigation of the AE-55 Air Indicator 
HOWARD H. NEWLON, JR., Highway Research Engineer, Virginia Council of 
Highway Investigation and Research, Charlottesville 

The results of a statewide experiment to com
pare the AE-55 air Indicator for concrete with 
conventional pressure methods are presented. 
The data from 835 comparative tests with vari
ous materials and operators are statisticaUy 
analyzed and compared with results of limited 
laboratory studies previously given by Grieb 
and Mather (HRB Bull. 176). The results of 
the present study are in agreement with pre
vious work and give a field verification of 
laboratory data. 

From the comparison some estimate of the 
reliability can be made, as well as the effect 
of using an unscreened sample. As a result 
of this study the indicator is being supplied to 
inspectors for use in control of air in concrete. 

9THE rapid determination of the properties of concrete and concrete materials has 
received increased attention in recent years as evidenced by the development of such 
items and procedures as the Kelly ball penetrometer for determining consistency, 
the impact hammer for estimating strength, and the quick chemical test for alkali 
reactivity of segregates. A method to replace the sometimes laborious procedure 
for determining air content of concrete has recently received attention as a result 
of the patenting of a relatively simple device, designated the Chace AE-55 Air Indicator, 
which uses the principle of volumetric displacement of entrained air from a small 
mortar sample. 

The method was developed to afford a means of air content determination which, 
although somewhat less precise than more conventional methods, would enable an in
spector to perform more tests and thus exercise closer control of concrete uniformity. 
Because of its simple design, the AE-55 is less susceptible to mechanical difficulties 
than is more conventional equipment although it is susceptible to breakage. The method 
is not intended to replace pressure, volumetric, or gravimetric methods for laboratory 
determinations, but rather to serve as an aid in field control. Its small size, low cost, 
and convenience have caused favorable comment concerning its use. 

The indicator which is composed of two sections, is shown in Figure 1. One part 
is a glass cylinder similar to a filtration crucible holder. This cylinder is about 1 in. 
in diameter and 3 in. long and tapevB to a stem % in, in diameter and 3 in. long. This 
stem is marked by 11 equallv spaced graduations. The second part of the indicator is 
a brass cup approximately 7* in. in diameter by Va in. deep. This cup is attached to 
a rubber stopper which fits into the glass cylinder. Either of two types may be supplied 
by the manufacturer. As shown in Figure 2, the more recent type, designated "B" and 
shown in the lower part of the figure, has a ground fluted end, whereas the older type 
"A" has a plain end. 

A determination of air content may be made in approximately 2 to 3 min. using about 
3.7 ml of mortar from the concrete mix. The test procedure consists of securing a 
sample of mortar from the mix and rejecting material retained on a No. 10 mesh sieve. 
Many times in actual practice this screening is omitted and the sampling consists of 
working excess mortar to the surface and removing it with the fingers or a small trowel, 
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Figure 1. Chace AE-55 a i r Indicator. 

rejecting any obviously large particles. The brass cup is filled with this material and rodded 
with a small wire (normally a paper clip). The mortar is struck off and the cup placed in the 
glass tube which has previously been filled to the designated level with alcohol. The device is 
then gently agitated to remove entrained air and the difference in alcohol level is recorded in 
terms of number of spaces. Based on the mortar content of the concrete mix, a correction 
factor is applied to the reading to obtain the air content of the mix. The complete testprocedure 
and correction factors supplied by the manufacturer are contained in the Appendix. 

For several years the Indicator has been given limited use by inspectors and materials 
engineers on various projects throughout Virginia as well as In other states. While little 
quantitative data are available, the reaction to the indicator generally has been favorable. 

Published data concerning comparisons of the AE-55 Indicator with other methods 
are not extensive. Li 1956, Grieb reported a study of the accuracy of the AE-55 con
ducted In the laboratory of the Bureau of Public Roads (1). The test series consisted 
of determining the air content of 84 different laboratory concrete mixes by means of 



pressure and gravimetric methods and 
comparing the results with those obtained 
with the AE-55 indicator. These mixes 
utilized different cements and aggregates, 
and air contents ranging from 1 to 9 
percent as recorded by the pressure 
method. The values obtained with the 
AE-55 indicator by two different operators 
were in good agreement with those ob
tained by means of the pressure method 
for air contents between 3 and 7 percent. 
For values of air content less than 3.0 
percent as determined by the pressure 
meter, the AE-55 gave results averaging 
about 1.0 percentage point high. For air 
contents of more than 6.0 percent the AE-
55 indicator gave values averaging some
what more than 1.0 percentage point low. 
Grieb presented a correction curve in
dicating the amount by which the AE-55 
should be corrected to bring the readings 
Into agreement with the pressure values. 
It should be noted that the samples in these 
tests were taken without screening and 
that the mortar correction was not ap
plied to the data. 

Tests of 107 batches of concrete were 
made at the Waterways Experiment Station 
and reported by Willetts and Kennedy 
(2). The results of these tests were in 
substantial agreement with those reported 
by Grieb with the exception that the dif
ferences between the AE-55 and pressure values at high air content were not as large. 
The sanq)les in this study were screened through a No. 10 sieve. 

Early workwith the AE-55 used in the concrete laboratory of the Virginia Council of High
way Investigation and Research substantiated the results of both the above studies for air 
contents between 4 and 7percent. In these tests different operators made only one determina
tion on an unscreened sample, and it was found that 85 percent of the time the air con
tent as determined with the AE-55 was within ± 0. 5 percentage point of the line of 
average relationship established for the AE-55 and the pressure method (3). Only one 
determination out of 38 varied by more than one percentage point. 

Following the laboratory work the AE-55 was utilized in connection with a study of 
paving mixers conducted during the summer of 1958 on two different projects, one 
using type m cement and a gravel aggregate, the other a crushed stone and type n 
cement (4). Again with different operators making only one determination it was found 
that the air content determined by the AE-55 was within ± 0.5 percentage point of that 
obtained by the pressure method 84 percent of the time based on the distance of the 
readings from the line of average relationship. All of the 32 determinations were within 
1 percent of the average line. 

The general agreement of the results of these preliminary investigations with those 
of previous studies was encouraging, but it was felt that sufficient data were not avail
able to warrant conclusions regarding the reliability of the device. It appeared from a 
study of the results that the mortar correction supplied by the manufacturer might not 
be as important for unscreened samples as a correction related to the percentage of 
air observed with the AE-55. 

To investigate further the reliability of the AE-55 indicator an experiment was 
designed to provide for a statewide test of the device by the personnel normally 
charged with the responsibility for determining air content. It was felt that 

n.gure 2. Available 
cator, type 

types of AE-55 indl-
"B" on l e f t . 



such a coordinated test would result in a quick and definitive evaluation of the device 
and its possible application for highway use under various conditions. For accomplishing 
this evaluation a study was conducted cooperatively by the Field Forces of the Virginia 
Department of Highways and personnel of the Virginia CouncU of Highway Investigation 
and Research. 

The purposes of this study were: 
1. To evaluate the AE-55 air indicator as a field device for the determination of 

the air content of structural and paving concrete mixes. 
2. To compare the AE-55 indicator with conventional pressure methods. 
3. To investigate any correction factors wMch might be necessary to make the AE-

55 determinations consistent with pressure meter readings. 

TEST PRCXJRAM 
Many practical considerations affected the design of the test because it was desired 

that it be conducted in connection with normal concreting operations and with a minimum 
of interrvQ>tions thereto. Variations due to operator error, materials, and biases of 
various kinds could not be practically eliminated but a study of the results indicates that 
these items did not affect the over-all reliability of the data in any significant degree. 

While data were secured from several sources simultaneously, for ease of pre
sentation the study is divided into two parts. Series I is a laboratory investigation of 
the AE-55 indicator. This study was conducted in connection with other laboratory 
projects in that the air contents of test batches were determined by means of the AE-55 
and pressure methods. Since the mixes tested were not designed to have extreme air 
contents, the range of air contents was rather small, 3.0 to 7.6 as measured by the 
pressure method. For each batch tested, two determinations of the air content were 
made with the pressure meter as required by ASTM C231-56T, while one determination 
was made with the AE-55. Various operators were utilized during the testing program. 
The aggregate used in the concrete mixes was not changed and seven brands of type U 
cement were employed. One hundred and three batches were sampled. 

Series n consisted of the studies on regular construction projects conducted coopera
tively by Field and Research personnel. Tests were performed in connection with normal 
construction operations by the inspector assigned to the job, following a uniform pro
cedure, whUe utilizing his normal schedule and equipment, that is, the meter currently 
in use was employed in addition to the AE-55. The pressure meters employed were 
calibrated prior to their use in the testing program. 

From the batches designated for test, two samples were secured. On each sample, 
a pressure meter was used to make two determinations of air content in accordance 
with ASTM C231-56T, whUe two determinations were also made with the AE-55 Indi
cators. This procedure was repeated until 40 samples had been tested, giving 80 
comparative determinations. 

On certain projects it was necessary that more than one operator perform the de
terminations. While the variation due to operators was not considered a variable in 
the design of the experiment it is possible from the data to evaluate certain operator 
differences for specific jobs. 

A summary of the pertinent information concerning each project in Series I and n 
is given in Table 1. Throughout the report reference is made to the projects by num
bers. It will be noted that projects one through nine involved a large number of samples 
and are referred to as major projects. Projects 10 through 13 were minor projects on 
which it was not possible to run a complete set of tests. Project nine includes aU work 
done in Series I , 

ANALYSIS 
The data obtained from the comparative trials in Series I and n were analyzed by 

accepted statistical procedures. A regression analysis was performed on the uncor
rected data from each individual project and for all of the projects considered as a 
whole. A linear regression was used since preliminary tests showed that a curvilinear 
regression was not necessary. 
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TABLE 1 
DESCRIPTIVE DATA FOR TEST PROJECTS 

Type of Mortar Range of 
Meter Content Type Type Air Content 

No Date of Tests No. of Tests (age) Operators Cu Ft/Cu Yd CA FA (%) 
1 4-1-59 

4-8-59 80 Protex(l) 3 14 C.S N S.' 2.2-5.8 
2 5-19-59 

7-28-59 80 Protex (new) 1 IS c.s. S.S." 4.6-7 7 
3 5-20-59 

7-7-59 80 Protex (new) 5 15 C.S. S S 3 0-5 8 
4 6-3-59 

6-15-59 80 Protex (1) 3 14 Gr N S 3 6-5 9 
5 5-15-59 

5-20-59 80 Washington (5) 3 15 Gr N S. 3.2-4 6 
6 5-23-59 

Washington (5) 

7-14-59 80 Protex (1) 4 15 C.S N.S. 3.2-5.9 
7 9-24-59 

9-25-59 72 Washington (8) 2 14 Gr N S 0 5-7.0 
8 7-14-59 

11-2-59 80 Protex (1) 5 14 c S. N S 3 0-7.0 
9 3-19-58 

Present 103 Protex (1) 3 13 Gr N S. 3.0-7 6 
10 5-22-59 

8-6-59 48 Protex (7) 4 14 c.s N S. 3 0-5.8 
11 6-19-59 

c.s N S. 

7-23-59 18 Protex (new) 1 14 C.S. N.S. 3.2-4.7 
12 10-1-59 

Present 14 Protex (?) 2 15 c.s S S 2.3-5.6 
13 5-19-59 

2.3-5.6 

6-25-59 20 Protex (2) 1 15 Gr. N.S. 3.2-4 7 
'Natural sand 
'stone sand 

A correction similar to that of Grieb (1) was prepared from the uncorrected data, 
and the data were corrected by means of this curve with and without application 
of the mortar correction. Similar regression analyses were performed on these data. 
The uncorrected readings were used since indications are that the mortar correction 
is not applicable to observations on unscreened samples. 

In addition to being used in the regression analyses, the data were grouped by 
ranges of air content as determined by the pressure method and the deviations of the 
individual AE-55 readings from those obtained with the pressure meter were determined. 
From the data the various statistical quantities were computed for both corrected and 
uncorrected cases which enabled a direct comparison with values of previous investi
gators. 

RESULTS 
The results of the regression analysis are shown In Figure 3 in which the line of 

average relationship is given for the uncorrected data from all projects in Series I 
and n, along with lines denoting the standard error of estimate. The line of average 
relationship is expressed by the equation Y = 0.95 + 0. 749X, in which Y denotes the 
AE-55 reading and X the corresponding reading obtained by the pressure meter. The 
area bounded by standard error lines (0.5 percent of air) contains 72.9 percent of the 
835 readings while 94.0 percent of the readings are within 2 standard errors (1 percent 
of air). It should be noted that many of the points represent more than one determina
tion. Also, 72 percent of the readings fall within 0.5 percent of air based on the line 
of equality, rather than the line of average relationship, and within 1.0 percent 92 per
cent of the time. The number of extreme points falling above the upper limit was ap
proximately equal to the number falling below the lower limit when considered from the 
line of average relationship; however, considered from the line of equality, the number 
falling i3elow was considerably greater than that falling above. 

It can be seen that the line of regression indicates that at low air contents the AE-55 
tended to give higher readings than the pressure meter while at high air contents the 
AE-55 generally read lower. The reason for this tendency of the AE-55 to read high 
at low air contents and low at high air contents is not definitely established but it is 
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felt that the tendency Is related to the method of sampling. The meter was Intended to 
be utilized with a screened sample which would be relatively uniform. The taking of 
the sample without screening Is Influenced by the consistency of the mix, since mixes 
of low air content are stiffer than comparable mixes having a higher air content. 
Samples taken from the latter mixes would have a larger proportion of water and would 
thus tend to give lower air contents. Samples taken from the stiffer mix would tend 
to have a higher proportion of solid constituents and thus would be expected to give 
higher air contents. It is also possible that the roddlng of the stiffer mixes did not 
give consolidation cbmparable to that for the wetter mixes and resulted in more en
trapped air. 

The lines of average relationship based on the uncorrected data for the nine major 
projects are shown In Figure 4. The significant fact to be gained from this plot is 
that the tendency of the meter to read high at low air contents and low at high contents 
was found for eight of the nine projects. The consistency of the Indications from project 
to project would indicate that a correction curve could be prepared which would correct 
the readings to equivalent pressure meter values. 

Although certain limitations of the method are apparent, the approach of Grleb was 
followed by which the AE-55 Indications were grouped according to pressure readings 
as given In Table 2. 

The difference In average air content as determined by the AE-55 and the pressure 
method Is plotted as a function of the average pressure reading In Figure 5. For com
parison, values obtained by previous investigators are shown. Considering all of the 
factors which could affect the results, the agreement between the data obtained by the 

2 3 4 s 6 
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Figure 3. Plot of uncorrected detennlnatlons, Series X and I I . 
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Figure h. Regression lines from nine major projects, uncorrected data. 

TABLE 2 
DATA GROUPED BY PRESSURE READINGS 

Range Average Air Content (%) 
(pressure 

method) 
No. of 

Samples 
Pressure 

Meter AE-55 Difference 
Range of 

Differences 
Std. 
Dev. 

0.0-0.9 2 0.6 2.0 +1.4 +1.0to+1.7 0.495 
1.0 - 1.9 9 1.3 2.2 40.9 -0. lto + 1.8 0. 726 
2.0 - 2.9 5 2.2 2.1 -0.1 0 to -0.3 0.114 
3.0 - 3.9 181 3.5 3.6 +0.1 -0.8 to+2.0 0.305 
4.0 - 4.9 328 4.4 4.2 -0.2 -1.8to+1.9 0.500 
5.0 - 5.9 255 5.3 4.9 -0.4 -2.0to+0.8 0.448 
6.0 - 6.9 38 6.2 5.6 -0.6 -2.0to+0.8 0.638 
7.0 - 7.9 17 7.2 6.4 -0.8 -2.2to+0.6 0.672 
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Figure 5» Correction as a function of the pressure method. 
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different laboratories Is striking, especially that between the data from this test and 
the data from the Bureau of Public Roads test. It should be kept In mind that these 
two studies were made on imscreened samples. The shape of the curve for the data 
obtained by WlUetts (2) on screened samples is similar but a higher AE-55 air con
tent is indicated as would be e:q>ected. The large difference between the values at 2 
to 3 percent air Is probably a result of an Insufficient number of samples. It should 
be noted that the data from this study represent more samples than do those of previous 
studies. 

The results indicate that the data obtained In Independent investigations are com
patible and that some correction curve which would allow AE-55 readings to be ex
pressed as equivalent pressure readings might be of value. Figure 6 contains the cor
rection necessary to cause agreement between the AE-55 and pressure readings plotted 
as a function of the AE-55 Indications. Again the readings of previous investigators 
are shown for comparison. As stated previously, the correction curve for this study 
Is In substantial agreement with that of the BPR study. While the number of data points 
are limited It will be noted that the WES study, which involved a screened sample, does 
not show the same trend. It is probable that the WES data would be corrected best by 
a constant factor. 

A curve of best fit was constructed through the points and the corrections indicated 
by this curve were applied to the datii both uncorrected and after application of the 
mortar correction. The regression lines obtained from the data In Series I and n for 
the four conditions are shown In Figure 7 along with values for the coefficient of correla
tion and standard error of estimate. It will be noted that the application of the curve 
correction did not affect the degree of correlation significantly but reduced the precision 
as measured by the error of estimate. It would appear that the uncorrected data gave 
a better measure of air content than attempts at correction for the projects considered 
as a whole. 

The coefficients of correlation, r, and standard errors of estimate, s, for each 
project are given In Table 3. In the cases where values are not given the mortar content 
of the mix was 15.0 cu ft/yd and the mortar correction was not applicable. A study 
of the results from the major projects of Series I and n given In Table 3 will show that 
the degree of correlation was reasonably constant among projects with the exception of 
project six on which the coefficient of correlation was 0.58. The data from this project 
were studied carefuUy and It was determined that the total number of tests was divided 
among several operators. When 40 tests conducted by one operator were considered. 
It was found that his data showed a correlation coefficient of 0.85 and a standard error 
of 0.24. The results obtained by the other operators showed a lower coefficient. 
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Figure 6. Correction as a function of the AE-55. 
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TABLE 3 
RESULTS OF ANALYSES-SINGLE OBSERVATION 

No. of Uncorrected 
Mortar 

Corrected 
Curve 

Corrected Both 
Project Samples r s r s r s r s 

1 80 0.78 0.50 0.78 0.45 0.79 0.71 0.79 0.67 
2 80 0.85 0.31 - - 0.93 0.29 - -
3 80 0.92 0.29 - - 0.91 0.41 - -4 80 0.69 0.47 0.69 0.44 0.62 0.71 0.69 0.62 
5 80 0.89 0.17 - - 0. 72 0.38 - -
6 80 0.58 0.47 - - 0.59 0.64 - -7 72 0.88 p. 67 0.74 0.88 0.88 0.97 0.89 0.90 
8 80 0.78 0.59 0.78 0.56 0.78 0.82 0. 78 0.77 
9 103 0.74 0.61 0.72 0.62 0.73 0.86 0.72 0.89 

10 48 0.85 0.39 0.85 0.36 0.85 0.54 0.81 0.60 
11 18 0.93 .0.18 0.95 0.17 0.93 0.27 0.93 0.26 
12 14 0.89 0.55 - - 0.92 0.66 - -
13 20 0.59 0.33 - - 0.58 0.48 - -

1-13 835 .^.82 0.51 0.77 0.56 0.81 0.71 0.77 0.79 
1- 9 735 0.80 0.52 0.76 0.57 0.80 0.73 0.76 0.81 
1- 8 632 0.83 0.48 0.81 0.50 0.83 0.67 0.80 0.70 
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Similar analyses of the other projects showed no such variation among operators since 
apparently the techniques utilized by the various operators were the same. 

While no specific operator variable was included in the experiment, the consistency 
of the data among projects would seem to indicate that the effect of operator variations 
is not great. It was obvious during the study that a certain amount of technique was 
necessary in using the AE-55; however, it was observed that once an operator got a 
feel for the device, through comparative readings with a pressure meter, his accuracy 
improved. There is no reason to believe that the differences among operators wUl be 
great provided an established procedure is followed carefully. 

It will also be noted from Table 3 that the mortar correction had little effect on 
the correlation coefficient as would be expected. The precision as measured by the 
standard error of estimate was improved slightly in five of the seven cases. However, 
in only one case did the application of the mortar correction change the standard error 
by as much as 0.1 percent of air, and this was an adverse change. 

It would be expected that samples taken without screening would be less uniform 
than screened samples and so more variation in the readings would be expected. Be
cause the mortar correction is intended to correct for the fact that larger particles are 
not included in the sample, it would follow that the tendency for large particles to be 
included in the unscreened sample would make application of the mortar correction 
questionable. It appears that the mortar correction supplied by the manufacturer is 
not applicable for unscreened samples. 

The correction made by using the curve shown in Figure 6 also resulted in little 
change in the accuracy as measured by the correlation coefficient. Furthermore, the 
precision was increased only slightly in one case and was significantly reduced in many. 
Based on the average air contents given in Table 5, the correction was beneficial in 
five of the eight cases. The application of both corrections reflected the effect of each 

TABLE 4 
RESULTS OF ANALYSES OF DATA-AVERAGE OF TWO OBSERVATIONS 

^ Mortar Curve 
Uncorrected Corrected Corrected Both of 

Project Samples r s r s r s r s 
1 40 0.81 0.48 0. 83 0.55 0.82 0. 66 0.81 0.63 
2 40 0.92 0. 23 - - 0.91 0.30 - -
3 40 0.95 0. 24 - - 0.94 0.33 - -4 40 0.76 0.40 0. 74 0.39 0.73 0.58 0.75 0. 53 
5 40 0.93 0.14 - - 0.94 0.18 _ _ 

6 40 0.63 0.43 - - 0.64 0.57 - -
7 36 0.89 0.65 0.89 0.58 0.89 0.91 0.89 0.90 
8 40 0.80 0.57 0.81 0.57 0. 80 0. 80 0.82 0.58 

1-8 316 0. 85 0.45 0.83 0.46 0.86 0.61 0.82 0.63 

individual one. This does not mean that such corrections are not necessary. To the 
contrary, the consistency of the trends shown in Figures 4 and 5 would indicate the 
desirability of such corrections. It is felt that the curve shown in Figure 6 needs 
modification at the extreme values because of the small number of samples on which 
it is based. It was noted that application of the curve correction for readings in the 
middle portion generally had a beneficial effect. 

From information supplied by the personnel who performed the tests, it appears 
that a determination can be made in from two to five mmuted with the AE-55, whereas 
a similar determination with a pressure method would take from 15 to 20 min. It 
would seem then that it would not be burdensome to require two AE-55 determinations 
on each sample. In order to investigate the effect of two determinations on accuracy 
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TABLE 5 
AVERAGE AIR CONTENTS DETERMINED FOR FIELD PROJECTS 

Project Samples Pressure Uncorrected Mortar Curve Both 
1 40 4.52 4.50 4.41 4.71 4.24 
2 40 5.24 4.95 - 5.36 -3 40 4.34 4.39 - 4.59 -4 40 4.47 4.23 3.93 4.39 3.93 
5 40 3.94 3.85 - 3.91 -6 40 4.77 4.68 - 5.00 -7 36 4.66 4.52 4.20 4.67 4.26 
8 40 5.21 4.86 4.73 5.21 4.72 

1-8 316 4.64 4.50 4.40 4.73 4.50 

and precision, the average of two AE-55 determinations from the same sample was 
compared with the average of the corresponding pressure values for the same sample. 
The results of this analysis are given in Table 4. The data from the laboratory study 
were eliminated since no repeat determinations were made. CoiiQ>arison of these 
correlation coefficients with those in Table 3 will show that in almost every case the 
effect was to increase both the accuracy and precision although some of the increases 
were very modest. Thus it appears that a repeat determination would be desirable. 

Aside from the consideration of the correlation existing for the various projects, 
it is interesting to note from Table 5 that the average AE-55 air content on the major 
field projects differed from that determined by the pressure method by a maximum of 
0.3 percent of air. The data in Table 5 are for the average values; however, the same 
project average would be found if the individual readings were used in computing the 
average. 

The results of the field tests were most encouraging and resulted in the use of the 
AE-55 indicator by inspectors on jobs throughout the state. Several questions relative 
to the use of the indicator stUl warrant study however. Two of the most important 
are the necessity for using a screened sample and the effect of using the different types 
of indicators shown in Figure 2. 

From the results of the tests reported in this paper as well as previous work U) 
it appears that determinations made on samples taken without screening give a sufficient
ly accurate indication of the air content. It has been found from additional laboratory 
tests that air contents determined from screened samples are generally higher than 
those obtained either from unscreened samples or from pressure methods, even when 
the mortar correction is applied. 

All tests reported in this paper were made with the plain (type A) Indicator. Addi
tional laboratory tests have indicated that the fluted type of indicator (type B) gives a 
higher air content than does the plain type. Additional study is needed in this area. 

CONCLUSIONS 
From the field and laboratory studies as well as consideration of previous studies 

the following conclusions appear justified. 
1. The AE-55 indicator is a reasonably accurate, moderately precise device which 

is adequate for field measurement of air content of concrete. 
2. Under field conditions the AE-55 determination requires about % to Vs the time 

of a pressure determination. In addition to the money represented by this saving, it 
is felt that the performing of more tests will result in better control of entrained air. 

3. Based on a large number of samples, the average air content as determined by 
the AE-55 will be within percentage point of air as compared with the pressure 
method. 

4. A repeat determination is advisable. 
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5. While the preparation of the mortar sample by screening would possibly result 
in more uniform determinations, the results of these tests indicate that for field use 
sufficient accuracy is obtained with unscreened samples. 

6. From this study it appears that the air content as determined on an unscreened 
sample will be within Va percentage point of air as determined by pressure methods 
approximately 70 percent of the time and within 1 percentage point of air about 95 
percent of the time based on the correlation line given in this study. 

7. If the sample is screened, application of the correction based on the mortar 
content is possibly desirable. 

8. If the determination is made on an unscreened sample, the mortar correction 
is not necessary. 

9. For unscreened samples, the AE-55 indicator tends to give high readings at low 
air contents and low readings at high contents. Within the range of 3 to 7 percent air 
there appears to be little difference between the AE-55 and the pressure method. 

10. The fragility of the device is a definite disadvantage but this is partially offset 
by its low cost and freedom from mechanical defects. 
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Appendix 

MANUFACTURER'S DIRECTIONS FOR USE OF AE-55 Am INDICATOR* 
Fil l metal cup with cement mortar paste, excluding particles larger than No. 10. 

Use a narrow blade to pick up mortar. Do not wet screen. Rod material in cup to 
contact mortar. Strike off excess even with top of cup. 

Hold finger over stem opening and fill large end with isopropyl alcohol to line on 
glass (alcohol may be inserted in the stem opening after stopper is inserted, with 
syringe or dropper if desired). 

Insert stopper in tube, invert Indicator and adjust liquid level to top line of stem 
making sure that all air bubbles are removed and that the stopper is firmly inserted. 

Place finger over stem opening to prevent loss of any liquid and gently roll the 
indicator from vertical to horizontal several times until aU the mortar has been dis
solved out of the cup into the alcohol. 

With indicator in vertical position carefully remove the finger from the opening 

'Pat. pending. 
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and count the number of spaces from the top to the new liquid level. In the case of 
mixes with 15 cu ft of mortar the number will directly represent the percentage of 
entrained air in a cubic yard of the concrete. For different mortar content refer 
to the table below. 

When ready to empty the instrument, care should be exercised to invert the glass 
to flush out particles of sand from between the glass and metal to prevent jamming 
when removing the stopper. 

Wash and clean the assembly immediately after use with clean water. 

CONVERSION TABLE 
For following mortar contents per cubic yard multiply the stem readings by the 

following constants: 

10 c.f. by 0.67 19 c.f. by 1.26 
l l c . f . byO.73 20 c.f. by 1.33 
12 c.f. by 0.80 21 c.f. by 1.39 
13 c.f. by 0.86 22 c.f. by 1.46 
14 c.f. by 0.93 23 c.f. by 1.52 
15 c.f. by 1.00 24 c.f. by 1.59 
16 c.f. by 1.07 25 c.f. by 1.66 
17 c.f. by 1.13 26 c.f. by 1.72 
18 c.f. by 1.20 27 c.f. by 1.78 



Investigation of the Impact-Type 
Concrete Test Hammer 
L . J . MITCHELL and G. G. Hoagland, Concrete Laboratory Branch, U. S. Bureau of 
Reclamation, Denver, Colorado 

This work describes a series of tests designed to de
termine the reliability of results, the feasibility of 
use, and the practical applications of the test hammer 
in construction control. Test results are compared to 
the published findings of other investigators and the re
liability of calibration curves imder various test con
ditions is carefully investigated. Indicated strengths 
are significantly affected by specimen size, restraint 
or clamping in testing machine, surface texture, mix 
proportions, and type of aggregate. Coefficient of 
variation over a wide variety of specimens average 
18.8 percent and exceeded 30 percent for some gro\q>s 
of specimens. It is recommended that special cali
brations be provided for each mix or change of aggre
gate, and that use of the test hammer on weak or young 
concrete be kept to a minimum because such testing 
may produce significant surface blemishes. 

#THE first test series consisted of obtaining hammer rebound values for concrete 
cylinders selected at random from those being tested during the routine testing program. 
This series consisted of two hundred 6- by 12-in. and twenty-six 18- by 36-in. con
crete cylinders, ranging in age from 28 days to 1 year and older, and varying in weight, 
curing conditions, water-cement ratios, air contents, cements contents, pozzolans, 
and aggregates. All cylinders were tested for compressive strength; thirty-two of the 
6- by 12-in. and six of the 18- by 36-in. cylinders were also evaluated for modulus 
of elasticity. 

Test hammer readings were obtained with the specimen in an upright position and 
the hammer held horizontal and normal to the surface of the specimen. The instrument 
was held firmly as the pressure was gradually increased untU impact. Readings were 
taken within the center two-thirds portion around the cylinder. Care was taken so as 
to avoid obvious air pockets, honeycomb, and the immediate areas, of previous impacts. 
Specimens were free from restraining load during the hammer testing, but were sup
ported by hand immediately behind the impact area (Fig. 1). 

The average rebound value "R" for each specimen was determined from the best 
suited 10 of 15 readings, (as per manufacturer's instructions, 10 readings nearest 
average of 15) as recommended in the booklet of operating instructions furnished by 
the manufacturer of the test hammer. 

The second test series consisted of obtaining hammer rebound values on four 6- by 
12-in. concrete cylinders under restraining load conditions. An average "R" was de
termined for each cylinder in an unrestrained condition in the same manner as outlined 
in the first test. Each cylinder was then placed in the compression machine, and a 
constant load was maintained whUe another average "R" determination was made. 
Average "R" values were determined for each cylinder at five successively increasing 
constant loads (Figs. 1 and 2). 

The third test series was designed to determine the possible use of the test hammer 
on concrete at early ages, and to measure variations in the rebotmd value due to different 
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aggregate, surface textures, restraining 
load, and surface shapes. Two types of 
aggregates were used in similar mixes 
(Table 1); (a) local river coarse aggregate 
and sand, and (b) crushed limestone coarse 
aggregate and river sand. One slab, 14 
by 26 by 6 in., was made from each mix. 
One-half of this slab was cast against ply
wood, the other half was cast against a 
steel liner. Fifteen companion cylinders 
were also made from each mix; five in 
steel molds, five in tin can molds, and 
five in paper carton molds. 

Slabs were stored in the mix room, 
stripped at 8 hr, and covered with plastic 
film to prevent loss of moisture. The cyl
inders to be tested at 8, 16, and 24 hr were 
stored in 100 percent relative humidity at 

73.4 F and stripped at time of testing. The 3- and 7-day cylinders were stored in the 
mix room with the slabs, stripped at 24 hr, and covered with plastic to prevent loss of 
moisture. 

Both types of surfaces of each slab and one cylinder from each mix and surface tex
ture were read in an unrestrained condition with the hammer at each time interval. The 
cylinders were also read while under an axial restraining load. 

The fourth series of tests was made to determine if there was any difference between 
curved and flat surfaces when both were restrained. The mix using river coarse aggre
gate and sand was the same as in series 3. Four 5- by 5- by 10-in. prisms were cast 
against plywood so that specimens having flat test surfaces could be restrained (Fig. 3). 
Four 6- by 12-in. cylinders were cast in steel molds, four in tin can molds, and four 

Figure 1. Testin g an u n r e s t r a i n e d s p e d 
men with the concrete t e s t hajmner. 
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TABLE 1 
CONCRETE PROPERTIES-SERIES 3, 4, AND 5 

(Cubic Yard Batch) 

Mix No. 1 Mix No. 2 
Property River Aggregate Crushed Limestone 

W/c ratio 0.50 0.52 
Water content, lb 261 272 
Cement content, lb 519 526 
Percent sand 34 38 
Slump, in. 3.2 :̂, 2.7 
Percent air 3.0 2.4 . 
Unit weight, pcf 147.3 149.1 
Maximum size aggregate, in. I'/a in. iVz in. 

in paper carton molds. The prisms were stored in the mix room, stripped at 8 hr, 
and covered with plastic. The cylinders to be tested at ages of 8, 16, and 24 hr were 
stored in 100 percent relative humidity at 73.4 F until they were stripped at time of 
testing. The 72-hr cylinders were stripped at 24 hr, moved from the fog room tothe 
mix room with the prisms, and covered with plastic to prevent loss of moisture. All 
specimens were evaluated in both a restrained and unrestrained condition. 

Because of the difference in hammer readings for prisms and cylinders, it was 
thought that the initial curing condition m^ht be affecting the results, so the fifth test 
series was conducted to eliminate this difference. This series was identical to the 
fourth series except all specimens were placed in 100 percent relative humidity at 
73.4 F , stripped at 8 hr, and stored in the fog room until time of testing. 

The difference in readings between loaded and unloaded specimens (Fig. 2) raised 
the question as to whether this could be caused by the stress condition or be simply a 
question of effective mass or restraint. This led to the testing under load of 14 heavy 
18- by 36-in. cylinders containing 6-in. maximum size aggregate. 

DISCUSSION 
The purpose of this investigation was to evaluate the rebound readings obtained with 

the hammer on miscellaneous specimens and on specially prepared specimens by com- i 
paring the indicated compressive strength obtained from these readings with compres
sive strength results obtained by conventional test methods. 

Since the instructions furnished with the test hammer recommend the best 10 out 
of 15 readii^s to determine "R" and N. G. 
Zoldners (1.) recommends the best 9 out 
of 15 readings, a calculation was made 
to determine any appreciable difference 
between the two methods which might af
fect the results of this investigation. In
formation furnished with the test hammer 
states that the mean value of "R" can be 
assumed to be reliable when 10 readings 
of the 15 deviate not more than +2. 5 with 
an "R" of 15, 13 with an "R" of 30 and +3. 5 
with an "R" of 45. The principal differ
ence between the two methods seems to be 
that the manufacturers require only 10 
reliable readings while Zoldners recom
mends the use of the middle 9 of 15 reliable 
readings. Only 15 readings were taken 

F i g u r e 3. T e s t i n g a r e s t r a i n e d specimen on each specimen; and while the "best 10" 
with the concrete t e s t hammer. I 
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TABLE 2 
DEVIATION OF COMPRESSIVE STRENGTH VALUES AT SAME AVERAGE 

REBOUND READINGS FOR ALL CONCRETE CYLINDERS-
TEST SERIES 1, 2, 3, 4, and 5 

Avg No. Standard Coefficient 
Strength Of Deviation of Variation 

R (psi) ^ecimens (psi) (%) 
10 200 2 40 20.0 
11 533 6 140 26.3 
12 723 4 179 24.8 
13 759 7 212 27.9 
14 1,205 4 157 13.0 
15 1,103 4 35 3.2 
16 1,697 7 526 31.0 
17 1,604 7 387 24.1 
18 1,833 7 498 27.2 
19 2,513 4 509 20.3 
20 2,820 15 604 21.4 
21 2,885 11 604 20.9 
22 3,037 12 713 23.5 
23 3,499 17 548 15.7 
24 3,554 9 780 21.9 
25 3,769 15 519 13.8 
26 4, 029 16 596 14.8 
27 4,045 23 732 18.1 
28 4, 723 21 642 13.6 
29 4,493 17 728 16.2 
30 5,075 20 597 11.8 
31 4,955 13 1,014 20.5 
32 5,579 13 911 16.3 
33 5,575 8 495 8.9 
34 4,679 2 1,121 24.0 
Avg 10 531 18.8 
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of the 15 readings seldom exceeded the manufacturers' recommended limits, the de
viation of all 15 readings was seldom within the proposed limits for reliability. 

In determining the best 10 of 15 readings, the 15 readings were averaged and then 
the 5 readings with the greatest deviation from this average were eliminated. The re
maining 10 readings were then averaged to obtain "R". Zoldners' method was modified 
due to the fact that only 15 readings were taken on each specimen and not all of these 
15 readings were within reliable limits. The highest three and the lowest three read
ings were discarded, and the middle nine averaged to determine "R". These middle 
nine readings were well within the limits of reliability. 

This comparison of methods was made on the first 124 cylinders evaluated in test 
series 1. WMle it was found that there may or may not be a slight difference in "R" 
values for each specimen, the difference is negligible for the average of a number of 
specimens. These data are shown in Figure 4, and it can be seen that the resulting 
curve by either method would coincide at the majority of points. 

No valid results can be obtained by indiscriminate use of the test hammer. This 
is shown in Figure 5 where "R" values are plotted against the corresponding compres
sive strengths for the specimens from test series 1, 3, 4, and 5. The standard devia
tion of compressive strengths at the same average hammer reading for these specimens 
fluctuates from 25 lb per sq in. to 1,121 lb per sq in. and the coefficients of variations 
range from 3 to 31 percent (Table 2). 

"R" values for the 18- by 36-in. cylinders are higher within any strength range than 
for corresponding 6- by 12-in. cylinders (Fig. 5). The methods employed in casting 
the large cylinders make it improbable that the higher readings are due to striking 
large aggregate near the surface. Both the 6- by 12-in. and 18- by 36-in. cylinders 
were evaluated in an unrestrained condition. Since the specimens with the greater 
weights have the higher readings, it can be assumed that some of the energy of the 
hammer inq)act on the smaller specimen displaced the cylinders and resulted in lower 
rebound readings. When this possible displacement was restricted by a restraining 
load on the specimens in test series 2, 3, 4, and 5, the "R" values obtained were higher 
than those obtained on the same specimens in an unrestrained condition (Figs. 2 and 6). 

Grieb (2) found that 6- by 12-in. cylinders did not have enough mass or rigidity to 
give reliable rebound readings unless restrained. However, the reboimd values ob
tained in this investigation on unrestrained cylinders were within the limits of reliability 
mentioned earlier in the discussion. Further, the standard deviations and coefficients 
of variation (Table 5) for specimens both unrestrained and effectively restrained are of 
the same order when the specimens are in the same weight and size category (Fig. 6). 
Thus, it can be concluded that "R" values determined from the unrestrained condition 
are no less valid than those obtained in the restrained condition. However, "R" values 
determined from different conditions or different weight and size specimens cannot be 
compared. From these facts, it is evident that structural mass might even affect re
sults in field applications. 

The wide deviation in strength for the same "R" values (Table 2) can be narrowed 
considerably by segregating the different sfpecimens according to common factors such 
as age, aggregate, size, surface, etc. This is shown in Figure 5 and given in Tables 
2 and 3 where the average standard deviation is reduced from 531 lb per sq in. to 106 
lb per sq in. and the average coefficient of variation is reduced from 18.8 to 9.6 per
cent by separating the specimens according to aggregate only. 

As the restraining load on a specimen increases, the average rebound reading also 
increases until a maximum is reached, after which an increase in load does not ap
preciably affect the rebound value (Fig. 2). The restraining load at which the "R" 
value remains constant appears to vary with the individual specimen; however, from 
these tests, the effective restraining load for consistent results appears to be about 
15 percent of the breaking strength of the specimen. This does not correlate closely 
with the 250-lb per sq m. effective restraining load indicated by Green (3) or with the 
300-lb per sq in. effective restraining load indicated by Grieb (2). Note the incon
sistency in the relationship of rebound reading to compressive strength for the specimen 
shown in Figure 2. 
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The restrained 18- by 36-in. specimens exhibited the same tendency to give higher 
"R" readings under load, but to a lesser degree than did the 6- by 12-in. cylinders 
(Fig. 2). These data clearly indicate that the "R" reading is a function of the size and 
rigidity of the test mass. It is probable that the stress condition contributes slightly 
toward the higher readings in restrained specimens. The size of unsupported areas 
of a thin structure or the backfilled condition of field structures would probably make 
a significant difference in the readings obtained. 

The impact hammer should be specially calibrated for the conditions of field use, 
including the size and type structure, aggregate source, mix proportions, and concrete 
age. 

It was determined from the third test series that the rebound readings are affected 
by the types of aggregate in the concrete. This series showed "R" values for the con
crete containing local river aggregate were consistently higher than those for the speci
mens containing crushed limestone aggregate (Fig. 8). 
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TABLE 3 
DEVIATION OF COMPRESSIVE STRENGTH VALUES AT SAME AVERAGE 

REBOUND READINGS FOR ALL CONCRETE SPECIMENS WITH 
LOCAL RIVER AGGREGATE-TEST SERIES 3, 4, AND 5 

R 

Avg 
Strength 

(psi) 

No. 
of 

Specimens 

Standard 
Deviation 

(psl) 

Coefficient 
of Variation 

(%) 

10 169 3 5 3.0 
11 183 3 6 3.3 
12 245 3 99 40.4 
13 700 4 36 5.1 
14 689 4 38 5.5 
15 720 1 - -
16 922 3 152 16.5 
17 1,046 3 12 1.1 
18 1,160 1 - -
19 1,028 5 155 15.1 
20 1,014 4 168 16.6 
21 2,005 2 45 2.2 
22 1,645 2 325 19.8 
23 - 0 - -
24 2,121 2 51 2.4 
25 2,123 3 51 2.4 
26 2,183 3 97 4.4 
27 2,029 1 - -
28 - 0 - -
29 2,824 2 324 11.5 
30 3,076 2 125 4.1 
31 3,100 1 - -
32 3,100 1 - -
Avg 3 106 9.6 

Results from the third, fourth, and fifth test series show thatflat surfaces give higher 
hammer readings than cylindrical surfaces (Fig. 7). Companion cylinders cast in steel, 
tin can, and paper carton molds showed no significant difference between the steel-molded 
and tin can-molded specimen, butthepaper-moldedspecimensgave higher readings (Fig. 8). 
This was true even though the steel-molded and tin-molded sipecimens had a smoother surface 
and might indicate that the paper form withdraws moisture from the concrete, thus lowering 
the water-cement ratio at the surface and resulting in a higher strength in this area. Since 
the hammer primarily tests the surface, it could be possible for the hammer to reflect 
a nonexistent high strength from a hardened surface. 

The third, fourth, andfifth test serlesshowedthatthetesthammerhasno value in testing 
concrete at very early ages because the hammer rebounds were not great enough to be read ac
curately on the scale, andfurther, that the hammer severely scarred the concrete, thuspro-
hibiting its use on green concrete anywhere that it might be e:q>osed to view (Fig. 9). Surface 
texture causes little significant difference in "R" values at early ages (Fig. 10). This is prob-
ablydue to the fact that the concrete is still so soft that any difference due to texture is over
shadowed by the effect caused by the crushing and displacing action of the hammer on green 
concrete. 

A check was made to correlate "R" with the modulus of elasticity of the concrete £ipecimens 
tested in series 1. As shown in Figure 11, no valid correlation can be made directly between 
"R" and elasticity. However, a satisfactory relationship between "R" and elasticity might be 
obtained if the hammer were to be calibrated for each individual mix tested. Further tests 
would be required to draw any valid conclusions, and the value of this information is question
able in relation to its applicability and to the expense of deriving it. 
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Investigations by the Corps of Engi
neers (4) were extensive enough to con
clude that hammer readings taken on dry 
concrete surfaces wUl be generally higher 
than readings taken on wet surfaces, and 
that hammer readings taken with the ham
mer held in a horizontal position are gen
erally higher than those obtained with the 
hammer in a vertical position. 

From observations in this and other 
previously published investigations, it ap
pears that the impact-type concrete test 
hammer gives a correlation between com
pressive strength of concrete and rebound 
values. However, indiscriminate use of 
the hammer will give misleading results. 
The deviation in strengths indicated by any 
rebound value can be narrowed from wide 
limits to reasonable limits by calibration 
of the test hammer. A calibration should 
be made for each mix being used on a job 
under both wet and dry surface conditions 
and with the hammer both vertical and 
horizontal. Correction factors should be 
derived to compensate for use of the 
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TABLE 4 
DEVIATION OF AVERAGE OF REBOUND READINGS WITHIN NARROW 

STRENGTH RANGES FOR CONCRETE CYLINDERS-
TEST SERIES 1 

Strength No. Coefficient 
Range of Avg, Standard of 
100 Psi Specimens R Deviation Variation 
0- 5 7 10.7 1.1 10.3 
5-10 5 11.7 0.2 1.7 

10-15 3 15.9 2.0 12.6 
16-18 4 17.0 1.3 7.6 
18-20 6 18.1 1.6 8.8 
20-22 4 20.6 1.7 8.3 
22-24 4 23.0 2.9 12.6 
24-26 3 24.8 3.3 13.3 
26-28 4 19.4 1.9 9.8 
28-30 8 25.2 4.2 16. 7 
30-32 12 24.8 3.9 15.7 
32-34 4 23.5 3.6 15.3 
34-36 14 25.7 4.1 16.0 
36-38 17 24.5 2.8 11.4 
38-40 15 25.7 2.0 7.8 
40-42 14 26.3 2.6 9.9 
42-44 9 27.0 2.6 9.6 
44-46 12 27.5 1.1 4.0 
46-48 12 28.4 2.1 7.4 
48-50 10 28.5 1.2 4.2 
50-52 12 29.2 1.1 3.8 
52-54 12 31.0 1.4 4.5 
54-56 17 30.8 1.5 4.9 
56-58 6 31.1 1.7 5.5 
58-60 6 32.6 1.1 3.4 
60-65 6 32.8 0.6 1.8 

C 7845 HOUR 

Figure 9. E a r l y age specimens showing pocking due t o concrete t e s t hannaer Impact. 
Eight-hour specimens on l e f t , and 3-day specimens on r i g h t . 
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TABLE 5 
DEVIATIONS OF COMPRESSIVE STRENGTH TESTS AND HAMMER REBOXJND READINGS ON RESTRAINED AND 

UNRESTRAINED 6- BY 12-IN CYLINDERS-TEST SERIES 3, 4, AND 5 

Compressive StrengUi Unrestrained Condition Restrained Condition 
No. Standard Coefficient Coefficient Coefficient 
of Age Deviation of Variation Avg, Standard of Avg, Standard of 

Cylinders (hr) Psi (psi) (%) R Deviation Variation R Deviation Variation 
5 8 172 6 3.5 Toolov - . 10.7 0.4 3.7 

to be 
read 

6 18 682 36 5 3 12 7 0 8 6.3 14 4 0 9 6.3 
12 24 1, 076 39 3.6 15 4 1 4 9 1 18.1 1 4 7.7 
12 72 2, 131 120 5.6 21 4 1.8 8.4 24.8 1.8 7.3 
6 7-day 2 221 163 5.1 26.3 1.0 3 8 29.9 0.8 2.7 
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hammer on other than flat surfaces, for use of the hammer at angles other than hori
zontal and vertical, and to compensate for deviations due to surface textures from 
forming materials other than those used for the original calibrations. The curves 
furnished by the manufacturer should not be used. Grieb found that the manufacturer's 
curve was conservative in practically every instance which the investigation verifies 
so long as the specimen is small and young or unrestrained. However, the data shown 
in Figures 2 and 6 indicate that for either old concrete, heavy specimens, or restrained 
specimens, the reverse is likely to be true. 

At this time, there have been no investigations involving the use of the test hammer 
on reinforced concrete. It is likely that very heavily reinforced concrete will cause 
erratic hammer readings which would preclude its use for testing in this type of con
struction. 

The test hammer, when calibrated properly, could be an effective aid to field testing 
of concrete, but no amount of calibration will be sufficient for it to replace the conven
tional test methods. 

The expense of calibration should be weighed against its value as a simple and rapid 
check for concrete quality. Above all, its limitations and its proper use should be under
stood by all concerned prior to its acceptance as a testing tool. 

CONCLUSIONS 

1. A usable relationship exists between readings (R) obtained from the impact-type 
concrete test hammer and the compressive strength of concrete (Tables 2, 3, 4, and 
Figs. 2, 4, and 5). This relationship will be closer if special calibration curves are 
provided for each particular application. 

2. The test hammer is not suitable for either very early age tests or where concrete 
strength is less than 1,000 lb per sq in . , (Fig. 9). 

3. Different surface sh^e, texture, aggregate types, condition of cure, or moisture 
content cause measurable variation in rebound readings. 

4. Rebound readings increase with restraining loads up to about 15 percent of specimen 
strength, indicating that the hammer readings are a function of the size or rigidity of 
the test mass (Fig. 2). 

5. The use of a test hammer on concrete specimens selected at random is not 
reliable due to the extreme variations of strengths obtained from concretes having the 
same "R" value (Tables 2 and 4 and Fig. 5). 

6. Other factors being equal, flat surfaces produce higher hammer readings than 
rounded surfaces (Figs. 7 and 10). 

7. The "R" value cannot be directly correlated to the modulus of elasticity of con
crete (Fig. 11). 
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Discussion 

W. H. CAMPEN, Omaha Testing Laboratories—Although the test hammer is not an 
accurate instrument for determining the compressive strength of concrete, it is a fine 
qualitative instrument. As such it can be used for a number of purposes. I wish to 
mention two cases in which it proved very useful. 
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One case involved a large number of pedestals in an electrical sub-station. Due to 
cracking and spalling when the superstructures were being placed, the concrete in the 
pedestals was questioned by the engineer. The writer was engaged to investigate. He 
eventually tested all the pedestals with the hammer and classified the strengths as good, 
doubtful, and poor. Cores were then taken from the representative groups and tested 
for strength and cement content. The results confirmed the indications of the hammer. 

Another case involved an exposed floor in a power plant. Soon after the floor was 
poured, a cold wave came along and although the floor had been covered and provided 
with heat, parts of it failed to set properly. The hammer identified the parts which 
had set properly as well as those which had not. Eventually, during additional curing,' 
the hammer was used to indicate when the concrete in all of the floor attained uniform 
strength. 
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T e s t s f o r F r e e z e - T h a w D u r a b i l i t y o f 

C o n c r e t e A g g r e g a t e s 

B A I L E Y T R E M P E R and D. L . SPELLMAN, respectively, Supervising Materials and 
Research Engineer and Senior Materials and Research Engineer, California Division 
of Highways, Sacramento 

Tests of aggregate in air-entrained concrete have 
been made by methods suggested by T . C . Powers 
(1) for resistance to freezing and thawing. The pro
cedure differs from that of currently used test meth
ods in several important respects. Among these are 
(a) maintenance of the original moisture in the aggre
gates, (b) testing of the largest particle sizes to be 
used in the work, (c) subsequent conditioning of the 
cured concrete by drying to a degree found appro
priate to exposure conditions at the site of construc
tion, and (d) freezing at a rate conmiensurate with 
natural conditions. Methods and apparatus used in 
conducting the tests are described, and results of 
variations in test procedure are shown. 

Specifications based on the test procedure have been 
used for the acceptance of aggregates in construction work 
that is subject to severe winter conditions at high elevations 
inCalifornia. Many of the aggregates would not be considered 
to be acceptable imder commonly used freeze-thaw methods. 
One hundred and seventy-three lane-miles of pavement have 
been subjected to one or two winters of severe expoBure. At 
present, the concrete is judged to have withstood the ef
fects of exposure without evidence of distress due to 
freezing and thawing. 

#THIS R E P O R T describes test methods used to evaluate the frost resistance of aggre
gates when incorporated in air-entrained concrete. The concept of the test procedure 
was provided by Powers (1̂  2). As far as known, the acceptance under contract pro
cedure of aggregates based on this concept has not previously been undertaken. 

In California most of the concrete pavements have been constructed at relatively 
low elevations where freezing weather is of rare occurrence. Until recently, the 
Division of Highways has had little occasion to study the ability of locally available 
aggregates to produce frost resistant, air-entrained concrete. 

A decision to pave 70 mi of Rt 80 between Colfax at an elevation of 2,500 ft and the 
Nevada state line near Reno with portland cement concrete, provided the impetus for 
the extensive investigation of available sources of aggregates. This road reaches an 
elevation of 7,135 ft at Donner Pass, then drops to an elevation of 5,000 ft at the Nevada 
state line. Precipitation is heavy on the western slope. The annual snowfall near the 
summit is among the heaviest in the United States. Temperatures as low as -25 F are 
not uncommon near the Nevada state line. 

In considering methods of making freezing and thawing tests of concrete, the two 
papers by Powers (1̂  2) were studied carefully. They were believed to contain a num
ber of proposals of distinct merit. Equipment to perform tests by the Powers procedure 
as well as that for making the four ASTM tests was obtained. 

Six points made by Powers are considered to be of importance. These are given 
28 
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as follows, along with the test procedure used to put them into effect. 

SIZE OF AGGREGATE 

There is a critical size of aggregate with respect to its frost resistance. In 
general, the larger its size the greater its probability of being vulnerable. Therefore, 
test specimens should contain the largest size of aggregate to be used in the work and 
the dimensions of the specimen should be adequate for this purpose. 

Specifications for the projects under consideration required that the concrete con
tain I'/a-in. maximum size aggregate. This size range was used in preparing laboratory 
mixtures for test. Cylinders in. in diameter by 9 in. high were molded for the 
Powers test. While it might have been possible to consolidate specimens of smaller 
size, the number of the large size particles of aggregate in each specimen would have 
been reduced. Since the larger particles are more likely to be the critical ones, it 
was not thought advisable to use a smaller test specimen. Specimens for ASTM rapid 
freezing and thawing in water were 4- by 5- by 18-ln. prisms, on which dynamic E 
was measured, or 4%- by 9-in. cylinders, on which length changes were measured. 

MOISTURE IN AGGREGATES 

Aggregates that have been dug from locations below the water table if subsequently 
allowed to dry may not regain their full amount of water by simple soaking for a reason
able length of time. If the aggregates as incorporated in test concrete are not saturated 
to a degree comparable to the condition in which they are used in the work, the test 
results can be very misleading. 

S|)eclfications require that aggregates be washed before use. In practice, aggregates 
are usually dug, screened, washed, and batched without any opportunity for drying. 
Preliminary test samples of pit nm material were taken below the water table. Samples 
from manufactured stocks were taken only where free surface moisture was visible. 
They were placed in metal cans with tight fitting covers. Additional water was placed 
in each can. In the laboratory, the aggregates were maintained in a thoroughly wet 
condition during screening and other processing and were introduced into the mixer 
whUe wet. It might have been possible to resaturate dried aggregates under vacuum 
but uncertainty as to completeness of saturation led to the adoption of the f irst procedure. 

AIR B U B B L E SPACING 

For tests of air-entrained concrete, the paste should be protected with bubbles, 
and adequate protection requires that the calculated spacing factor not exceed 0.01 in. 

The laboratory is not equipped to make linear traverse measurements of polished 
sections. It was assumed that the use of neutralized Vinsol resin in an amount to result 
in a measured air content of 4,5 + 0.5 percent would fulfUl the bubble spacing require
ment. 

R A T E OF COOLING 

The rate of cooling in the laboratory test should not be greatly higher than the 
rate experienced under natural conditions of exposure. The use of high cooling rates 
in the laboratory as required in some current methods subjects the concrete to internal 
hydraulic pressures of a magnitude much greater than experienced in nature and may 
produce misleading results. Such a test may serve to reject aggregates that would 
perform satisfactorily in service. 

Prior to starting tests, an experimental slab 12 ft square had been installed with 
thermocouples at Donner Pass, the highest elevation of the proposed construction. 
Temperature measurements were recorded during one winter. In the range below 32 F , 
the greatest rate of temperature drop within the concrete did not exceed 3 F per hour 
except on one day when a drop of 6 F in one hour was recorded at a point just below the 
surface of the slab. -Powers has suggested a cooling rate in the test of 5 F per hour and 
this rate was adopted in the work. 
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freezing weather the following winter. Changes in weight of each disc were recorded 
as percentages of evaporable water. 

Each of the test slabs contained a series of metal-lined holes with the concrete at 
the bottom exposed at varying depths. Metal plugs remained in place at the top of the 
sleeves except when electric hydrometers were inserted to measure the relative hu
midity of the air within the concrete. 

Thermocouples were installed at varying depths within the slab and temperatures 
were recorded automatically during the winter season. 

The first of such test slabs, containing only moisture discs, was installed in a field 
at Sacramento (elevation 25 ft) in August, 1953. Actually there were two smaller slabs 
each containing two stacks of discs. One slab was on a cement-treated subgrade with 
bituminous seal, the other on natural earth. The presence or absence of a cement-
treated subgrade with bituminous seal made no significant difference in the measured moisture 
changes in the slabs during the ensuing year. Figure 3 shows the moisture changes 
during an annual cycle at Sacramento as the average of changes in the four stacks of 
moisture discs. It will be noted that the top disc, 1 in. in thickness, became progres
sively drier starting in March, and by September contained only 26 percent of its 
evaporable water. Changes in the lower discs were progressively less. The bottom 
disc lost only 8 percent of its evaporable water despite the fact that less than 0.2 in. 
of rain fell between the middle of May and the first of November. Summer weather 
at Sacramento is hot and the relative humidity is low. 

Figure 4 shows moisture changes at Donner Summit (elevation 7,135 ft) as the slab 
approached two winters. Changes in the top set of discs are shown independently. The 
balance are grouped within the band as shown to avoid confusion. The significant fact 
to be noted is that although the top disc responded to short changes in weather con

ditions, the balance of the concrete slab 
entered the period of severe winter freez
ing in 1956 with an evaporable water con
tent of 85 to 89 percent. The slab con
tained slightly more moisture in December-
1957. 
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Figure h. Test slab at Donner Summit (placed Aug. 9, I 9 5 6 ) . 

A third test slab at Yuba Gap (elevation 5,700 ft) yielded results similar to those 
at Donner Pass, except that a higher degree of saturation resulted. The site, however, 
was at a poorly drained location which is not considered to be representative of a 
modern highway. The results are not given in this report. 

Measurements of relative humidity within the slabs were not completely reliable 
particularly when the temperature was below 45 F . However, it is believed that re la
tive humidities (given in Table 1) at the start of the winter season are reasonably 
correct. 

From the data obtained, it was concluded that specimens containing the kind of con
crete present in the test slabs would be suitably conditioned for freeze-thaw tests if, 
after fog-room curing for 14 days, they were allowed to dry untU the evaporable water 
content reached about 85 percent and the relative humidity was also about 85 percent. 
E^qperiments with test cylinders containing aggregates similar to those of the Donner 
Pass test slab indicated that they lost 15 percent of evaporable water when subjected 
to dr3ring at room temperature and about 50 percent relative humidity for 48 hr. It 
was expected that concrete containing other aggregates might lose water at different 
rates. Also, it was believed that the best representation of site conditions would be 
obtained by a constant period of drying rather than by drjring to a predetermined loss 
in weight. Therefore, the time of conditioning test specimens by dr3ring was estab
lished at 48 hr. In order to effect a more uniform distribution of moisture within the 
specimen and to approach a relative humidity of about 85 percent within the concrete, 
the air-dried specimens were placed in sealed containers above a saturated solution of 
sodiimi acetate for 5 days. The theoretical relative humidity of the atmosphere sur
rounding the specimens was 76 percent at 68 F . It was assumed that after 5 days, the 
relative humidity within the specimen was about 85 percent. Subsequent tests, however, 
have shown that this procedure frequently produced a degree of dr3ring somewhat greater 
than was intended. Later in this report, data are presented to show the effect of dif
ferent degrees of drying. 

T E S T PROCEDURE 

The proposed approach is to determine the change in length of concrete while it is 
being slowly cooled below the normal freezing point. If the concrete shrinks normally 
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TABLE 1 
RELATIVE HUMIDITy WITHIN TEST SLABS AT 

START OF SEVERE WINTER WEATHER 

Depth Below RelatlTe 
Surface of Humidity 

Date Slab (in ) (%) 
(a) Doimer Pass-First Year, 1956 

11/7/56 1 S3 
2 85 
3 90 
5 98 
7 89 
9 (in subgrade) 82 

11/20/56 Slab temperature below 32 F 
Readings not reliable 

(b) Yuba Gap-First Year, 1957 
11/22/57 V. 76 

1% 89 
3 74 
5 94 
7 98 
8̂ 1 (in subgrade) 89 

12/12/57 Slab temperature below 32 F 
Readings not reliable 

in the freezing range, it is immune at the 
time of test. If it dilates, it is not im
mune; the process that eventually causes 
disintegration has begun. It is proposed 
to make such a test after each two weeks 
of water-soaking a specimen that pre
viously has been conditioned in air to 
represent job expectations. Soaking 
should be continued until the longest safe 
period has been found. Loss of water 
from the specimen during freezing should 
be prevented. If the safe period of soak
ing exceeds the probable duration of 
freezing weather each year at a specific 
construction site, the concrete may be 
considered to be safe from the danger of 
damage from freezing at the site. 

Specimens were molded from concrete 
containing bVa sacks of cement per cubic 
yard to which sufficient Vinsol resin 
solution was added to produce 4Va t % 
percent air and water to give a slump of 
2 in. Originally, duplicate specimens 
were molded in the form of 47a- by 9-in. cylinders with gage studs and 4- by 5- by 18-
in. prisms. The cylinders were tested by the Powers procedure. The prisms were 
used in rapid freezing and thawing in water (ASTM C 290) on which changes in dynamic 
E were measured. Later 4%- by 9-in. specimens were ilsed in the rapid freezing and 
thawing in water test and deterioration was measured by change in length. 

Originally each Efpecimen for the Powers procedure contained a thermocouple, but 
it soom became evident that all specimens 
in a cooling bath cooled at the same rate. 
Thereafter, a single dummy specimen 
with a thermocouple was used for teiiq>era-
ture measurement. Prior to testing by 
the Powers procedure, the specimen was 
placed in a rack made of Invar steel, ex
cept for a brass insert at the top, on which 
was mounted a linear variable differential 
transformer (see Figs. 5 and 6). 

Length changes indicated by the trans
former were recorded continuously on a 
strip chart. Temperature changes were 
recorded on another chart. Records were 
obtained while the specimens were being 
cooled from about 50 F to 0 F . Equal time 
intervals were laid off on each chart and 
a plot of length change versus temperature 
was constructed for each specimen. The 
characteristics of the plotted curve were 
used to evaluate the behavior of the speci
men as it was cooled above and below the 
freezing point. 

Cooling was accomplished in a bath of 
water-saturated kerosene as a means of 
preventing gain or loss of moisture from 
the specimen. Cooling equipment con
sisted of two small commercial household 
freezing boxes which were lined with 
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Figure 5. Frame for continuous measurement 
of dilation. 
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copper sheeting to prevent leakage of kerosene to the insulation. The units have inside 
dimensions of 14 by 26 by 18 in. deep and each provides space for four test specimens 
plus a dummy specimen containing a thermocouple. The kerosene was agitated by a 
small circulatii^ pump, which was used only to establish equilibrium conditions at the 
start of a test. Rate of cooling was adjusted to 5 F per hour quite successfully without 
automatic control. Views of cooling units in operation are shown in Figures 7 and 8. 

INTERPRETATION OF RESULTS 

Discussions with other engineers revealed that methods of making freezing and 
thawing tests, and the establishment of test limits generally have been adjusted in 
accordance with service experience in the locality. California did not have an exten
sive service record of air-entrained concrete in severe climates and thus was handi
capped with respect to a basis for judgment of locally available materials. 

A concrete pavement of non-air-entrained concrete had, however, been constructed 
at Donner Pass in 1937. This pavement suffered surface scaling early in its history 
but the concrete otherwise has remained in excellent condition. Concrete aggregates 
from the American River near sacramento had been used in this construction. In this 
report, aggregates from this source will be designated as No. 1. It was learned that 
a considerable number of minor structures had been constructed in Nevada over a 
period of several years using air-entrained concrete containing aggregates produced 
from the Truckee River in the vicinity of Reno. Examination of these structures led 
to the conclusion that this aggregate (No. 2) was capable of producing durable concrete. 

Two examples of known durable aggregate which could be obtained for testii^ pur
poses were thus provided. Samples of an aggregate of known poor service history—a 
limestone from the Rapid formation in Iowa—were obtained tlirough the courtesy of the 
Iowa State Highway Commission. 

Results of test with the three aggregates described above provided guide marks in 
establishing quantitative limits of performance in the Powers procedure. 

Figure 9 shows idealized cooling curves. Curve 1 represents thermal contraction 
above the freezii^ point. The measured slope is not strictly proportional to the thermal 
coefficient for two reasons. The first is because the over-all thermal coefficient of 
the frame supporting the specimen is not zero. The second is because movement of 
water within the paste and aggregate does not have time to reach complete equilibrium 
when the temperature is being lowered continually. Curve 2 represents the contraction 
after ice begins to form in the concrete. Ice crystals under progressive cooling, tend 
to attract moisture at the expense of that 
in the paste, causing the latter to shrink 
at a rate greater than that due to thermal 
contraction alone. The point of intersec
tion of Curves 1 and 2 indicates the tem
perature at which ice begins to form. If 
experimental curves could be obtained 
with the precision of those shown in 
Figure 9, the freezing point could be de
termined accurately. 

Curve 3 represents the type of result 
that has been obtained in certain instances. 
In this case, there is little or no change 
in length whUe the specimen is being 
cooled several degrees below its freezing 
point. Eventually the curve resumes a 
downward slope. Dilation has occurred 
as measured by the distance, a, which , 
is the greatest distance between Curves 
3 and 2. Dilation of this type is extreme
ly difficult to measure from the plotted ^^^^ 6. Frames for continuous measurement. 
curves obtained in the study. of dilation. 
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Figure 7- Specimens in cooling unit. I'"'' -

The most common type of curve that is obtained in the work when the concrete is 
not immune, is represented by Curve 4. Here there is an abrupt expansion at the 
freezing point. The curve rounds quite sharply and then assumes a downward slope. 
The distance, b, is easily measured; however, it does not represent the entire dilation 
because of its nearly horizontal trend over a few degrees of cooling. The distance, b', 
represents the complete dilation but is difficult to measure in practice. 

It is evident that for the purpose of acceptance or rejection, the selected limitation 
on dilation must be one that can be measured with reasonable assurance. The chart 
on which length changes are recorded can be estimated to the nearest 0. 000025 in. 
The gage length of the test specimen is VVa in . , therefore, the recorded length change 
can be estimated to the nearest 0. 000003 in. per In. The chart on which temperatures 
are recorded can be read to the nearest 1 F . This is the temperature near the center 
of the specimen and the outside is slightly cooler. Although separate charts are used 
for recording length and temperature, it is believed that there is no significant error 

J 

Figure 8. Cooling units and recorders. 
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in determining simultaneous values of length and temperature. Two typical cooling 
curves, drawn from recorded data, are shown in Figure 10. 

In this report, the expression "dilation" is used to denote an increase in length 
of test specimens as they are cooled into the freezing range of contained water. Dila
tion may be transitory; that is, it may not be retained after the specimen has been 
warmed to the temperature at which cooling was started. Length changes from any 
cause tliat are retained when measured at equal temperatures above the freezing point, 
are referred to as "permanent changes in length." Values of dilation and permanent 
change in length are reported in terms of milllonths (imit change per unit length). 

In his discussion. Powers (1) raised the following question and stated that it required 
an answer based on experimental data before the test procedure can be interpreted 
properly: In the absence of dilation, i s the absorption rate increased signif icanUy by 
freezing and thawing compared to that obtained by simple soaking ? To provide an 
answer to this question, similar specimens, after dr3ring (drjring consisted of storage 
for 7 days in a closed container over a saturated solution of barium chloride) have been 
subjected to (a) sinqile soaking at room temperature, (b) soaking at room temperature 
with intervening cycles of temperature variation in water in the range of 70 F to 120 F 
at the rate of 5 cycles per week, and (c) soaking in water at room temperature with 
intervening cycles of freezing in water-saturated kerosene at the rate of 5 cycles per 
week. During procedure (c) the temperature was lowered at the rate of 5 F per hour. 
After the specimens were cooled to 0 F , they were transferred manually to a water 
bath where they remained at all times except while being frozen. (Test results are 

shown in Figs. I I and 12.) Although dif
ferences in the amount of water absorbed 
after drying were not large, schedule (c) 
produced the greatest dilation and the 
greatest final permanent change in length. 
Schedule (c) was adopted as standard for 
acceptance testing of aggregates. 

DURATION OF T E S T 

The length of the soaking period appro-

40 30 ZO 10 
T E M P E R A T U R E - ' F 

40 30 20 10 
T E M P E R A T U R E - " F 

Figure 9. Idealized cooling curves. 

Dilation 

Normal 

30 
T E M P E R A T U R E 

Figure 10. Powers cooling curves i l l u s 
trating dilation as measured. 
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priate to the construction site was de
termined from temperature records of 
the experimental test slab at Donner 
Pass. The great majority of freezing-
thawing cycles occurred during a 10-week 
period. For test purposes, therefore, it 
was concluded that a soaking period of 
10 weeks would be ^propriate. 

NUMBER OF C Y C L E S 

Data of the number of freezing and 
thawing cycles for the winter of 1956-7 
are given in Table 2. The freezing 
point of water in concrete i s somewhat 
less than 32 F . It was concluded that an 
effective freeze-thaw cycle occurred each 
time the temperature dropped below 23 F and then rose above 28 F . The data indicate 
that an estimate of 40 to 50 cycles per year would be amply severe as a criterion for 
establishing a test procedure. For test purposes, therefore, 40 or 50 cycles of 
freezing and thawing at the rate of 5 per week were introduced during the 10-week 
soaking period. 
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TABLE 2 
SUMMARY OF TEMPERATURE CHANGES WITHIN 

TEST SLABS' 

Temperature 
Range 

Depth of Thermocoiq)le 
Below Surface 

% m 4 in 8 In 
(a) Donner Summit, Winter of 1956-7 

Below 28 F 
Above 33 F 74 41 4 
Below 23 F 55 12 5 
Above 28 F 

55 12 
Below 18 F 30 g 
Above 23 F 30 

(b) Yuba Gap. Winter of 1957-8 

49 

23 

Except when length changes were being 
measured during cooling by the Powers 
procedure, freezing was performed in a 
larger bath containing water-saturated 
kerosene, the temperature of which was 
lowered from about 50 F to 0 F at the rate 
of 5 F per hour. After the specimens 
reached 0 F , they were transferred manu
ally to a water bath where they remained 
at all times except while being frozen. The 
use of a separate freezing bath for inter
mittent freezing made it possible to utilize 
apparatus for the Powers procedure effec
tively. By properly staggering the program, 
it was possible to test about 80 specimens 
concurrently in addition to other specimens 
receiving simple soaking in water. 

END POINT OF T E S T 

Powers (1̂ ) raised the following question 
which he felt required experimental evidence to answer: Should the end point be the 
first occurrence of permanent dilation after thawing or the occurrence of dilation 
(rather than shrinkage) during the freeze, even though the dilation may be small and 
transitory? The question has been studied by recording length changes during the 
warming period of the freeze-thaw cycles. Although evidence of hysteresis was noted, 
it was found that after returning to the starting temperature no permanent increase in 
length occurred when the measured dilation during freezing did not exceed 50 mUlionths. 
It thus appears that dilations of this magnitude or less were the results of stresses 
within the elastic range, that either no damage occurred to the concrete or that if the 
damage did occur, it was quickly repaired by autogenous healing. 

Later in this report examples will be given of the relationship between dilations in 
excess of 50 millionths and permanent ctianges in length. 

Below 28 F 
Above 33 F 
Below 23 F 
Above 28 F 
Below 18 F 
Above 23 F 
Values shown are number of cycles completed during winter 
between temperature ranges shown 

KEROSENE COOLING BATH 

At the start, considerable concern was felt as to the effect of immersing partially 
dry test specimens in water-saturated kerosene during freezing. A few auxiliary 
tests indicated the probability that some kerosene was being absorbed. It may be 
argued that a minor amount of absorbed kerosene would not affect the performance of 
specimens during freezing since the liquid kerosene should develop hydraulic pressure 
as does the unfrozen portion of water. Data have been presented to show that regard
less of the possible presence of absorbed kerosene, the over-all effect of freeze-thaw 
cycles during the water soaking period was somewhat more severe than was simple 
soaking in water. 

It is considered to be essential that gain or loss of moisture be prevented during 
the freezing cycle. Since it is necessary to provide means of contact with the gage 
studs, the use of a non-aqueous bath is much more convenient than would be a watertight 
envelope. 

In earlier work, specimens at the conclusion of the drying period were immersed at 
once in kerosene for the measurement of dilation by the Powers procedure. They were 
then immersed in water except while beii^ frozen in kerosene at the rate of 5 times per 
week. In later work, the specimens at the conclusion of the drying period were im
mersed in water at room temperature where they remained for two weeks before 
they were subjected to freezing and thawing. The probability of absorption of 
kerosene was thus minimized. This procedure reduced the number of cycles 
during the 10-week soaking period from 50 to 40. It is not believed that the 
severity of the test was reduced appreciably by this change. 
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Average Maximum 
Dilation During 

Average Durabi Powers Test (10 
lity Factor weeks of soaking) 

Aggregate C 290-52 T, 4ya- X 9-In 
No 4x5xl8-In Prisms Cylinders 
1 90 0 
2 77 7 
3 21 280 
7 43 68 

Notes Aggregates were stream wet when incorporated in 
concrete Specimens were not allowed to dry subsequent to 
moist curing and prior to start of tests ^eclmens for both 
types of test were molded from same batches. Five and one-
hall-sack concrete, air-entrained Each value is average 
of 6 or more specimens for the rapid freeze-thaw test and an 
average of 3 or more specimens for the Powers test 

RAPID WATER T E S T RESULTS TABLE a 
. , . , ., . . TESTS OF AGGREGATES B Y ASTM DESIGNATION 

During the early stages of the mvesti- c 290-52 T AND POWERS PROCEDURE 
gation, aggregates from several pros
pective sources were tested both by the 
Powers procedure (1.) and by rapid freez
ing and thawing in water, ASTM Designa
tion: C 290-52 T . The aggregates were 
stream wet when incorporated in the con
crete, ^ecimens were not allowed to 
dry before subjecting them to the test 
procedures (Table 3). 

It will be noted that aggregates 1 and 
2 gave good resistance and aggregates 3 
and 7 poor resistance, as measured by 
both test procedures. 

Although the results could be inter
preted as indicating adequate resistance 
to freezing for aggregates 1 and 2, the haul distances to the site of the proposed work 
were so great as to make their use extremely costly. 

In order to explore the effect of drying the specimens subsequent to curing and prior 
to commencing freezing, another series of rapid water tests was made in which ASTM 
Designation: C 290-52 T was followed except that test specimens were by 9-in. 
cylinders and deterioration was measured by expansion rather than drop in dynamic 
E . Also part of the specimens were tested without any drying and part were subjected 
to drying after curing according to schedule E which will be described later. The ag
gregates tested included numbers 1 and 3 of the first series and several others (Fig. 13). 

Data derived from results reported by Kleiger (3) indicate that an expansion of 0.08 
percent is approximately equivalent to a reduction of 40 percent in dynamic E . Ag
gregate 1 exhibited good resistance whether the concrete was given a preliminary drying 
or not. The remaining aggregates in concrete that were not dried, and therefore tested 
in this respect in accordance with ASTM Designation C 290-52 T, failed rapidly. Also, 
a moderate amount of drying produced a marked improvement in resistance. 

Individual specimens subjected to the ASTM rapid water test were quite erratic in 
performance. The reliability of average results (Table 3 and Fig. 13) is therefore 
subject to question. Uncertainties in interpretation of the ASTM rapid water test led 

to its discontinuance. Subsequent studies 
were devoted to the development of Powers 
procedure iX}. 

CYCLES OF FREEZINQ AND THAWING 

ZOO 2 » 

Aqgrtgoit No 

COI 
BEFOAE 

:RETE DO 
9TART(N TE3T3 

7 5 - ^ 

CYCLES OF FREEZING AND THAWING 

Figure 13. Rapid freezing and thawing in 
water. Similar to ASTM Designation: C 
29O-52T except using x 9-in. cylin
ders which were measured for change i n 

length. 

CORRELATION WITH F I E L D 
PERFORMANCE 

A measured dUation in excess of 50 
millionths (in. per in.) above the length 
at the apparent freezing point of water in 
the specimen has been adopted as the c r i 
terion of unsatisfactory dilation. Concrete 
that produces less dilation during the 
selected time of the test is reported to be 
satisfactory. The validity of the selected 
criterion can be confirmed or rejected 
by the performance in service of con
crete so tested. 

To date, 1,242,000 sq yd or 180 lane-
miles of pavement have been constructed 
under six contracts on the Donner Pass 
route between Colfax and the Nevada state 
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line. Of this amount, 173 lane-miles have been subjected to one or two winter's ex--
posure. Salts have been applied during the winter to maintain the pavement in a sub
stantially ice free condition. Aggregates used in this work were accepted on the basis 
of the Powers procedure as described earlier (details of the latest specification re
quirements are given in the appendix). The aggregates used in three of the projects, 
(a^regates 4, 7 and 8) were tested by rapid freezing and thawing in water, ASTM 
Designation: C 290-52 T and, (Table 3 aggregate 7 and Fig. 13 aggregates 4 and 8) 
would not be considered by this test to be resistant under any reasonable interpretation 
of the data. 

The authors have examined all of these pavements in detail on several occasions. 
It is their conclusion that there is no significant evidence of distress attributable to the 
action of freezing and thawing. This statement warrants further amplification because 
of the possibility that others who might have occasion to inspect the work might con
sider that certain defects are indications of distress due to freezing and thawing. In 
a project between Boca and Floriston, (a few miles west of the Nevada state line) rather 
severe raveling occurred at several locations during the winter of 1959-1960; the f irst 
winter after construction. In other locations on this project, surface mortar has be
come detached to a depth of about Vu in. Most of the distress is in the outer lanes. 
It has been observed that raveling starts abrupUy at locations such as bridge approaches 
or at the start of a days work. The pattern is such as to suggest that local differences 
in performance are due to variation in construction methods, possibly erratic curing, 
rather than to the quality of the materials that were used. The authors have concluded 
that surface abrasion, where it has occurred, i s the result of mechanical action of tire 
chains. 

A section between Hampshire Rocks (elevation 5,800 ft) and Soda Springs (elevation 
6,800 ft) west of Donner Pass constructed in 1959, is of particular interest. This pave
ment is believed to be in the most severe location of the route. It traverses a mountain 
meadow with heavy vegetation giving evidence of abundant precipitation. Freezing and 
thawing cycles are substantially the same in number as those at the summit. Aggre
gate No. 7 was used in the concrete. This aggregate, although meeting the selected 
criterion by the Powers test, performed poorly In the ASTM rapid water test. The 
pavement has been examined carefully at many closely spaced locations. Three types 
of defects have been noted. One is the presence of pieces of wood in the surface of 
the pavement. The second is a pit 1 in. or larger in diameter which was caused by a 
mechanically weak particle of rhyolite tuff. The pit edges are sharply defined by the 
surrounding concrete. These pits appear at the rate of 0 to 5 per 12- by 15-ft slab. 
The third defect is a typical popout produced by an unsound particle a short distance 
below the surface. Rupture of the overlying concrete has produced a crater-like de
pression. This type is absent in many areas and when present, has not appeared with 
a frequency greater than one per 12- by 15-ft slab. 

Except as described above, the authors have observed nothing in any of the pave
ments that Indicates freeze-thaw distress due to the materials used. 

VARIATIONS IN DRYING 

The concept of preliminary drying of cured test specimens before subjecting them 
to cycles of freezing and thawing is based on the expectation that pavements would be 
constructed during the summer or early fall and would have some opportunity to dry 
before the onset of severe weather. If construction were to be completed so late In 
the fall that a lesser degree of drying occurred before severe weather, the adopted 
schedule of drying the test specimens would produce unrealistic results. 

The effect of varying degrees of drying of test specimens has been explored with 
aggregate No. 7. Five degrees of drying after standard curing were Investigated. 

After moist curing for) 4 days, the specimens were conditioned by placing them 
in sealed containers over saturated solutions of salts which produced atmospheres of 
the relative humidities given in the following five schedules of drying: 

A. No drying (cured 3 weeks under standard fog conditions). 
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B. Seven days over sodium sulfate, 97 percent relative humidity. 
C. Seven days over barium chloride, 87 percent relative humidity. 
D. Seven days over sodium acetate, 70-75 percent relative humidity. 
E. Two days in air at 50 percent relative humidity and 5 days over sodium acetate. 
Schedule E was used in acceptance testing for the construction work completed to 

date. The different schedules resulted in varying losses in water during drying in grams 
per specimen as follows: 

A. + 3 grams (gain), 
B. -15 grams, 
C. -18 grams, 
D. -53 grams, and 
E. -87 grams. 

As shown in Figure 14, schedules A, B and C resulted in dilation of 50 mUlionths 
or greater after %, i% and 6 weeks of soaking, respectively. Schedules D and E did 
not result in dilation as great as 50 millionths during the 10-week soaking period. 

Total permanent changes in length are shown in Figure 15. Increases in length 
above that at the conclusion of moist curing resulted from schedules A, B and C in 
decreasing order of magnitude at the end of 10 weeks of soaking. Schedule D resulted 
in a length equal to that at the conclusion of moist curing. The length produced by 
schedule E, while greater than at the conclusion of the drying period, wias less than the 

"as-cured" length. 
The results show that relatively small 

variations in drying procedure cause greatly 
different degrees of resistance to freezing 
and thawing. As a result of this investi
gation schedule D is now being used for 
acceptance purposes for new construction 
in the Donner Pass area in lieu of schedule 
E which has been used formerly. 

A—No Drying 
B — 7 Ooyi 01 97 % RH 
c—7 Doyi ot ee% RH 
D — 7 Ooye at 7 0 * RH 
E — 2 Ooyi Of SO » RH ond 

S Doyo 01 70 % RH 

• 4 0 

a-No Drying 
B—7 0oyt 01 9 7 % RH 
e -7C 

. D - 7 0 

- 0 0 

2 4 6 8 to 
Sooking with intorvaning ( r e o M - l l l O w c y e l « 8 - W««li« 

Figure "A. Effect of p a r t i a l drying on 
dilation (aggregate No. 7 ) . 

2 4 e 8 10 
Sooking alt l i Intirvoning ttaato-tlioa eyclof - Waakt 

Figure 15. Effect of p a r t i a l drying on 
permanent change In length (aggregate No. 

7 ) . 
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IOWA LIMESTONE 
The test performance of limestone from the Rapid formation in Iowa was explored 

in concrete in which the fine aggregate consisted of sand from the American River 
(aggregate No. 1). The limestone as received was a crushed product in a dry con
dition. It was sieved and recombined to \% in. to No. 4 sieve. The limestone was 
prepared for incorporation into concrete by two methods: (1) soaking in water at room 
temperature for 24 hr, and (2) saturation under vacuum. 

After the specimens were fog cured, they were subjected to conditioning schedules A 
(no drying) and E (drying). 

Figure 16 shows the observed dilations during the Powers cooling cycle. Vacuum 
saturation produced more r^^id distress than did simple soaking but either treatment 
resulted in definite indications of poor durability even when the concrete was subjected 
to preliminary drying. 

Figure 17 shows permanent changes in length of the specimens. The curves again 
show a rapid loss in durability as the concrete was soaked. 

With the limestone, when incorporated into concrete after 24 hr of soaking, specimens 
that were not dried performed nearly as well as those that had been partially dried after 
curing. This is in direct contrast with results obtained under similar treatments with 
a^regate No. 7 which was incorporated in the concrete in a stream-wet condition. 
It appears that the limestone was not completely saturated by 24 hr of soaking, and 
therefore, was in a condition approaching that resulting from drying the concrete after 
curing. It also appears that the limestone slowly absorbed water from the paste as 
evidenced by continued shrinkage for several days after the specimens were immersed 
m water, as shown in Figure 17 (concrete not dried). 

LONG-TIME SOAKING 
On the completion of tests by the Powers procedure (1) which were discontinued at 

the end of the 10-week soaking period, the specimens were placed in water storage at 
room temperature where they remained for 
periods up to three years. A cooling curve 
was again recorded for some of these 
specimens. (Tests results are shown in 
Figure 18.) Specimens that had received 
no preliminary drying were rendered more 
vulnerable. This can be explained by the 
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theory that the cement during hydration 
extracted some of the water from the 
presumably completely saturated aggre
gate. During prolonged soaking, part or 
all of this water was restored, ^eci-
mens that had been subjected to pre
liminary drying were also rendered more 
viilnerable but at a lower rate. None of 
the dried specimens reached a critical 
dilation of 50 millionths during the period 
of soaking, but the trend of results pomts 
to the conclusion that concrete is not likely 
to remain permanently resistant to freez
ing if it is exposed in such a way that it Is 
continuously immersed in water. 

LONG-TIME SOAKING FOLLOWED BY 
A SHORT DRYING PERIOD 

^ • 137 a 23 Mo 

CONC ? E T E NOT DRI LD 

Aggrffgato No — 

^Aggrogatf l 

CONCRE 

<® 
rE DRIED ' ^ ^ ^ 

• ' • ' 1 ' i ' ' 

Months of Additional Sooking AftirJOWeokt of Soohing In Powirt Procedure 

Figure 18. Effect of long soaking on di
lation. 

A few specimens containing aggregate 
No. 7 were soaked in water for 9 mo fol-
lowmg completion of tests by the Powers 
procedure. Cooling curves then showed 
dilations of 80 and 110 millionths for 
specimens dried originally in atmospheres 
of 70 and 87 percent relative humidity, 
respectively. The sipecimens were again 
dried for 8 days in an atmosphere of 70 
to 75 percent relative humidity. Cooling 
curves then showed that dilations were 
reduced to 43 and 49 mUlionths. These results show that even short periods of exposure 
to mUd drying conditions provide substantial relief to the build-up of vulnerability 
resulting from long-time soaking. 

EVALUATION BY PERMANENT LENGTH CHANGE 
Examples of permanent changes in length of specimens are shown in Figures 12, 15 

and 17. The feasibility of using such length changes as criteria of the performance of 
aggregates in concrete has been studied. Concrete shrinks when drying and swells 
when soaking. During all cycles of simple soaking, swelling is less than the original 
shrinkage. When subjected to freezing and thawing cycles in conjunction with soaking 
at room temperature, the amount of swelling may be greater than under simple soaking. 
An increase above normal swelling may indicate damage as a result of freezing. 

In many cases, those specimens that developed a dilation in excess of 50 miUionths 
during cooling have attained a permanent length approximately equal to the as-cured 
length. If this were a universal rule, it would be possible to eliminate the test for 
dilation during cooling and to use only the measurement of permanent length change 
as a criterion of performance. To do so, would permit the elimination of expensive and 
complicated apparatus for recording the cooling curve. However, some specimens have 
not swelled to the as-cured length at the time a critical dilation has been foimd in the 
cooling curve. In other cases, the length of| the specimen has exceeded the as-cured 
length before a dilation of 50 millionths has been indicated by the cooling curve. At
tempts have been made to relate permanent changes in length as referred to the as-dried 
length and dilations as indicated by the cooling curve. The results were negative. 

It appears therefore, that evaluation of performance in accordance with the Powers 
concept must include the measurement of dUation during cooling. Manual, in place of 
automatic measurement, could be used with considerable saving in the cost of apparatus. 
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EFFECT OF CEMENT FACTOR 
The movement of water from and into aggregate particles is restricted by the sur

rounding cement paste. The more impervious the paste, the greater should be the 
restriction on movement of water into and out of the aggregate. Richer mixtures (of 
lower water-cement ratios) therefore, should extend the period during which partially 
dried concrete can be soaked before it becomes vulnerable to the effects of freezing 
and thawing. 

If the above assumptions are true, higher cement factors should produce concrete 
that is more resistant to freezing and thawing under natural e^osure. Reported ex
amples of field performance as affected by cement factor are few in number; however, 
certain projects of the "Long Time Study of Cement Performance of Concrete" (4) have 
yielded such comparisons. In the "Ten Year Report" (4), it is stated that one row of 
boxes at the Illinois test plot containing 27 test cements and an aggregate of good service 
record, had developed considerable distress. These boxes were constructed with non-
air-entrained concrete containing 4/4 sacks of cement per cubic yard and having a 
slump of 8 in. Boxes constructed of similar concrete except with a cement factor of 
6 sacks per cubic yard, were in excellent condition. At the Saugerties, New York 
test site (5) concrete piles of 7-sack concrete have been more resistant to freezing 
and thawing than comparable piles containing 5-sack concrete. 

A good laboratory test procedure should be capable of exhibiting improved perform
ance of richer (lower water-cement ratio) concrete. The performance of the Powers 
procedure in this respect has been investigated. Specimens were made of concrete 
containing 4, sVa and 7 sacks of cement per cubic yard using aggregate No. 7. The 
corresponding water-cement ratios were 7.5, 5.1 and 4.3 gal per sack, respectively. 

After moist curing for 14 days, groups of 6 specimens were subjected to four 
schedules of drying; namely, schedules A and E as previously described and two inter
mediate conditions which were similar to, but not exactly the same as, schedules B 
and C. The intermediate drying conditions are designated as schedules B* and C After 
curing and drying according to these schedules, the specimens were subjected to 14 
weeks of soaking, of which the first two weeks were in water at room temperature and 
the remainder were with intervening cycles of freezing and thawing at the rate of 5 
per week. 

The resultsof the tests are summarized in Tables 4 and 5. 
Referring first to the data on change in weight (Table 4) which is used as a measure 

of moisture movement, the results are re
ported to the end of 8 weeks of soaking only, 
because at later periods, the mechanical 

TABLE 4 loss of solid material became great enough 
EFFECT OF CEMENT FACTOR ON MOBTURE MOVEMENT to obscure the molsture Change relationship. 

<Ageregate No. 7) ^ . ^ ^^^^ ^^^^ mOlSture 
Cement _ ^ Schedule during drying increased with decreasing 
Factor ^—^ 

A' C (a) Change In Weight (grams per specimen) 
Due to Drjine 

5.5 
4 -38 -66 -88 
3 -29 -49 -67 
3 -24 -37 -52 

(b) Change in Weight (grams per specimen) 
Relative to the As-Dried Weight After 8 

Weeks of Soaking 

5 5 
40 58 77 
43 52 67 
37 41 54 

(c) Change in Weight (grams per specimen) 
Relative to the As-Cured Weight After 8 

Weeks of Soaking 

5 5 
20 2 - 8 -11 
18 14 3 0 
15 13 4 2 

TABLE 5 
EFFECT OF CEMENT FACTOR ON DILATION AND 

PERMANENT CHANGE IN LENGTH (Aggregate No 7) 

Drying schedule ; 
(sk/cu yd) A B; C E 

(a) Time of Soaking (weeks) to Produce 50 
MllUonths DUaUon 

4 5 5 8 7 
5 5 3 4 11 12 
7 2 9 12 U+ 

(b) Total Permanent Change in Length 
(mlllionths) Relative to As-Cured 
Length After 14 Weeks of Soaking 

4 160 105 40 15 
'Schedule A specimens were soaked in water for one week S 5 240 65 -45 10 
while remaining specimens were subjected to drying. 7 230 -JO -25 -55 
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cement factor, a result that is in accordance with theory. Upon soaking, the leaner 
concrete absorbed more water. At the end of 8 weeks however, the leaner concrete 
that had been subjected to drying schedules B', C and E contained less water than 
the richer concrete. 

Judged on the basis of final moisture content, it might be concluded that the leaner 
concrete, after drying and then soaking, should be more resistant to the effects of 
freezing and thawing. That this is not true, however, is shown by the data of cooling 
curves (Table 5). These data show that with increasing cement factor, the concrete 
withstood increasingly longer periods of soaking before the specimens became suf
ficiently vulnerable to produce a dilation of 50 millionths. A reversal of this trend is 
shown for specimens that were not dried (schedule A). The reversal in trend may be 
explained by the fact that since the aggregate as Incorporated in the concrete was 
thoroughly saturated, further soaking did not affect Its vulnerability greatly. All 
cement factors under this condition produced highly vulnerable concrete and the slight 
differences in safe periods of soaking are of little practical consequence. 

The data of permanent change in length (Table 5) show that after drying, the richer 
concrete was more resistant. For specimens that were not dried (schedule A), the data 
indicate somewhat better performance for the 4-sack concrete; however, its resistance 
was of low order and the differences between cement factors are of little practical 
consequence. 

On the whole, the data give convincing evidence that the test procedure exhibited 
improved performance with increasing cement factor, and decreasing water-cement 
ratio. The fact that this behavior is in accordance with observed performance under 
natural eiqposure lends added evidence of the validity of the basic concepts of the 
Powers method. 

REPEATABILITY 
The degree to which test results can be diq)llcated in the same laboratory is a matter 

of considerable importance in assessing the value of any test method. 
The aggregates that have been tested, with one exception, are sands and gravels of 

Igneous origin and are composed of Intrusive and extrusive acidic, intermediate and 
basic rocks. Some of the particles have absorptions as high as 5 percent. The problem 
of making like specimens is therefore, connected intimately with that of getting repre

sentative amounts of various rock types 
Into them. When large dilations have oc
curred they have been accompanied fre
quently by rupture of the specimen ap
parently caused by abrupt e}q)ansion of 
one or more large particles (Fig. 19). 
The fact that the larger particles are the 
more vulnerable further complicates the 
fabrication of uniform test specimens. 

For this reason, specifications have 
been written on a go-no-go basis. That is, 
acceptance has been based on the condi
tion that the majority of the individual 
specimens pass the test requirement. A 
number of aggregates have been accepted 
as a result of tests of six specimens, two 
each from three batches mixed on different 
days. Usually more than one sample from 
the same deposit has been tested. 

Six is certainly the minimum number 
of specimens that should comprise one 
test. Twelve or more is desirable. The 
reason for using a number as small as six 
in past work has been to provide extra 

Figure 19. Effect of drying concrete on 
condition of specimens subjected to 
freeze-thaw (II92-IB dried after moist 

curing, and II92-IC not dried). 
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specimens for study purposes on the effect of variations in drying or soaking procedures. 
The volume of the ^/r by 9-in. cylinder that has been used is about 0.083 cu ft . A 
test batch of 0.6 cu ft is ample to determine slump, air content and yield, preparatory 
to making four tests specimens. Twelve specimens can, therefore, be obtained from 
three batches of this size. 

The measure of repeatability should be based on (1) the variation in time of soaking 
required to exceed a selected degree of dilation, or (2) the percentage of specimens 
that reach or do not. reach the critical dilation in the specified period of soaking. 

A measure of the degree of variation between individual specimens under category 
(1) is obtained by comparing the soaking time of individual cylinders to reach specified 
amounts of dilation measured during the Powers procedure. Since the cooling curve 
has been recorded at two-week intervals, it is possible that dilations during intervening 
freezings may exceed those at the time of measurement. Tests of individual specimens 
have shown instances of large dilations being followed by smaller ones. Nevertheless, 
bv plotting the data obtained, the time of soaking can be fairly well estimated to about 
y\ week for each increment of dilation considered. A few sets of test data were selected 
from those groups in which all of the test cylinders dilated more than 50 millionths 
during the 10-week soaking period, and the weeks of soaking to reach dilations of 30, 
40 and 50 millionths were determined. The standard deviation for each group was 
calculated also, and the results are given in Table 6. 

The above method of evaluating precision is severe because the aggregates tested 
were composed of a variety of rock types, some of which could produce a small and 
transitory dilation at the time of measurement largely as a matter of chance inclusion 
in different specimens. As the dilation selected for consideration becomes larger, and 
more significant, the variation in time between specimens becomes smaller percentage
wise. 

A more useful measure of repeatability is obtained by considering the results on a 
go-no-go basis as suggested under category (2). 

As mentioned earlier, some sources were tested more than once at different times. 
Aggregate No. 7 was tested early in 1958 and again late in 1958. Two test pits were 
sampled for the early series, and three for the latter, bringing the total number of 
samples tested to five. The tests for development of dilation were made under the 
same conditions for each sample. The results of the test are given in Table 7 which 
shows the number of samples from each group that pass the test. Six specimens were 
used in each test in which the concrete was dried. With the exception of the second 
sample of the not-dried groups, five specimens were used. Only four specimens were 
used in the second sample. The results are amply discriminatory on the basis of 
evaluation on the performance of at least two-thirds of the specimens. 

That the test method, even with the relatively small number of test specimens, ef
fectively distinguishes between vulnerable aggregate and nonvulnerable aggregate for 
the test conditions used, is given in Table 8. The sources listed are those tested re
cently under the current specification requirements, and also without drying. In all 
cases involving drying of the concrete, at least 5 of the 6 specimens definitely passed 
the test. Of the not-dried group, the separation was positive except for source 11 in 
which 1 of 5 passed and sources 14 and 15 

TABLE 7 
TABLE 6 GO-NO-GO EVALUATION OF FIVE AGGREGATE 

VARIANCE IN RATE OF DILATION OF SELECTED SAMPLES FROM SAME SOURCE (Aggregate 
TEST GROUPS No 

Time to Reach Specified Dilation (weeks) and 
Standard Deviation for Each Group 

Test 30 Millionths 40 MiUionths 50 Millionths 
Group Wks Std Dev Wks Std Dev Wks Std Dev 

A 1 6 1 6 2 6 1 5 3 6 15 
B 0 6 0 6 1.3 0 6 16 0 5 
C 0 6 0 2 1 0 0 3 14 0 4 
D 3 6 2 3 6 5 1 6 7 2 18 

Condition of Concrete 
Dried, Then Not Dried, 

Sample 10 Wks 11 Wks 
No of Soaking of Soaking 

1 6 of 6 pass 0 of 5 pass 
2 5 of 6 pass 1 of 4 pass 
3 6 of 6 pass 0 of 5 pass 
4 6 of 6 pass 0 of 5 pass 
5 6 of 6 pass 0 of 5 pass 
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TABLE 8 
GO-NO-GO EVALUATION OF SEVERAL AGGREGATES 

Condition of Concrete 
Aggregate 

No 
Dried, Then 10 
Wks of Soaking 

Not Dried, 11 
Wks of Soaking 

9 6 of 6 pass 5 of 5 pass 
10 6 of 6 pass 5 of.5 pass 
11 5 of 6 pass 1 of 5 pass 
12 5 of 6 pass 0 of 5 pass 
13 6 of 6 pass 0 of 4 pass 
13A' 5 of 6 pass 0 of 5 pass 
14 6 of 6 pass 3 of 5 pass 
15 6 of 6 pass 3 of 5 pass 

'Aggregate No ISA contains coarse aggregate No 13 and 
fine aggregate No 15 

in which 3 of 5 passed in each case. It 
is evident that better repeatability was 
obtained with dried specimens than with 
undried ones. 

The foregoing discussion indicates that 
the test procedure, based on the Powers 
concept, is sufficiently precise to render 
it usable as a basis for purchase ^eci-
fications for concrete aggregates. 

CONCLUSIONS 
The method of performing freezing 

and thawing tests to determine perform
ance of aggregates in air-entrained con
crete as suggested by Powers (1), is adaptable to different methods of producing and 
handling aggregates and to varying exposure conditions. Results in service show that 
when the test conditions were adjusted to the a^regates as they were furnished and 
to the e:qposure conditions to which pavements were subjected, aggregates that did not 
produce a dilation in excess of 50 mUlionths have performed satisfactorily through one 
and two winters of severe weather. There is no present evidence to warrant an ex
pectation that the concrete will not continue to be durable. 

On the other hand, had acceptance of the aggregates been based on tests by ASTM 
Designation: C 390-57 T, or Corps of Engineers Methods CRD-C 20-55, Resistance of 
Concrete Specimens to Rapid Freezing and Thawing in Water, and had the concrete 
been mixed with aggregates containing the full amount of original moisture, several of 
the aggregates that were used would have been rejected. Rejection of such aggregates 
would have increased the cost of the work substantially. 
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Appendix 

METHOD OF TEST FOR FREEZE-THAW RESISTANCE OF AGGREGATES 
IN AIR-ENTRAINED CONCRETE (Powers Procedure) 

Values shown for maximum size of aggregate, size of test specimen, conditioning by 
drying and length of soaking period are those used by California Division of Highways 
for construction work m a particular locality. Other values should be substituted when 
construction or exposure conditions so warrant. 

Samples 
Samples of aggregates shall be secured under the direct supervision of the engineer 
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in charge of the work. Samples from existing stocIg)iles of processed aggregate shall 
be taken from washed materials and shall be visibly damp. Samples from materials 
in place in a proposed source shall be taken at depths from the surface that will insure 
the presence of the full quantity of ground water. Excavations for the purpose of se
curing samples shall be made to the full depth of intended operations. Samples shall 
be protected against loss of contained water untU they are delivered to the engineer. 

Samples shall be shipped to the laboratory in metal containers with tight fitting 
covers. Water shall be added to each container before it is sealed. 

In the laboratory, samples shall be so handled to prevent loss of absorbed water. 
They shall be processed by washing if required, separated into sieve sizes and recom-
bined to the required grading in the presence of excess water. If particles larger than 
iVa in. are present in the sample, they shall be crushed and added to the finer material 
unless it is proposed to waste the oversize particles during manufacture. 
Apparatus 

The following apparatus is required in addition to that needed for making and curing 
concrete specimens in the laboratory, ASTM Designation: C192. 

One or more refrigerated baths of a size and depth required to contain the test 
specimens immersed in kerosene and with suitable controls to provide a lowering of the 
temperature at a rate of 5 + 1 F per hour from room temperature to 0 F. Household 
type deep freezing chests with a copper liner have been found to be satisfactory. 

One or more water baths of a size and depth to contain the specimens immersed in 
water, equipped with water supply and overflow outlet. 

A supply of frames with linear variable differential transformers attached, for 
supporting test specimens for automatic measurement of length changes during cooling. 
A satisfactory design is shown in Figures 5 and 6. 

A supply of 4/4- by 9-in. cylinder molds, equipped with top and bottom detachable 
plates for holding gage studs. 

A comparator for measuring permanent length changes of test specimens, meeting 
the requirements of Section 2(b) of ASTM Designation: C 157-54 T and with a standard 
reference bar. 

A balance sensitive to 1 g and having a capacity of about 6,000 g. 
Closed corrosion resistant containers large enough to contain one or more 4%- by 

9-in. test specimens with free space of at least '/< in. from all faces, equq>ped with 
means of supporting the specimens at least 2/^ in. above the bottom. 

A strain recorder with suitably ruled paper. It shall consist of a multipoint dis
placement recorder having one channel for each specimen being tested for dilation 
during cooling. The switching sequence from one channel to the next shall be accom
plished automatically at a rate such that the time interval between prints for a particu
lar chaimel does not exceed 5 min. The system shall have a sensitivity sufficient to 
indicate displacements of 25 millionths inch equal to one chart division through a range 
of 0.004 in. Displacements indicated by the linear variable differential transformers 
in contact with the studs of test specimens shall be recorded. A calibration bar of ac
curately known thermal coefficient of expansion shall be furnished. (Manual means of 
measuring length changes and temperature may be substituted for automatic recorders 
provided the apparatus has a sensitivity equal to that of the automatic apparatus.) 

An automatic temperature recorder connected to thermocouples imbedded in com
panion concrete cylinders of the same size as the test specimens, one in each bath in 
which dilations are measured. The temperature of each thermocouple shall be printed 
on a chart within an accuracy of 1 F through a range from room temperature to -10 F. 
Prints for each channel shall be recorded at a frequency of not more than 5 min. 

Procedure 

Concrete mixtures shall be proportioned with iVa-in. maximum size aggregate graded 
to conform to the specifications for the work. The cement factor and slump shall be 
within the limits specified for the work. An air-entraining agent consisting of neutralized 
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Vinsol resin solution shall be incorporated in the quantity required to result in an 
air content of 4.5 + 0.5 percent air In the fresh concrete. Slump, air content and 
cement factor shall be determined for each batch. The size of batch shall be sufficient 
to provide at least four by 9-in. test specimens. 

Four or more 4/̂ 2- by 9-in. cylinders shall be molded from each batch. Stainless 
steel gage studs 1 in. long shall be embedded in the fresh concrete so as to project 
% in. at each end of the longitudinal axis of the specimen. 

For each aggregate or combination of aggregates to be tested, at least three batches 
of concrete shall be mixed, each on a different day, providing a minimum of 12 test 
specimens. The specimens in the molds shall be cured under standard moist conditions 
for 24 t 4 hr and then be removed from the molds. Standard moist curing shall be 
continued to the age of 14 days. 

At the end of the moist curing period, the specimens shall be weighed to the nearest 
1 g in a surface-dry condition and shall be measured for length to the nearest 0.0001 in. 
(The method of inserting gage studs does not insure that they coincide absolutely with 
the vertical axis of the specimen. For this reason the needle of the dial gage may not 
remain stationary as the specimen is rotated. Reproducible results are obtained by 
rotating the specimen until the minimum reading is found.) They shall then be placed 
in closed containers over a saturated solution of sodium acetate with an excess of salt 
for 7 days at a temperature of 73.4 1 3 F. The solution shall be at least IV2 in. in depth 
and shall not be closer than in. to the bottom of the test specimens. The specimens 
shall be removed, weighed and measured for length. They shall then be immersed in 
water at room temperature for 14 days. 

The specimens shall then be removed from the water bath (total age at this point is 
5 weeks). They shall be wiped free of surface water and be weighed and measured for 
length. 

The specimens shall then be placed in the frames used to measure and record strains 
during cooling. The specimens in the frames shall be immersed in water-saturated 
kerosene in the refrigerated baths and connected to the displacement recording instru
ment which shall be placed in operation. A companion specimen containing a thermo
couple shall also be placed in the bath and be connected to the temperature recording 
instrument which shall be placed in operation. The kerosene shall be agitated me
chanically until the temperatures of the gipecimen and the bath are equal. The tempera
ture at this point shall be above 45 F. The time shall be recorded on the charts. The 
bath shall be cooled at a rate of 5 ± 1 F per hour and cooling shall be continued until 
the temperature reaches 0 ± 5 F. The specimens shall then be removed and the time 
recorded on the charts. 

The specimens shall be immersed in water and allowed to warm to room tempera
ture, then weighed and measured for length. The specimens shall remain in the water 
bath continuously except that they shall be cooled in kerosene as described above, at 
the rate of five times per week until a total soaking period of 10 weeks has elapsed. 
(The total age of the specimens at this point is 13 weeks.) Cooling to 0 F except during 
the first cycle and each succeeding 10th cycle may be performed without connecting 
the specimens to the strain-recording device. At the end of each two-week soaking 
period, the specimens shall be weighed and measured for length and then be connected 
to the strain-recording device during one cycle of cooling. 

At the conclusion of each recorded cooling cycle, the charts shall be marked to show 
equal time periods of 15 min. The recorded strain, estimated to the nearest one-half 
chart division, divided by the gage length, 1% in. , shall be plotted against the tempera
ture recorded at the same time. The curve shall be examined for evidence of dilation 
at the approximate freezing point. If dilation is evident, it shall be measured as the 
distance between the start of dilation at the apparent freezing point and the greatest 
succeeding length. The result shall be recorded as the dilation in millionths. 
Report 

l^ecimens shall be reported to have "passed" the test if: 
1. The dilation at any measured period did not exceed 50 millionths. 
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2. If the permanent length at the conclusion of the soaking period does not exceed 
the length at the conclusion of the 14-day moist curing period by more than 0. 006 per
cent of the gage length (measured between inner ends of the gage studs). 

Si)ecimens shall be reported to have failed the test if they fail to meet any of the 
requirements set forth above to qualify as "passing". 

The aggregate or combination of aggregates under test shall be reported to have 
"passed" the test if 65 percent or more of the individual specimens of the group passed 
the test. If less than 65 percent of the individual specimens of the group passed the 
test, the aggregate or combination of aggregates shall be reported to have "failed" in 
the test. 



A Study of Chert and Shale 
Gravel in Concrete 
R, L. SCHUSTER, * Associate Professor of Civil Engineering, University of Colorado, 
andJ.F. McLAUGHLIN, Research Engineer, Joint Highway Research Project, and 
Associate Professor of Civil Engineering, Purdue University 

Certain chert and shale gravels have long been recog
nized as harmful when included in Portland cement con
crete exposed to freezing and thawing. Many organi
zations have specifications limiting percentages of 
these materials in concrete aggregates, but few of 
these specifications distinguish between types of chert 
and shale from different geographical areas nor do they 
always take into account the basic physical properties 
of these materials. 

In this study, pore characteristics, mineralogy, 
texture, and structure were determined for cherts and 
shales from nine Indiana glacial gravel deposits by 
means of microscopic petrogr^hy, X-ray diffraction, 
and the common specific gravity and absorption techniques. 
Blends of 2, 4, 6, and 10 percent of chert or shale from 
each source were made with a standard durable crushed 
limestone coarse aggregate, and these blends were used 
in 3- X 4- X 16-in. air-entrained concrete beams sub
jected to up to 300 cycles of freezmg and thawing. A 
measure of the amount of deep-seated deterioration of 
the beams was provided by durability factors calculated 
from the results of non-destructive sonic testing of the 
beams at intervals during freeze-thaw testing. Severity 
of surface deterioration was also evaluated. The influence 
of the basic properties of the chert and shale gravels on 
the results of the freeze-thaw tests was then determined. 
On the basis of the results of these tests, the existing 
E f p e c i f i c a t i o n s on cherts and shales were studied to de
termine whether the s p e c i f i c a t i o n s realistically categorize 
these materials. 

Despite significant differences in their mineralogies, 
no difference was noted in the freeze-thaw durabilities of 
the various chert samples. For all the cherts, significant 
deep-seated and surface deterioration occurred only in 
beams containing 6 to 10 percent of material with a bulk 
specific gravity (saturated surface-dry basis) of less 
than 2.45. 

Although the basic properties of the shales varied even 
more widely than those of the cherts, none of the shales 
caused deep-seated failure of the concrete. However, the 
most porous shales caused "popout" damage, which was 
especially severe at the 6 and 10 percent levels. 

•Formerly Instructor in Civil Engineering, Purdue University, Lafayette, Indiana 
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••THERE IS still much to be learned about the physical properties of cherts and shales, 
and their effects on the durability of concrete in spite of considerable past study. 

In the past little has been done to differentiate between cherts and shales of the same 
general type, but that are obtained from different geographic areas. A purpose of this 
study was to determine if the basic properties of cherts and shales from one part of 
Indiana differ significantly from those of cherts and shales from other parts of the 
state, and if significant differences in the properties of these materials were found, 
to attempt to determine if these differences also result in differences in durability. 

Another objective was to quantify the effects of different chert and shale gravels 
on the freeze-thaw durability of concrete test specimens containing small percentages 
of these materials. 

The cherts and shales used in this investigation were obtained by hand picking from 
glacial gravel deposits widely scattered throughout the State of Indiana. In this way 
six chert and five shale samples, constituting as widely divergent a group of cherts 
and shales as could be found in Indiana, were obtained. The geographic locations of 
the sources for these samples are shown in Figure 1. 

In order to determine the effect of presence of the deleterious materials on freeze-
thaw durability of concrete, small percentages of the cherts and shales being studied 
were incorporated in 3- by 4- by 16-in. air-entrained portland cement concrete beams 
made with a standard portland cement, crushed stone coarse aggregate, and natural 
sand fine aggregate. The aggregates were obtained from sources of proven good 
quality. The only variables purposely introduced into the experiment were the dele
terious materials themselves. The mix design was held constant for all beams made 
except that varying small percentages of chert or shale were substituted for part of 
the crushed limestone coarse aggregate in all but the control beams. A water-cement 

xatio of 0.46 by weight was used through
out the study. This water-cement ratio 
produced a mix with good workability and 
a slump of about 3 in. The cement factor 
was kept constant at six bags per cubic 
yard. An air-entraining agent was used 
to entrain approximately 4 percent air in 
each batch. 

In all beams the coarse aggregate was 
used in equal amoimts of the No. 4 to 

%- to %- to and %- to 1-
in. sizes. Chert or shale was substituted 
for the %- to 'A- to and to 
1-in. crushed stone in 2, 4, 6, and 10 
percent blends in all but a few control 
beams in which the coarse aggregate con
sisted of 100 percent crushed limestone. 
In the beams containing the deleterious 
materials, no deleterious materials in the 
No. 4 to ys-in. size range were substituted 
for the crushed limestone because a pre
vious study by Sweet (1_) has shown that 
deleterious particles passing a ye-in. 
screen have little effect on the freeze-
thaw durability of concrete. All the 
coarse aggregate was vacuum saturated 
before mixing. The fine aggregate was 
not vacuum saturated, but was mixed 
with enough water to fUl all surface-con
nected pores and left in this condition for 
24 hr before mixing. 

Mixing was accomplished by means of 
a modified food mixer with y4-cu f t capacity. 
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Figure 1. Map of Indiana locating sources 
of chert and shale gravels used m this 

study. 
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The concrete was molded into 3- by 4- by 16-in. beams, and these were cured by im
mersion in lime water for 13 days following removal of the specimens from the molds 
one day after casting. 

Freeze-thaw testing of the beams was conducted according to the ASTM Method of 
Test for Resistance of Concrete Specimens to Rapid Freezing in Air and Thawing in 
Water, ASTM Designation C 291-57 T (2). The end point adopted for this series of 
tests was 50 percent relative dynamic modulus of elasticity of 300 cycles of freezing 
and thawing, whichever occurred first. 

A durability factor was determined for each beam by the method shown In ASTM 
Designation C 291-57 T. These durability factors provided an index of the amount of 
deep-seated deterioration taking place in each beam. 

During the freeze-thaw testing program, a number of popouts occurred on the 
surfaces of some of both the chert and shale beams. These popouts often occurred on 
beams which showed no deep-seated failure such as would be evidenced by low durability 
factors. Since these popouts were all found to be caused by failure of pieces of chert 
and shale during the freeze-thaw testing, this was further studied. During the freeze-
thaw testing program, visual observation of any new popouts was made each time a 
beam was tested for its fundamental transverse frequency (that is,, every 10-20 cycles 
of freezing and thawing). The position of each popout was noted as well as the approxi
mate size of the piece of deleterious material causing it. 

In order to compare the relative severity of surface deterioration of the beams, 
it was necessary to determine an index number for each beam which would give an 
indication of the relative popout damage suffered by that beam. An arbitrary numerical 
index based on sizes of the deleterious particles causing the popouts, number of popouts, 
and numbers of cycles at which the popouts occurred was developed and can be explained 
as follows: 

S D F = 5 L + .53 + + ^ 
C i Ca Cs C| j 

in which 
SDF = surface durability factor for each beam; 
s = size factor, bi for popouts caused by deleterious particles %to Vi 

in. in size, sa for popouts % to % in. in size (average of 2 diame
ters); and 

c = cycle factor, C i for cycles 1 to 100, C2 for cycles 101 to 200, cs 
for cycles 201 to 300. 

For beams whose relative moduli of elasticity dropped below 50 before 300 cycles 
of freezing and thawing were attained, this arbitrary equation does not result in an In
dex that can be compared with beams imdergoing the full 300 cycles. Li many cases 
the beams that were removed from the freeze-thaw test before 300 cycles would have 
suffered additional surface deterioration if they had been allowed to reach 300 cycles. 
It is difficult to devise a correction factor which would satisfactorily eliminate this 
failing of the equation. However, only a few of the beams tested fall in this category, 
and these were especially noted in tabulating the data so that no direct comparisons 
would be made. 

CHERT STUDIES 
An experimental outline was set up in which three variables were introduced into 

the production of beams containing chert with aU other controlled factors remaining 
constant. The three variables were as follows: 

1. Source of chert—material from each of the six sources of chert from throughout 
the State of Indiana was used. 

2. ^ecific gravity of chert— the chert from each of the six sources was separated 
into three groups based on bulk specific gravity (saturated surface-dry basis). The 
specific gravity ranges selected for these groups were 2.55 plus, 2.45-2.55, and 2.45 
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minus. Separation was accomplished using mixtures of carbon tetrachloride (specific 
gravity 1.58) and acetylene tetrabromide (specific gravity 2.97). Beams were made 
containing chert from each source and at each level of specific gravity. 

3. Percentage of chert—chert from each combination of source and specific gravity 
group was included with the crushed stone coarse aggregate in the beams in amounts 
of 2, 4, and 10 percent, and a 6 percent level was included for chert from the 2.45 
minus specific gravity group. 

Statistical analysis of durability factors obtained from freeze-thaw studies of the 
chert beams (Table 1) indicated that the sources of the chert had no effect on resistance 
of concrete to deep-seated freeze-thaw deterioration. Even though the cherts were 
from different sources throughout Indiana, they resulted in nearly equal degrees of 
freeze-thaw deterioration when used in concrete in equal amounts having the same 
specific gravity ranges. 

A definite difference in durability factors was found, however, for beams containing 
cherts of different specific gravity ranges. It was found that beams containing chert 
from the 2.45 minus specific gravity group had significantly lower durability than those 
containing chert from the 2.55 plus and 2.45-2.55 specific gravity ranges. This is 
in accord with the work of Sweet and Woods (3) which indicated low specific gravity 
chert to be the most susceptible to freeze-thaw deterioration. 

The percentage of chert used also had a significant effect on the durability factors, 
but only at the 2.45 minus specific gravity level. At the 2.55 plus and 2.45-2.55 
Efpec i f i c gravity levels, there was no significant difference among the durability factors 
of the beams containing different percentages of chert. Even 10 percent of chert from 
these specific gravity groups caused no deep-seated failure of beams in which it was 
included. 

In the 2.45 minus specific gravity level the percentage of chert had a strong effect on 
durability of the concrete. Without exception, beams containing 10 percent of 2.45 
minus chert suffered severe deep-seated deterioration. Every beam was Intersected 
by at least one deep-seated crack caused by failure of the chert. The lowest durability 
factors recorded in the freeze-thaw testing occurred for this combination. 

At the 6 percent level of the 2.45 minus specific gravity group, no deep-seated 
cracks occurred and the durability factors were found to be not significantly lower than 
those of the 2 and 4 percent levels of this gravity range. However, more variability in 
the data occurred at this level than at the 2 and 4 percent levels, that is, individual 
beams containing 6 percent of 2.45 minus chert had durability factors as low as 68.9 
and 78.1 while others were as high as 97.2. The few low durability fact9rs at the 6 
percent level, while not nearly as low as those at the 10 percent level anid not low 
enough to cause significant differences in the cell means, were low enough to suggest 

SUMMARY OF INDIVIDnAL DURABILITY FACTORS FOR FREEZE-THAW TESTINO PROGRAM OF CONCRETE BEAMS 
CONTAINING SMALL PERCENTAGES OF CHERT COARSE AGGREGATE 

Coarse Agg 3regate» % 1 Gr Range, 1 Gr Ra nge, 4 1 Gr Range, at 1 Gr Range, Ek> Gr Ranjre. Sb Gr Ranse. 
(%r 2063 Chert 2064 Chert 2086 Chert 2067 Chert 2072 Chert 2077 Chert 

2 59 2 45- 2 45 2 55 2 45- 2 49 2 55 2 45- 2 45 2 59 2 45- 2 45 2 99 2 45- 2 45 2 99 2 45- 2 49 
Plus 2 55 Minus Plus 2 55 Minus Plus 2 55 Bflnus Plus 2 55 Minus Plus 2 99 Minus Plus 2 55 Minus 

2 97 S 98 2 94 1 98 2 98 2 96 4 98 8 97 3 89 1 97 9 96 9 96 1 98 2 97 0 93 8 98 2 98 2 94 4 
98 3 99 7 92 0 98 1 97 4 93 6 97 9 97 3 96 7 98 9 98 0 98 2 99 0 97 0 97 2 97 8 96 9 95 5 
97 9 99 0 93 1 98 2 97 8 95 0 98 4 97 3 92 9 98 4 97 5 97 2 98 6 97 0 95 9 98 0 97 4 95 0 

4 99 8 98 3 88 9 98 2 97 3 95 5 98 0 96 5 95 5 97 7 96 4 95 9 99 0 94 8 96 9 97 2 97 3 90 3 
98 e 97 2 96 4 99 0 96 4 98 0 98 0 94 7 99 6 97 7 99 4 95 5 97 0 07 3 94 9 97 0 97 4 96 5 
98 2 97 8 92 7 98 6 96 9 96 8 98 0 99 6 95 6 97 7 95 9 99 5 98 0 96 0 99 7 97 1 97 4 93 4 

6 96 3 94 7 88 7 84 9 92 1 87 8 
78 1 97 2 89 7 95 6 90 0 68 9 
87 2 96 0 89 2 90 1 91 1 78 4 

10 98 2 71 0 24 4 99 1 82 9 11 2 97 0 93 9 29 6 99 I 83 2 57 3 98 9 92 0 64 7 97 9 96 3 30 0 
98 2 94 7 29 5 98 4 98 0 25 0 98 0 99 9 48 5 97 3 94 6 38 4 98 9 91 9 38 3 97 2 92 9 26 4 
98 2 82 9 27 0 97 8 90 3 18 1 97 5 94 5 38 1 98 2 88 9 47 9 98 9 92 0 91 9 97 6 94 6 28 2 
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that some deterioration can occur in concrete containing as little as 6 percent chert 
with a bulk specific gravity of less than 2.45. 

Durability factors for beams containing 2 and 4 percent of 2.45 minus chert were 
shown by analysis of variance to be signKicantly lower than durability factors for beams 
containing the same percentages of chert from the two heavier specific gravity ranges. 
However, all the durability factors for these beams are high enough to indicate little 
deep-seated deterioration (Table 1). For example, the lowest durability factor com
puted for the 4 percent level of the 2.45 minus specific gravity range was 88.9 and the 
lowest cell mean was 92.7. These values are high enough to be considered indicative 
of sound concrete. 

In summary, it appears that otherwise sound concrete containing up to 4 percent 
chert with a bulk specific gravity (saturated surface-dry basis) of 2.45 or less, or 
as much as 10 percent chert with a specific gravity greater than 2.45, can successfully 
withstand laboratory freeze-thaw exposure without undergoing deep-seated deterior
ation. 

The effect of size of the individual chert particles on their freeze-thaw durability in 
concrete is of interest. Previous studies of deleterious substances have indicated a ^ 
relationship between size of unconfined particle and lack of freeze-thaw durability. 
Wray and Lichtefeld (4) found in their study of Missouri cherts that saturated 1-to 1%-
in. particles had less resistance to freezing and thawing failure than saturated %- to 
1-in. particles. Thomas (5) saturated prisms of different sizes from the same rock 
and found that damage was greater the larger the specimen. 

The effect of size on the durability of particles of deleterious materials in concrete 
is not so clear, however. Sweet and Woods (3) embedded saturated chert pieces of 
three sizes, to 1 in. , % to % in., and % to Va in. , in 1-in. mortar cubes and sub
jected these cubes to up to 309 cycles of freezing and thawing. They found that the 
cubes failed at an earlier cycle for the %- to 1-in. pieces than for the Va- to y4-in. 
pieces, and that no failure occurred in the cubes containing the %- to Va-in. pieces. 
Klieger (6), however, found no apparent relationship between size of unsound aggregate 
particles and durability as long as the air content of the mortar was held constant. 
Walker and McLaughlin (7) demonstrated that lightweight chert less than % in. in size 
would not cause deep-seated freeze-thaw deterioration in concrete, but their method 
of test did not distinguish between the degrees of resistance to freeze-thaw deterioration 
exhibited by different sizes of chert larger than in. 

In this study no attempt was made to determine the effect of size on durability. How
ever, for those beams that had suffered deep-seated cracking as a result of freezing 
and thawing, a qualitative study was conducted to determine the sizes of the pieces of 
chert intersected by each crack. In each case it appeared that the Va- to 1-in. piece 
had provided most of the disruptive force. In no case was a crack caused by Va- to 
%- or %- to Va-in. pieces alone. This does not mean that Va- to %- or %- to %-m. 
pieces could not cause deep-seated failure of concrete, but does show that they are not 
as harmful as the larger pieces. Larger chert particles in concrete appear to have 
less resistance to freeze-thaw deterioration than smaller ones. 

Although freeze-thaw testing of concrete specimens is primarily intended to cause 
deep-seated failure and subsequent loss of strength of concrete specimens containing 
unsound aggregates, surface deterioration of the concrete, which in some cases is 
equally as important as deep-seated failure, often occurs in these tests. A part of 
this study was to determine how surface deterioration is influenced by each of the vari
ables introduced into the freeze-thaw study. 

Surface deterioration factors for the chert beams are given in Table 2. These data 
indicate no significant difference in severity of popout damage among the six chert 
sources. The major differences in severity of surface deterioration apparently were 
caused by material from different bulk specific gravity ranges. For all six cherts a 
negligible amount of surface deterioration occurred in beams containing material 
from the 2.55 plus and 2.45-2.55 specific gravity ranges. Material from the 2.45 
minus gravity range, however, resulted in a significant amount of popout damage in 
beams made from each of the six cherts. In general, the 6 to 10 percent levels within 
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SUMMARY OF SURFACE DETERIORATION FACTORS FOR FREEZE-THAW TESTING FBOORAU OF CONCRETE 
BEAMS CONTAININQ SMALL PERCENTAGES OF CHERT COARSE AGGREGATE 

Chert In 
gBto, , . . . . . . _ , 

2063 Ctort MM Chert 2066 Chert 2067 Chert 2072 Chert 2077 Chert 
Coarse J^^regate, dp Gr Ranges ^ Grjtange, 4) Gr_Raiige, Ek> Gr Range, ^ Range, &^ Gr Range, 

2 95 2 45- 2 49 2 65 2 45- 2 45 3 55 3 45- 2 45 3 95 2 45- 3 45 3 55 2 45- 2 45 3 55 3 45- 2 45 
Plus 2 55 Minus Plaa 2 55 Minis Flas 3.55 Minus Ras 2 99 PlQS 2 55 Phis 2 59 Minus 

2 0 0 0.0 0 6 0 0 0 6 0 0 0 0 0 0 3.0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 3 0 0 0 3 0 2 0 0 0 0 1 5 0 0 0 0 0 5 0 0 0 9 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 1 7 
0 0 0 0 1 3 0 0 0 3 1 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0.0 0.0 0 0 0 0 3 0 
0 0 0 0 0 7 0 0 0 2 0 5 0 0 0 3 0 6 0 0 0 0 0 5 0.0 0 0 0 0 0.0 0 0 1 0 

6 1 0 3 6 1 7 0 3 1 7 0 3 
0 6 4 3 1 3 0 0 0 0 0 0 
0 8 3 5 1 6 0 3 0 0 0 3 

10 0 0 0 0 0 0' 0 0 0 0 0 0' 0.0 0 0 3 5' 0 0 0 0 0.3 0 0 0 0 3 0 0 0 0 0 1 5' 
0 0 0 6 0 3' 0 0 0 0 0 0' 0 0 0 0 2 5' 0 0 0 0 0 0' 0.0 0 3 1 7' 0.0 0 0 0 0' 
0 0 0 3 0 2 0 0 0 0 0 0 0 0 0 0 3 6 0 0 0 0 0 3 0 0 0 2 3 4 0 0 0 0 0 8 

'Removed from Creeze-thaw test at less than 300 cycles 

the 2.45 minus specific gravity range had higher surface deterioration factors than the 
2 and 4 percent levels, but this was not true for all six cherts. For example, in the 
2.45 minus specific gravity range for chert 2077, the 4 percent level had an average 
surface deterioration factor of 1.9, while the 6 percent level had an average factor of 
only 0.2. This seeming anomaly is probably due more to random positioning of the 
pieces of chert than to any error in procedure or real differences in the material. 

It also should be noted that, in most cases, larger factors were obtained for beams 
in the 6 percent level of the 2.45 minus specific gravity range than in the 10 percent 
level. This was primarily due to failure of most of the 10 percent beams to complete 
a full 300 cycles of freezing and thawing while all the 6 percent beams lasted the full 
300 cycles. Thus the 10 percent specimens were not exposed to as many cycles of 
freezing and thawing as those containing 6 percent chert. 

In summary, surface deterioration in the beams containing chert paralleled the 
deep-seated failure of these beams. In both cases the different sources had little, if 
any, effect. For all sources failure occurred primarily in the 6 and 10 percent levels 
of the 2.45 minus specific gravity range. 

SHALE STUDIES 
An experimental outline was formulated in which two variables were introduced into 

design of the concrete beams containing shale with all controlled factors remaining con
stant. This experimental design differed from tliat of the chert study in that no specific 
gravity separation of the shale was made. It was set up as a two-way crossed classifi
cation. The two variables in the design were as follows: 

1. Source of shale—material from each of the sources was blended with the crushed 
stone coarse aggregate in different beams. 

2. Percentage of shale—shale from each of the sources was combined with the 
crushed stone coarse aggregate in blends of 2, 4, 6, and 10 percent. 

Study of the durability factors for concrete beams containing shale (Table 3) indicates 
that no combination of sources and percentages (up to 10 percent) of shale resulted in 
deep-seated failure of the beams. Only a few beams were found to have durability 
factors below 90, and these few values appear to be well distributed throughout the 
data. Only one ceU mean is below 90 and this is at the 4 percent level, while the dura
bility factors at the 6 and 10 percent levels for this same shale (2066) are well above 
90. This indicates that the low mean for the 4 percent level is probably due to random 
error. 
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TABLE 3 

SUMMARY OF INDIVTOUAL DURABILITY FACTORS FOR FREEZE-THAW 
TESTING PROGRAM OF CONCRETE BEAMS CONTAINING SMALL 

PERCENTAGES OF SHALE COARSE AGGREGATE 

Shale in Shale Source 

(%) 2063 2066 2068 2075 2076 

2 100.0 97.8 99.5 96.5 96.0 
98.8 96.0 85.5 - 96.5 
92.0 92.8 94.0 88.5 96.0 
- 94.5 - 97.2 95.4 
- 95.3 - 97.2 95.8 
- - - 98.2 96.3 

97.0 95.3 93.0 95.5 96.0 

4 96.3 96.5 94.3 96.4 96.3 
85.3 - - 96.4 94.0 
97.1 90.8 - 97.2 97.2 

_ 80.5 97.1 - 93.0 
- - 96.5 - 96.0 
- 87.2 95.3 - 99.5 

92.9 88.8 95.8 96.7 96.0 

6 99.0 97.4 98.5 99.8 
98.2 92.5 98.4 87.0 89.0 
96.0 98.2 - 96.5 100.0 
99.0 96.3 87,9 - 97.0 
98.7 87.6 85.1 - 89.0 

100.0 96.5 - - 88.4 

98.5 94.8 90.5 94.0 93.9 

10 95.5 87.0 _ _ 90.8 
86.5 96.5 83.0 98.0 95.4 
95.0 - - 96.2 95.5 

- 97.0 95.3 96.4 -
- 96.0 93.5 98.2 -
- 96.2 91.6 96.4 -

92.3 94.5 90.9 97.0 93.9 

Thus i t appears f r o m these data that in amounts of up to 10 percent, l i t t l e difference 
in resistance of the concrete to deep-seated deterioration was caused by the different 
shales even though they were f r o m widely separated areas throughout the state and had 
significantly different basic properties. This i s i n accord wi th the findings of Lang 
(8) who noted that fo r pavement concrete containing small percentages of shale, the 
only harmful effect of the shale due to freezing and thawing consisted of surface de
teriorat ion of the concrete. 

A comparison of durabil i ty factor data f o r the cherts and shales shows that the only 
deep-seated deterioration caused by either of these materials was due to chert wi th a 
bulk specific gravity (saturated surface-dry basis) of less than 2.45. Since some of 
the shale samples contained a considerable quantity of material which is of low bulk 
specific gravity even f o r shale (2.15 minus or 2.25 minus), and since none of these 
shales produced any deep-seated fa i lure , specific gravity apparently does not have the 
same relationship to resistance to deep-seated fai lure f o r shales as i t does for cherts. 

Surface deterioration factors fo r the shale beams are given in Table 4. I t i s evident 
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TABLE 4 

SUMMARY OF SXJRFACE DETERIORATION FACTORS FOR FREEZE-THAW 
TESTING PROGRAM OF CONCRETE BEAMS CONTAINING SMALL 

PERCENTAGES OF SHALE COARSE AGGREGATE 

Shale in o,. , « „ „ A 4 . ^ Shale Source 

(%) 2063 2066 2068 2075 2076 
2 0.0 0.0 2.0 0.0 0.0 

0.0 0.0 2.0 - 0.0 
0.0 0.0 2.0 0.0 0.0 
- 0.0 - 0.0 0.0 
- 0.0 0.0 0.0 
- - - 0.0 0.0 

0.0 0.0 2.0 0.0 0.0 

4 0.0 0.0 0.0 0.0 0.0 
0.0 - - 0.0 0.0 
0.0 0.0 - 0.0 0.0 
- 0.0 6.0 - 0.0 
- - 0.3 - 0.0 
- 0.0 1.7 - 0.0 

0.0 0.0 2.0 0.0 0.0 

6 0.0 0.0 0.0 1.0 
0.0 0.5 4.2 0.0 0.0 
0.0 0.3 - 1.0 1.0 
2.0 2.0 0.3 - 0.0 
0.0 0.0 2.5 - 0.0 
2.0 0.0 - - 1.0 
0.7 0.5 2.3 0.3 0.5 

10 0.0 0.5 _ _ 4.0 
0.0 1.0 1.2 0.0 3.3 
0.0 - - 1.0 0.3 
- 0.0 5.9 0.0 _ 

- 0.0 3.0 1.0 _ 

- 0.0 8.5 0.0 -
0.0 0.3 4.7 0.4 2.5 

f r o m these data that shale 2068 caused considerably more popout damage than any of 
the other shales. Beams containing shale 2068 had higher surface deterioration factors 
than beams containing the other shales at every percentage level, and shale 2068 was 
the only shale to cause even a single popout i n beams'containing 2 to 4 percent of this 
material . 

Only a small difference in performance relative to popout damage could be detected 
among the other four shales. No surface deterioration occurred f o r any of these 
shales when used in amoimts up to and including 4 percent. A t the 6 to 10 percent 
levels, shales 2066 and 2076 caused l i t t l e more popout damage than shales 2063 and 
2075, but the difference i s slight. 

Comparison of surface deterioration factors for the cherts and shales indicates 
that, except fo r sample 2068, the shales caused about the same amount of surface 
deterioration as cherts of the 2.45-2.55 specific gravity range. In general, the shales 
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caused greater popout damage than cherts of the 2.55 plus specific gravity range and 
lesser damage than cherts of the 2.45 minus gravity range. Shale 2068, however, 
resulted in more severe surface deterioration than any of the cherts of any specific 
gravity range. 

COMPARISON OF AIR VOID PARAMETERS AND DURABILITY OF CONCRETE 
MIXED B Y HAND AND MACHINE 

During the early stages of the freeze-thaw study of concrete beams containing shales, 
a few beams were prepared f r o m hand-mixed concrete to see how their durabilities 
would compare with those of the regular beams f r o m machine-mtxed concrete used in 
the freeze-thaw testing program. I t was found that in nearly a l l cases the hand-mixed 
concrete had lower durability factors than machine-mixed concrete of identical com
position. I t was f e l t that this presented an opportunity to study the a i r -void parameters 
of these two classes of concrete in an attempt to explain the observed differences. 

By means of the linear traverse technique outlined by Fears (9), the total percentage 
of entrained and entrapped air was determined fo r each beam. Using the values obtained 
fo r total percentage of a i r and voids per inch of traverse, i t was possible to compute 
specific surface areas and bubble spacing factors for the beams using Powers method 
(10). Powers theorized that the increase in durability afforded concrete by means of 
a i r entrainment i s largely a function of the spacing of the a i r voids In the concrete. 
He suggested that a concrete containing air voids with h i ^ specific surface area, and 
thus with a low void spacing factor, would receive more protection f r o m the air voids 
than one containing air bubbles having a low specific surface area and a high spacing 
factor. He considered a void spacing of about 0.01 i n . to be cr i t ica l ; those concretes 
with spacing factors lower than 0.01 in . were thought to be wel l protected f r o m freezing 
and thawing deterioration; those wi th spacing factors greater than 0.01 i n . were thought 
to be poorly protected. 

This theory is supported by the results of the linear traverse studies (Table 4A and 
Figure 2). For the 14 beams studied, i t was found that those having high durability 
factors (83 and above) a l l had spacing factors below 0.01 and those wi th low durability 
factors (21 and below) had spacing factors above 0 .01 . Also, the specific surface areas 
of the beams with high durability factors were a l l higher than those wi th low durability 
factors. 

INFLUENCE OF BASIC PROPERTIES OF THE CHERTS AND SHALES 
ON FREEZE-THAW DURABILITY 

The pr imary objective of this portion of the study was to study the basic properties 
of cherts and shales in Indiana's gravel aggregates and to determine how these properties 

T A B L E 4 A 

R E S U L T S O F A I R V O I D S T U D I E S O F C E R T A I N C O N C R E T E B E A M S B Y M E A N S 
O F T H E L I N E A R T R A V E R S E T E C H N I Q U E 

No 

B e a m 

D e s c r i p t i o n 
D u r a b i l i t y 

F a c t o r 
/o 

A i r 

V o i d s 
p e r 
In 

C a l c u l a t e d S^ecUic 
S u r f a c e A r e a of V o i d s 

(sq In / c u In ) 

C a l c u l a t e d V o i d 
Spacing F a c t o r 

(in ) 

S6-3 4% sha le No 2063, machine mixed 97 1 3 3 4 . 2 506 0 0080 
S6-6 4% sha le No 2063, ha;id mixed 21 1 4 1 2 . 9 287 0 .0131 

S8-6 10% shale No 2063, machine mixed 95 0 3 8 4 8 512 0 0075 
S8-1 10% s h a l e No 2063, hand mixed 6 0 3 . 8 2 . 0 208 0 0185 

S 9 - 5 10% s h a l e No. 2068, machine mixed 83 0 2 . 7 3 5 523 0 0088 
S9 -1 10% shale No 2068, hand mixed 8 3 3 3 2 7 324 0 0126 

S20-2 10% shale No 2066, machine mixed 96 5 3 . 5 3 8 441 0 0091 
S20-5 10% shale No 2066, hand mixed 14 2 3 . 0 2 . 0 269 0 0165 

S21-2 6% sha le No 2075, machine mixed 72 4 3 0 3 . 8 512 0 .0083 
S21-6 6% sha le No. 20TS, hand m i x e d 10 6 3 1 2 1 273 0 0154 

S22-1 10% shale No 2076, machine mixed 90 8 2 8 3 2 451 0 0098 
S22-4 10% shale No 2076, hand mixed 3 0 . 1 2 7 2 2 326 0 .0139 

S23-3 10% shale No 2075, machine mixed 96 2 3 1 5 0 637 0 0066 
S23-4 10% shale No 2075, hand mixed 5 3 3 8 3 0 316 0 0121 
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affect the freeze-thaw durability of these 
materials. The properties discussed are 
porosity, absorption, mineralogy, texture 
and microstructure. 

Porosity 

- P 0 \ « ( E R S SUGGESTED MINIMUM 

VOID SPACING RACTOR FOR 

DURABLE CONCRETE 

Much work relating porosity and dura
b i l i ty of crushed limestone aggregates has 
been done by Sveet (11.) and Fears (12). 
Ear ly studies by CantrUl and Campbell (13), 
Wuerpel and Rexford (14), and Sweet and 
Woods (3) correlated porosity and dura
b i l i t y fo r cherts. However, l i t t l e correla
tion of this type has been attempted f o r 
shales, and the chert studies mentioned 
were made before air-entrained concrete 
had come into use and before freeze-thaw 
testing had reached i t s present state of 
development. In addition, l i t t l e was done 
in a quantitative sense in these previous 
studies. For example, i t was determined 
i n a qualitative way that lightweight chert 
causes deterioration when used in concrete 
exposed to freezing and thawing, but nothing 
has been done to determine the quantity of 
this material required to cause deteriora
tion. 

Since porosity is so Important i n the 
freezing and thawing durabili ty of concrete 
aggregates, several studies of voids in the 
cherts and shales were made. Total volume 

of voids and volume of voids less than and greater than 5 microns in diameter were de
termined f o r the three specific gravity groups of cherts 2067 and 2077, and total porosity 
was determined f o r the f ive shale samples. 

Total Porosity 

Total porosity was calculated by means of the following relationship between bulk 
and true specific gravity: 

n = - 5 7 - = 1 - 7 5 -

2 0 4 0 

DURABILITY ACTOR BASED 

FREEZING AND THAWING 

6 0 8 0 

ON 3 0 0 CYCLES 

100 

OF 

F i g u r e 2 . R e l a t i o n s h i p o f d u r a b i l i t y fac . 
t o r s to v o i d spacing f a c t o r s f o r a x r - e n 

t r a i n e d c o n c r e t e . 

i n which 

n = porosity, 
V = total volume, 
Vy = volume of voids, 
St = true specific gravity, and 
Sb = bulk specific gravity. 

The total porosity of chert i s inversely related to i t s bulk specific gravity (a more 
easily measured characteristic than porosity) for materials of the same true specific 
gravity, and as such is generally reflected in specifications for chert i n concrete ag
gregate. I t has been foimd that the most porous cherts (those wi th the lowest bulk 
specific gravities) cause the most severe freeze-thaw deterioration. 

Freeze-thaw studies of concrete beams containing chert showed that significant 
deep-seated and surface deterioration took place only in beams containing 6 to 10 percent 
of material f r o m the 2.45 minus specific gravity group. For the samples tested, the 
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TABLE 5 

TOTAL POROSITIES OF CHERT SAMPLES 

Source 

Gravity Group 
(by heavy 

liquid 
separation) 

Bulk 
Sp Gr 

True 
Sp Gr 

Porosity, n 
(%) 

2067 2.55 plus 
2.45-2.55 
2.45 minus 

2.56 
2.44 
2.30 

2.64 
2.64 
2.64 

0.970 
0.924 
0.871 

3.0 
7.6 

12.9 

2077 2.55 plus 
2.45-2.55 
2.45 minus 

2.56 
2.47 
2.31 

2.64 
2.64 
2.65 

0.970 
0.936 
0.872 

3.0 
6.4 

12.8 

* n = (1 - ^ ) 100 

porosity of chert in this specific gravity group was nearly 13 percent (Table 5). Chert 
f r o m the 2.45-2.55 and 2.55 plus specific gravity groups, wliich caused l i t t le freeze-
thaw deterioration, had porosities of only about 7 and 3 percent, respectively. This 
relationship definitely siQ>ports the ideas of Wuerpel and Rexford (14) and Sweet and 
Woods (3) that cherts wi th high porosity are more susceptible to freeze-thaw deteriora
tion than those wi th low porosity, and further demonstrates that this concept holds fo r 
air-entrained concrete as wel l as concrete with no entrained a i r . I t also suggests that 
the 2.45 bulk specific gravity level (saturated surface-dry basis) suggested by Sweet 
and Woods as the c r i t i ca l level of separation between unsound chert and durable chert 
i s realist ic even fo r air-entrained concrete. 

The lack of protection afforded porous aggregates such as these lightweight cherts 
by air-entrained cement paste has been explained in general terms by Powers (15). 
When saturated aggregate particles surrounded by air-entrained cement paste are sub
jected to freezing, the water in the paste i s able to move to the "escape boundaries" 
provided by entrained bubbles i n the paste, and no excess hydraulic pressures are able 
to develop. Thus the paste itself is protected f r o m dilation. However, saturated 
porous rock particles enclosed by the paste s t i l l pe r fo rm as vir tual ly enclosed con
tainers and are only a l i t t l e better off than i f the paste were not air-entrained. Probably 
the paste bubbles near the contact between aggregate particle and paste dp accept a 
small amount of the excess water produced by freezing the saturated aggregate, but 
f o r saturated aggregates of high porosity, the amount of excess water is too large to 
be taken on by the bubbles in the paste immediately adjacent to the aggregate. For 
this reason, protecting the paste by air entrainment, while possibly successful f o r 
aggregates of low porosity, fa i l s to protect saturated highly porous aggregate particles. 
This concept helps to explain the findings of Axon, W i l l i s , and Reagel (16) who noted 
that the entrainment of a i r resulted in a definite improvement in durability of concrete 
containing limestones with good service records, but only caused a slight increase in 
durability for concrete made with cher t - r ich aggregate with a f a i r service record, and 
affected no appreciable improvement in durability,of concrete made with cher t - r ich 
aggregate jvith a poor service record. 

As given in Table 6, the porosities of the different shales varied widely. For exam
ple, shale 2068, which was the softest and weakest of the shales, was nearly twice as 
porous as any of the. other shales, and over f ive times as porous as shale 2063, the 
least porous and the most-indurated of the samples. The widely varying porosities of 
the shales had no effect on the amount of deep-seated freeze-thaw detloration caused 
by these materials, however. In amounts up to 10 percent, none of the shales caused 
any deep-seated damage to the concrete in which they were used. This lack of deep-
seated deterioration of concrete containing shales of relatively high porosity was due 
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TABLE 6 

TOTAL POROSITIES OF SHALE SAMPLES 

Bulk True Sb* Porosity, n 
Source Gr Sp Gr St (%) 
2063 2.28 2.38 0.958 4.2 
2066 2.06 2.39 0.862 13.8 
2068 2.00 2.58 0. 775 22.5 
2075 2.24 2.45 0.914 8.6 
2076 2.08 2.47 0.842 15.8 

*n = (1 - ^ ) 100 

to the inherent structural weakness of these materials. Since the shale is considerably 
weaker than the surrounding mortar, i t w i l l f a i l internally due to the pressures de
veloped in freezing rather than disr\q>t the mortar . This was demonstrated by com
parison between pieces of chert and shale that had fai led in the freeze-thaw test and 
subsequently had been removed f r o m the beams. The chert pieces, which had caused 
deep-seated deterioration had broken into many pieces, but the individual pieces were 
s t i l l relatively hard and f i r m . The shales, on the other hand, had disintegrated into 
weak crumbly masses although they had caused no deep-seated deterioration. From 
a l l appearances these shales had fai led internally before the pressures due to freezing 
could develop enough to break the surrounding mortar. 

Where an individual shale particle occurred close to the surface of a beam, the en
closing mortar layer was often not strong enough to resist the hydrostatic pressures 
developed by freezing the saturated part icle . In this case the mortar was disrupted, 
resulting in surface deterioration in the f o r m of a popout or p i t . The relative porosities 
of the shales had a marked relat ionsh^ to severity of surface deterioration. Shale 
2068, the material having the highest porosity of the groxsp (Table 6), caused consider
ably more popout damage than any of the other shales or any of the cherts. I t appears 
that this larger amount of deterioration is related to the greater porosity of shale 
2068, but, as w i l l be discussed later, other factors such as the size of the pores and 
the amount of absorption of the shale probably have a greater effect on the durability 
of the aggregate than the total porosity. 

I t should be noted that among the other four shales the relationship between porosity 
and surface deterioration is not so clear. Shales 2076 and 2066 are considerably more 
porous and more absorptive than 2063 and 2075, yet caused only a l i t t l e more popout 
damage than 2063 and 2075 

In summary of the relationship of total porosity to freeze-thaw deterioration of 
concrete containing cherts and shales, the following points should be brought out: 

1. Although other pore characteristics such as pore size and absorptivity may have 
a strong influence on the resistance of the cherts tested to both deep-seated and surface 
deterioration, there is a definite relationship between total porosity and the freeze-thaw 
resistance of these materials. The more porous fractions f r o m a l l six chert groups 
caused more freeze-thaw deterioration than the less porous material . 

2. Total porosity of shales was related to severity of surface deterioration of con
crete in which the shales were used, but in spite of widely varying porosities, none of 
the shales resulted in deep-seated deterioration of concrete i n which they were used 
in amounts up to ten percent. Shale 2068, which was considerably more porous than 
the other shales, caused much more surface deterioration than the others but caused 
no deep-seated deterioration. 

Size of Pores 

Although recognizing a relat ionsh^ between total porosity and freeze-thaw durability 
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of aggregates. Sweet (1) and Fears (12) have contended that the durabili ty of aggregates 
i s dependent more on the size and continuity of aggregate pores than on total porosity. 
Lewis and Dolch (17) maintained that the harmful pore size is that large enough to 
permi t water readily to enter much of the pore space but not large enough to permit 
easy drainage. Studies by Sweet (1.), and Fears (12) have indicated that c r i t i ca l pore 
size f o r freezing and thawing durability of limestone aggregates is about 5 microns. 
Blanks (18) has shown that, under natural conditions of freezing and thawing, voids 
less than 5 microns in diameter, and par t icular ly those less than 4 microns in diame
ter, w i l l drain effectively only at hydrostatic pressures that exceed the tensUe strengths 
of some rocks and concrete. 

These previous investigations indicate the importance of microvoids (pores less 
than 5 microns in diameter) in the durability of aggregates. Therefore, part of the 
present study was devoted to determining i f this relationship between pore size and 
durabili ty holds f o r Indiana cherts. For cherts 2067 and 2077, the percentage of 
total volume of aggregate occupied by voids greater than 5 microns in diameter was 
determined by a linear traverse study of polished surfaces and this percentage was 
subtracted f r o m the total porosity to obtain the percentage of total aggregate volume 
occupied by microvoids. (As used here, the te rm "microvoids" refers to voids less 
than 5 microns in diameter .) The linear traverse technique used was s imilar to that 
reported by Fears (9) fo r study of air-voids in hardened concrete. Recording of 
traverse lengths was accomplished by means of a Himt-Wentworth recording mic ro 
meter of the type commonly used f o r micrometr ic mineralogical analyses. 

The results of the pore size studies are given in Table 7. I t was found that the 
volume of microvoids was somewhat less than expected. Sweet (1.) had noted that i n 
Indiana limestone aggregates the volume of microvoids, expressed as a rat io of the 
total volume, was less than 0.057 fo r aggregates with good f i e ld performance records 
and greater than 0.091 f o r aggregates with poor service records. If Sweet's c r i t e r ia 
were to be applied to the chert fractions whose void ratios are given in Table 7, i t 
would seem that none of the material in these fractions would be susceptible to freeze-
thaw deterioration since none of this material has microvoid ratios (as used here the 
t e rm "microvoid rat io" refers to the ratio of volume of voids less than f ive microns 
in diameter to the bulk volume of the aggregate) as high as 0.091. The highest rat io, 
0.064 f o r the 2.45 minus specific gravity group of chert 2067, i s only slightly higher 
than the 0.057 ratio designated as the vpper l i m i t for aggregates with good service 
records. In spite of these relat ively low microvoid ratios, the 2.45 minus specific 
gravity chert f r o m sources 2067 and 2077 caused serious freeze-thaw deterioration 
in concrete i n which i t comprised 10 percent of the coarse a^regate. 

I t also should be noted that practical ly no freeze-thaw deterioration occurred in 
concrete containing chert f r o m the 2.45-2.55 specific gravity range even though this 
material contained nearly as large a ratio of microvoids as did chert f r o m the 2.45 
minus specific gravity group. In spite of the lack of difference in volume of microvoids 
between the 2.45-2.55 and 2.45 minus specific gravity ranges, there is considerable 
difference in total porosity between these ranges. As given in Table 7, the high total 
porosity of the 2.45 minus chert as compared to the 2.45-2.55 material i s p r i m a r i l y 

T A B L E 7 

R E L A T I O N O F P O R E S I Z E T O D E G R E E O F S A T U R A T I O N F O R C H E R T S 2067 A N D 2077 

Source 
Sp G r 
Range 

T o t a l 
P o r o s i t y 

(%) 

% o f 
B u l k V o l u m e 

C o n s i s t i n g 
of V o i d s 

> 5 M i c r o n s 
i n D i a m e t e r 

% o f 
V o i d s V o l u m e 

C o n s i s t i n g 
o{ V o i d s 

> 5 B U c r o n s 
in D i a m e t e r 

% o f 
B u l k V o l u m e 

C o n s i s t i n g 
of V o i d s 

<5 M i c r o n s 
I n D i a m e t e r 

% o f 
V o i d s V o l u m e , 

C o n s i s t i n g 
of V o i d s 

<5 M i c r o n s 
in D i a m e t e r 

D e g r e e of 
Saturat ion 

(%) 

2067 2 55 p l u s 3 0 0 6 2 0 . 0 2 4 80 0 82 3 
2 4 5 - 2 55 7 6 1.9 25 0 5 7 75 0 92 5 
2 45 m i n u s 12 9 6 5 50 4 6 . 4 49 6 100 0 

2077 2 . 5 5 p l u s 3 0 0 . 4 13 3 2 6 86 7 7 8 . 3 
2 . 4 5 - 2 . 5 5 6 .4 2 3 35 9 4 1 6 4 . 1 87 7 
2 45 m i n u s 12 .8 7 9 6 1 . 7 4 9 38 3 90 5 
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due to the increase in voids larger than 5 microns in diameter in the 2.45 minus ma
te r i a l . As the total porosity of the chert increases in going f r o m material of high to 
low bulk specific gravity, the voids larger than 5 microns i n diameter constitute an 
increasingly larger percentage of the total pore space, and conversely, the microvoids 
make up an increasingly smaller percentage of the pore space (Table 7). For example, 
f o r chert 2067, the microvoids constitute 80 percent of the total pore space in the 2.55 
plus chert, 75 percent in the 2.45-2.55 material , and only 50 percent i n the 2.45 minus 
range. 

On the basis of this study, i t appears the microvoids ratio is not as reliable an 
indicator of freeze-thaw durabili ty of chert aggregate as Sweet (1̂ ) and Fears (12) found 
i t to be f o r limestone aggregate. The results of this study indicate that some other pore 
characteristic or , more probably, a combination of characteristics (perhaps including 
volume of microvoids) i s probably the main factor i n determining chert durabil i ty. 

As given in Table 7, the degree of saturation of the cherts increases with increasing 
total porosity and decreasing bulk specific gravity. This Increase is probably caused by 
the larger percentage of voids larger than 5 microns i n diameter i n the more porous 
material . Under conditions of vacuum saturation and frequently repeated immersion as 
used in these tests, a piece of aggregate containing numerous large voids as we l l as 
microvoids would probably reach a high degree of saturation more readily than a particle 
containing only microvoids, because of the greater ease of flow through the larger 
voids. In this way i t i s thought that 2.45 minus chert reaches a higher degree of satura
tion than heavier less porous fractions, and that this high degree of saturation is a 
p r ime factor i n the lack of durabili ty of the 2.45 minus material . 

Besides being a factor in the permeability of the chert, the size of the pores un
doubtedly determines whether dilation occurs. Pores or bulges in pores that are large 
enough to act as esc^e boundaries f o r the water under hydrostatic pressure (15) w i l l 
cause no dilation. Obviously some of the large pores in the 2.45 minus material are in 
this category. The cr i t i ca l size between pores which wUl cause dilation and those which 
w i l l act as escape boundaries depends on the length and tortuosity of the pores. I t i s 
possible that dilation in lightweight cherts occurs entirely within voids less than 5 
microns in diameter which are supplied wi th water by the larger voids, but i t i s quite 
probable that some of the voids larger than 5 microns are too small to serve as escape 
boundaries and thus contribute to dilation of the par t ic le . 

L i summary, the microvoids rat io does not provide a satisfactory indication of the 
freeze-thaw durability of chert. Instead chert durabili ty is probably more closely 
related to the degree of saturation of these small voids (and larger voids that are too 
small to act as escape boundaries) which is strongly influenced by the presence of 
voids greater than 5 microns in diameter. Based on this concept and the results of the 
freeze-thaw tests, i t appears that total porosity, as reflected in bulk sfpecific gravity, 
serves as a satisfactory cr i te r ion fo r predicting the freeze-thaw durability of chert. 

ABSORPTION 

Lewis and Dolch (17) have stated that, "The lack of durability of an aggregate in 
freezing and thawing is p r i m a r i l y dependent on i ts abil i ty to become and stay highly 
saturated under the given conditions of moisture." Thus besides being porous, an 
aggregate must be absorptive in order to be susceptible to freeze-thaw deterioration. 
This section discusses the relationship between (a) vacuum-saturated absorption, and 
(b) rate of absorption of cherts and shales, and the resistance of these materials to 
freeze-thaw deterioration. 

Vacuum-Saturated Absorption 

Comparison of the results of the vacuum-saturated absorption tests of the chert 
groups (Table 8) to the results of freeze-thaw tests of concrete containing the cherts 
indicates a direct relationship between percentage of absorption and lack of freeze-
thaw durability fo r chert. Cherts of the 2.45 minus specific gravity ranges fo r a l l six 
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sources had absorption percentages about 
twice as great at those fo r the 2.45-2.55 
groups and five times as great as the 2.55 
plus groups. The absorptions of these 
materials are direct ly related to their 
porosities. As given in Table 7, the high
er percentage of pores larger than 5 
microns i n diameter found in the highly 
porous 2.45 minus material as compared 
to that i n the 2.45-2.55 and 2.55 plus 
fractions apparently facilitated absorption 
in the lightweight chert wi th a resulting 
higher degree of saturation than could be 
obtained in the heavier materials. 

As has been shown previously, chert 
wi th a specific gravity of less than 2.45 
caused the only deterioration in the freeze-
thaw test. F rom the data i t appears that 
cherts wi th vacuum-saturated adsorptions 
of less than about 3 percent w i l l not cause 
significant freeze-thaw deterioration when 
included in concrete i n amounts up to 10 
percent of the coarse aggregate fo r the size 
groups studied. Apparently chert wi th ab
sorptions of about 4 percent or greater 
w i l l cause freeze-thaw fai lure when used 
i n amounts as low as 6 percent of the 
coarse aggregate. 

The vacuum-saturated absorption v a l 
ues fo r the shales (Table 9) varied con
siderably—the percentages of absorption 
roughly paralleling the porosities of the 
shale samples. As was the case f o r 
porosity, the absorption of the shales had 
no apparent influence on the resistance of 
concrete containing these materials to 
deep-seated deterioration. This is shown 
by the fact that none of the shales, i n 
cluding the most absorptive samples, 
caused any deep-seated freeze-thaw fai lure 
when used in concrete in amounts up to 
10 percent of the coarse aggregate. 

There does appear to be a relationship 
between absorption and severity of surface 
deterioration, however. Shale 2068, 
which has the greatest absorption, caused 
by far the greatest amoimt of popout 
damage. As was the case f o r porosity, 
the influence of absorption on surface de
terioration is not so distinct among the 
other four shales. Shales 2066 and 2076 
had considerably greater absorptions than 
shales 2063 and 2075 (Table 9), but there 
was l i t t l e difference in the amount of sur-
fact deterioration caused by these four 
shales. Although the popout damage caused 
by shales 2066 and 2076 was slightly 

T A B L E 8 

VACUDM-SATURATED ABSORPTION VALUES 
FOR CHERT SAMPLES 

Source 

Saturated Surface- Size 
Dry Built £ ^ c l f l c Raoge 

Gravity Group (in ) 
AbsoiptloD 

(90 
2063 2 55 plus % - l 

•/,-% 

1 20 
1 21 
1 12 

1 20 

2 45-2 55 ' / . - I 
7i-% 
•/,-% 

3 02 
2 84 
3 30 

3 05 

2 45 minus % - l 
/•-' / . 
'/.-% 

8 26 
6 13 
6 88 

8 42 

20M 2 55 plus V<-1 
'/.-•/. 

0 82 
0 93 
1 00 

0 92 

2 45-2 55 ' / . - I 2 86 
2 78 
2 90 

2 85 

2 45 minus ' / . - I 5 71 
5 58 
5 82 

5 63 

2069 2 55 plus '/<-l 

'/.-% 
1 14 
1 30 
1 00 

1 18 

2 45-2 55 ' / . - I 2 78 
3 12 
2 88 

2 91 

2 45 minus ' / . - I 6 12 
8 38 
8 11 

6 20 

2067 2 55 plus % - l 1 09 
1 05 
I 19 

1 11 

2 45-2 55 %-l 

%-y. 

2 96 
2 84 
2 67 

2 82 

2 45 minus */<-! 
y.-v. 

5 58 
5 59 
5 82 

5 80 

2072 2 55 plus */.-! 1 02 
1 11 
1 11 

1 08 

2 45-2 55 % - l 

v.-y. 

2 55 
2 SO 
2 98 

2 77 

2 45 minus % - l 

v.-y. 

5 26 
5 39 
6 91 

6 52 

2077 2 59 plus '^l^ 

•/.-yl 

1 06 
0 02 
1 04 

1 01 

2 45-2 55 % - l 
'/.-•/4 

•/.-y. 

2 31 
2 89 
2 27 

2 42 

2 45 minus */<-! 
y.-'/. 

4 77 
4 20 
4 51 

4 40 
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Size Range Absorpt ion 
Source (In ) (%) 

2063 % - l 1 54 

%-% 1 60 
2 17 

1 77 

2066 7 07 
7 05 

%-k 7 04 

7 05 

2068 % - l 12 83 

'/.-•/, 12 23 
Va-'/a 12 63 

12 56 

2075 V l 3 64 
'/a-V. 4 06 

v.-'/. 4 68 

4 13 

2076 % - l 7 82 
%-V. 8 61 

%-'/. 7 91 

8 11 

T A B L E 9 greater than that caused by shales 2063 and 
V A C U U M - S A T U R A T E D A B S O R P T I O N V A L U E S 2075, i t was not as great as might be ex-

F O R S H A L E S A M P L E S pectcd m l ight of the severe damage to con
crete containing shale 2068. I t is probable 
that the great difference in surface deteri
oration between shale 2068 and shales 2066 
and 2076 is not entirely due to the greater 
porosity and absorption of sample 2068, but 
was at least part ia l ly a result of the relative 
lack of induration of this shale as compared 
to the others. 

Rate of Absorption 

The rates of absorption of cherts 2067 
and 2077 (Fig. 3) apparenUy had l i t t l e m -
fluence on freeze-thaw durability of these 
materials. Material in a l l three specific 
gravity groups of chert 2067 attained near
ly maximum absorption fo r the test in only 
five minutes, while the absorption of chert 
2077 fo r the same specific gravity groups 
fo r the f i r s t f ive minutes was only about 
25 percent of i ts total absorption. A l 
though the total porosities and absorptions 
of these two cherts were s imilar , the rates 

of absorption indicate the two materials have considerably different pore systems. 
Chert 2067 is obviously more permeable than chert 2077. This difference in permeabil
i ty between cherts 2067 and 2077 is reflected in degrees of saturation obtained by 
vacuum-saturating these two aggregates (Table 7). At a l l specific gravity levels chert 
2067 had higher saturation coefficients than chert 2077. In spite of tii is difference in 
permeability and i ts resulting difference in degree of saturation, these two cherts 
resulted in s imilar deterioration in the freeze-thaw test at a l l specific gravity levels. 

I t should be noted that the freeze-thaw tests were conducted under rather severe 
saturation conditions. The aggregate was vacuum-saturated before mixing the concrete, 
and the beams were immersed in water f o r 13 days p r i o r to being subjected to freezing 
and thawing. They were, of course, reimmersed during each thaw cycle. Under such 
conditions both cherts maintained a high degree of saturation (Table 7). Under actual 
service conditions, however, the amount of available water would not always be as 
great as in these laboratory tests and permeability could have a greater influence on 
freeze-thaw durabili ty. 

The rates of absorption of the shales (Fig. 4) are direct ly related to the total 
absorptions of these materials. Those shales with high total absorptions absorbed 
water rapidly during the f i r s t few minutes of the test, following which, water was 
absorbed at a slowly decreasing rate 
for the rest of the test. The shales 
wi th low total absorptions exhibited a 
f a i r l y constant increase in absorption 
throughout the test. As was the case 
wi th porosity and total absorption, this 
greater permeability of certain shales 
had no influence on the resistance of 
the shales to deep-seated deterioration. 
I t probably is a factor in surface de-
terioration, however, since shale 2068 ^ 3_ ^^^^^ absorpt ion f o r d i f -
which caused the most popout damage f^,.^^ s p e c i f i c g r a v i t y f r a c t i o n s of 
also had the fastest rate of absorption. c h e r t s 206? and 2077. 

2067 2 49 Hums 
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MINERALOGY, TEXTURE AND MICROSTRUCTURE 

The properties of mineralogy, texture, and microstructure have been grouped to
gether because they were a l l included in studies ut i l izmg the petrographic microscope. 
Microscopic petrography has long been a valuable tool in study of the characteristics 
of rocks. Runner (19) was one of the f i r s t to apply petrography to the study of deleteri- ' 
ous substances ui aggregates. His petrographic investigations were followed by re 
ports of s imilar studies and description of techniques by Mielenz (20, 21), Rhoades and 
Mlelenz (22, 23), and Mather and Mather (24). In the present study an attempt was 
made to f m d a relationship between the results of petrographic studies of deleterious 
materials and the laboratory freeze-thaw durability of these materials. 

Petrographic study was carried out using a Leitz Ortholux petrographic microscope 
with binocular attachments. Thin sections were made f r o m each of the f ive shale sam
ples and six chert samples. These sections were studied under transmitted light at 
magnifications of approximately 100 X to 400X. Since the complete mineral composition 
of shales is not easily determmed by microscopic analysis. X- ray diffract ion and d i f 
ferential thermal analysis supplemented microscopic petrography in study of shale 
mineralogy. 

Petrographic analysis of thin sections showed the cherts to be of generally s imilar 
mineralogical character. They are composed p r imar i ly of microcrystalline quarts 
and radial chalcedony. Small amounts of coarser-grained secondary quartz, some 
calcite, and limonite and carbonate rhombs are also present. 

Each of the cherts consists p r ima r i l y of microcrystalline aggregates of quartz 
grains usually less than 0.01 mm in diameter. The secondary quartz occurs as granu
lar masses which apparently replaced carbonate minerals. The individual quartz grains 
m these secondary masses range in size f r o m less than 0.01 mm to as large as 0.2 mm. 
Radiating chalcedony in the chert samples occurs as spherulites, often as much as 
0.25 mm wide. 
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The carbonate and limonite rhombs range in size f r o m less than 0.01 mm to as much 
as 0.1 mm. Although most of the rhombs consisted of carbonate or limonite, some 
appeared to have a translucent carbonate mineral in the center surrounded by a r i m 
of opaque l imonite. The carbonate rhombs probably formed by replacement of crysta l 
line quartz i n the original chert (25), and i n turn these rhombs are being replaced by 
limonite. Limonite also occurs as f inely disseminated masses scattered throughout 
the chert. 

One chief mineralogical difference was noted among the chert gravels. Cherts f r o m 
the southern part of Indiana (especially material f r o m the Ohio River) contain con
siderably more limonite than those f r o m the northern par t of the state. This difference 
in limonite content apparently had no influence on freeze-thaw durability, however, 
since a l l six cherts reacted s imi la r ly to the freeze-thaw tests. 

I t i s also of interest to note that l i t t l e difference in mineralogy was found among the 
different specific gravity groups for each chert source in spite of the fact that the ma
terials in the different specific gravity groups had considerably different freeze-thaw 
durabilit ies. Apparently there is l i t t l e direct relationship between mineralogy and 
freeze-thaw durabili ty of Indiana cherts. 

An important microstructural feature in chert samples f r o m a l l six sources i s the 
numerous voids observed in thin sections f r o m material in the 2.45 minus specific 
gravity range (Figs. 5 and 6). No voids were noted in the 2.45-2.55 and the 2.55 plus 
ranges. The voids are a l l f a i r l y large, since voids less than about 30 microns in 

F i g u r e 5 . Cher t 2077 ( s . g . 2.k5 minus) i n p l a i n l i g h t . Limoni te (opaque) and carbon
ate ( t r a n s l u c e n t rhombs i n f i n e - g r a i n e d quartz m a t r i x . Note v o i d i n p r o c e s s o f forma

t i o n by s o l u t i o n o f carbonate from l a r g e rhomb near i n t e r s e c t i o n of c r o s s - h a i r s . 
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F i g u r e 6. Cher t 2063 ( s . g . 2.k^ minus) between cros sed n i c o l s . Large v o i d s surrounded 
by r a d i a l chalcedony and f i n e - g r a i n e d quartz m a t r i x . 

diameter cannot be detected easily in thin-section study. They range in size up to 0 .4-
0.5 mm in diameter, but most are less than 0 .1 mm in diameter. As noted in the 
previous section on porosity, the concentration of these voids in the chert wi th specific 
gravity less than 2.45 resulted in the relatively high porosity of this lightweight chert, 
and the high degree of saturation achieved in the lightweight chert fractions is probably 
also related to the presence of these voids. Voids of this size had previously been 
recognized in t l i in sections of lightweight cherts f r o m other states by Wuerpel and Rex
f o r d (14) who noted that these voids were related to the lack of durability of the cherts. 

The 2.45-2.55 and 2.55 plus specific gravity groups contained practically no voids 
large enough to be recognized in thin section. Since lack of freeze-thaw durabili ty was 
found only in the 2.45 minus chert, there is a direct correlation between the presence 
of these voids and the lack of durability of the lightweight chert. Although this contra
dicts the theories of Blanks (18) and others, that freeze-thaw deterioration occurs 
p r i m a r i l y in voids less than 5 microns in diameter, there is a strong possibili ty (as 
demonstrated previously in the section on porosity) that the larger voids are prime 
factors in the freeze-thaw breakdown of lightweight cherts due to the higher degree of 
saturation afforded the chert by the larger voids. 

Other textural properties such as grain size, and presence of rhombic-shaped 
grains and replaced fossi ls , apparently had no influence on the freeze-thaw durability 
of the chert. These characteristics are s imilar i n cherts of a l l three specific gravity 
ranges. 

Petrographic, X- ray , and different ia l thermal analyses of the shales indicate a 
s imi la r i ty in their general naineralogic composition, but there is considerable variation 
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in certain characteristics. A l l the shales consist of det r i ta l mineral grains, p r i m a r i l y 
quartz, i n a fine-grained matrix of clay minerals or hydromicas. The chief d i f f e r 
ences shown by the shales are the relative size and abundance of the detr i tal minerals 
and the relative amounts of clay minerals and organic material m the samples. 

In order to satisfactorily describe the shales and to point out differences in their 
petrographic characteristics, and yet avoid repetition, a brief petrographic description 
of a shale with"average" characteristics w i l l be given, and the mineralogies, textures, 
and microstructures of the strongest, least porous shale (2063) and the weakest, most 
porous shale (2068) w i l l be compared with those of the average sample. 

The average shale is composed p r i m a r i l y of a fine-grained i l l i t e matr ix enclosing 
detr i tal quartz grains up to 0.04 mm in diameter (0.01-0.02 mm average). I t contains 
considerable organic matter and disseminated limonite and a small amount of chlorite. 
Loss on ignition for this shale is approximately 12 percent. This description f i t s 
shales 2066, 2075, and 2076 f a i r l y we l l . 

Shale 2063, the most indurated and least porous of the shales, contained more de t r i 
ta l quartz and less clay mineral than the average shale. Besides being more abundant, 
the detr i tal quartz grains are larger than in the other shales, ranging in size up to 
0.07 mm in diameter (0.02-0.03 mm average). The abundance and size of the detr i ta l 
quartz i s sufficient to classify san^)le 2063 as a si l ty shale or possibly even a siltstone. 
This sample also contained more organic material than the other shales as was shown 
by the 16. 7 percent loss on ignition, the highest of a l l the shales. 

Shale 2068, the softest and most porous of the shales, contains more clay mineral 
and less detr i tal quartz than the other shales. The size of the detr i tal quartz grains 
is about the same as that of the average shale, but the lower percentage of these grains 
means that the average grain size of shale 2068 is considerably smaller than that of the 
average shale. The relatively high percentage of i l l i t e accounts for the high porosity 
of this shale, and the combination of high clay and low quartz content accounts fo r i ts 
lack of induration. 

Although the differences in relative percentages of clay minerals and quartz apparent
ly have no effect on the tendency of the shales to resist deep-seated deterioration, these 
mineralogic differences, which influence the textures and microstructures, apparently 
do affect the amount of surface deterioration caused by the shales. This i s especially 
true fo r shale 2068. I ts high clay mineral content renders i t weaker and more porous 
than the other shales, and thus i t is more susceptible to freeze-thaw deterioration. 

SUMMARY OF RESULTS 

The following is a brief recapitulation of major findings of the study: 

1. Freezing and thawing tests of concrete beams containing chert indicated the 
following: 

(a) The source of chert had no effect on freeze-thaw durabili ty. 
(b) The only combination of variables resulting in severe deep-seated deterioration 

was 10 percent of 2.45 minus chert. This combination resulted in deep-seated faUure 
of a l l beams containing chert f r o m each of the six sources. In addition, 6 percent of 
2.45 minus chert caused moderate deep-seated damage in a few cases. 

2. Durabili ty factors for the shale beams indicated that no deep-seated deterioration 
occurred in beams containing 2 to 10 percent of any of the f ive shales studied. The 
data included no extremely low durability factors as were found fo r beams containing 10 
percent of 2.45 minus specific gravity chert. Only a few had durability factors below 
90, and these few values were seemingly randomly distributed throughout the data. 

3. Study of surface deterioration of concrete beams containing chert showed that 
freezing and thawing caused significant popout damage in beams containing 2.45 minus 
specific gravity chert. Few popouts were caused by chert having specific gravities of 
2.45-2.55 and 2.55 plus. 

4. The greatest amount of surface deterioration of the beams containing shale was 
caused by shale 2068, the most porous and most absorbent of the shales. Shale 2068 
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caused considerable popout and pitting damage at a l l four percentage levels, but, as 
would be expected, the amount of deterioration increased with increasing percentage of 
shale. The other four shales tested caused no surface deterioration when included in 
concrete in amounts up to and including 4 percent. A t the 6 and 10 percent levels, 
shales 2066 and 2076, which were more porous and absorbent than shales 2063 and 
2075, caused slightly more surface deterioration than the latter. 

5. The study of a i r voids in concrete by means of the linear traverse technique 
demonstrated that machine-mixed concrete beams with high durability factors had a i r -
void spacing factors lower than 0.01 i n . , and hand-mixed beams with low durability 
factors had spacing factors h^her than 0.01 in . These results support Powers theory 
that concretes with spacing factors lower than 0.01 in . are we l l protected f r o m freezing 
and thawing deterioration, while those wi th spacing factors greater than 0.01 i n . are 
poorly protected. 

6. Study of the size distributions of pores fo r cherts 2067 and 2077 indicated a 
marked increase in percentage of total voids volume consisting of pores larger than 5 
microns in diameter with decreasing bulk specific gravity of the chert. For example, 
in the case of chert 2067, the voids larger than 5 microns in diameter constituted only 
20 percent of the total pore space in the 2.55 plus chert, 25 percent i n the 2.45-2.55 
material, and 50 percent in the 2.45 minus range. Conversely, the voids less than 
5 microns in diameter constituted a decreasing percentage of total voids volume with 
increase in total porosity and resulting decrease in bulk specific gravity. 

7. Although the total porosities and absorptions of cherts 2067 and 2077 were 
s imilar , their rates of absorption indicate that these two cherts have considerably d i f 
ferent pore systems. Chert 2067 was more permeable than chert 2077. Material i n 
a l l three specific gravity groups of chert 2067 attained nearly maximum absorption 
after only f ive minutes of immersion, while the absorption of the same specific gravity 
groups of chert 2077 for the f i r s t f ive minutes was only about 25 percent of its total 
absorption. 

The rates of absorption of the shales were direct ly related to the total absorptions. 
Those shales with high total absorptions absorbed water rapidly during the f i r s t few 
minutes of immersion, following which water was absorbed at a slowly decreasing rate 
fo r the rest of the test. The shales with low total absorptions exhibited a f a i r l y con
stant increase in absorption throughout the test. 

8. Petrographic analysis of thin sections showed the cherts to be of generally s imilar 
mineralogical character. They were composed p r imar i l y of microcrystalline quartz 
and radial chalcedony. Small amounts of coarse-grained secondary quartz, some 
calcite, and limonite were also present. One chief mineralogical difference was noted. 
Cherts f r o m the southern part of Indiana (especially f r o m the Ohio River) contained more 
limonite than those f r o m the northern part of the state. This limonite occurred both 
as rhombs and in amorphous f o r m . No differences in mineralogy were noted among 
the three specific gravity groups f o r the chert samples. 

The shales also presented a s imi la r i ty in their general mineralogic compositions, 
but showed considerable var iabi l i ty in certain characteristics. A l l the shales con
sisted of detr i tal mineral grains, p r ima r i l y quartz, in a fine-grained matrix of clay 
minerals or hydromicas. The chief differences shown by the shales were the relative 
size and abundance of the detri tal mineral grains and the relative amounts of clay 
minerals and organic material in the samples. 

9. The textures and microstructures of the cherts were a l l s imi lar . Each chert 
consisted p r imar i l y of microcrystalline aggregates of quartz grains usually less than 
0. 01 mm in diameter wi th granular masses of secondary quartz, radiating masses of 
chalcedony, and carbonate and limonite rhombs. The only notable structural difference 
in the cherts was that the 2.45 minus fract ion of each sample contained numerous 
voids large enough to be identified in thin sections between crossed nicols. These 
voids, which averaged less than 0.01 mm in size, but ranged in size up to 0.4-0.5 mm, 
did not occur in the 2.55 plus and 2.45-2.55 specific gravity grol^)s. 

The textures and microstructures of the shales varied considerably. Although a l l 
the shales consisted of a fine-grained matrix enclosing detr i tal quartz grains, the 
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relative amoimts of these materials and the sizes of the detr i ta l particles varied 
enough to influence strongly the strength and hardness of the different shales. A l l 
the shales showed preferred orientation of grains. 

CONCLUSIONS 

Since this study was restr icted to certain Indiana cherts and shales subjected to 
specific methods of test, the conclusions can logically be ^ p l i e d only to s imilar cherts 
and shales under s imilar conditions. However, i n some cases, f i e ld behavior of the 
cherts and shales may be inferred f r o m the following conclusions: 

1. For a wide variety of cherts, the source of the chert has no effect on i ts freeze-
thaw durabili ty in concrete. Chert does, however, exhibit a definite relationship 
between i ts bulk specific gravity and durability in concrete exposed to freezing and 
thawing. The use of chert having a bulk specific gravity of less than 2.45 (saturated 
surface-dry basis) in concrete exposed to freezing and thawing should be avoided. 

2. The freeze-thaw durability of concrete containing chert apparently is not as 
dependent on pores in the chert less than 5 microns in diameter as has been postulated 
by Sweet (1 )̂. Instead chert durability i s apparently based on a more complicated i n 
terrelationship between total porosity, size of pores, absorption, and degree of 
saturation. Pores larger than the 5-micron size specified by Sweet permit easier 
passage of water into immersed aggregates, result i n relatively high degrees of 
saturation, and contribute to freeze-thaw deterioration of lightweight chert. M i c r o 
scopic studies of polished sections show tliat these larger pores make up about half 
the void volume in 2.45 minus specific gravity chert. 

3. The petrographic characteristics of the cherts influence the freeze-thaw dura
b i l i ty of these materials only in the relationship of these characteristics to porosity 
of the cherts. For example, although mineralogy of the cherts has no direct effect on 
their freeze-thaw durabil i ty, the presence of carbonate rhombs, which have weathered 
out to f o r m voids, has lessened the durabili ty of some chert particles. 

4. Many shales w i l l not cause deep-seated deterioration of a i r 7 e n t r a m e d concrete 
beams subjected to laboratory freezing and thawing when included in these beams in 
amounts up to 10 percent. The inherent structural weakness of these materials may 
account for this. 

5. Different shales cause considerably different degrees of surface deterioration 
of air-entrained concrete exposed to freezing and thawing. Some shales cause con
siderable popout damage when included in concrete in amounts as low as 2 percent of 
the coarse aggregate. Other shales cause l i t t l e damage when used m amounts up to 
10 percent. 

6. The durability of the shales studied apparently is related p r imar i l y to the 
porosities and absorptions of these materials; the most porous and most absorbent 
causing the greatest amount of surface deterioration of concrete in which these ma
ter ia ls are used. However, the strength and induration of the shales, as determined 
by relative amounts of clay minerals and detr i tal quartz present, also influence the 
ability of these materials to cause surface deterioration, the softer, weaker materials 
being less resistant than the harder, stronger ones. 

7. As theorized by Powers (10), concretes with a i r -void spacing factors lower 
than 0.01 In . are well-protected f r o m freezing and thawing deterioration, while those 
with spacing factors greater than 0.01 m . are poorly protected. 
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Discussion 
F . E . LEGG, JR. , Associate Professor of Construction Materials, University of 
Michigan, and Materials Consultant, Michigan State Highway Department—The authors 
of this study are to be congratulated on making such an intensive effort to determine 
the behavior of chert and shale in concrete when exposed to freezing and thawing and, 
even more important, to discover the fundamental properties of these rock types 
which caused their deleterious action. 

The remarkable mcrease in commercial heavy media beneficiation in recent years 
now gives opportunity to study the behavior of the heavier gravel constituents under 
actual service conditions thus permitting comment on the validity of the authors' labora
tory findings. The low specific gravity types are quite effectively discarded by the 
media process and deleterious action in concrete made with the beneficiated gravel is 
presumably confined to the higher gravity particles. Observations of concrete in 
service containing such gravel led to the conclusion that even the high gravity cherts 
will cause popouts although the action may be delayed a few years. 

Brief survey was recently made of chert popouts in two air-entrained concretes 
made with beneficiated gravel from the same southern Michigan source—a pavement 
2 yr old and the top deck of an open parking structure 4 yr old. Where they could be 
found, the fragments of chert remaining in the bottom of the popouts were removed 
and their saturated surface dry gravities determined in heavy liquids. Table 10 gives 
the gravity range of the chert extracted from the bottom of each popout. It is observed 
that the majority of chert popouts in the younger pavement are m the range of 2.40 to 
2.50 specific gravity whereas in the older parking structure they are in the range of 
2. 50 to 2.60. In both there are a substantial number havii^ gravities above 2.45 
which is contrary to that which might be anticipated from the laboratory findii^s of 
the present authors whose second conclusion is, in part, "Apparently only chert with 
a bulk specific gravity of less than 2,45 (saturated surface dry basis) wiU cause either 
deep-seated or surface deterioration of air-entrained concrete in which it is used." 

Laboratory data leading to a prediction of deleterious action from even the heavier 
chertswerepresentedtothe Highway Research Board in 1956 U). Gravel having an 
average durability factor of 87 was diluted with lOpercentchertof four specific gravity 
ranges—minus 2.45, 2.45 to 2. 50, 2. 50-2. 55and2. 55plus. Six testbeams, two each from 
three batches of air-entrained concrete, were freeze-thaw tested using the rapid air 
method, ASTM C-291. Figure 7 shows the results of these tests, with the 95 percent 
confidence interval designated by shaded areas. Where overlapping of confidence limits 
occurs, it indicates that chance plays such a part that discrimination between the con
crete may not be justified. The data on this basis indicate superior performance for 
the undiluted gravel over that diluted with 10 percent chert having a specific gravity 
of 2. 55 or lower. Also, the undiluted gravel or that containing 10 percent chert of 
2. 55 plus gravity exhibits superior performance to that containmg chert of 2.50 gravity 
or lower. The data thus indicate a scale of durability of chert—with diminishing 
durability as the gravity goes down, rather than the abrupt change exhibited in the 
Purdue studies. 

The disparity in results between the 
Indiana and Michigan studies indicates the ^ ^ ^ L E lo 
likelihood of subtle differences in conduct S P E C I F I C G R A V I T Y O F C H E R T F R A G M E N T S 

of freeze-thaw tests, the influence of which E X T R A C T E D F R O M POPOUTS 

are not now well understood. The possi- ' 
bility of actual differences between the „„„ r.J^lT'' 
cherts from the two areas cannot be posi
tively ruled out, but in view of the recent 
report of Cook (2) and the HRB Report of 
Cooperative Freezing-and-Thawing Tests 
of Concrete (3), it seems more likely that 
minor differences in technique maybe the 
reason for lack of concordance. 

Bulk Specific Gravity, Pavement Parking Structure 
Saturated Surface Dry 2 Yr Old 4 Yr Old 

2 30 - 2 35 1 
2 35 - 2 40 0 _ 

2 40 - 2 45 2 1 
2 45 - 2 50 4 1 
2 50 - 2 55 1 6 
2 55 - 2 60 5 
2 60 - 2 65 _1 

Total • 14 
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Freeze-thaw durability factors of a ̂ ^lchigan gravel diluted with 10 percent 
chert of different specific gravities. 

Briefly, caution is suggested with respect to the authors' observations regarding 
lack of popouts of chert having a gravity greater than 2 . 4 5 . Severity of exposure, 
or differing quality of chert, apparently influence chert behavior In e^osed concrete. 
The writer's experience leads to the conclusion that much heavier cherts wi l l actually 
cause popouts, but i t Is agreed that the lighter cherts are more active. 
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J. F. M C L A U G H L I N and R . L . SCHUSTER, closure-The authors agree that the proper
ties of chert giving rise to deterioration, either popouts or deep-seated failure, do 
not change dramatically at any given specific gravity level. Studies have shown, 
however, that when this chert is in concrete wherein the remainder of the aggregate is 
uniformly of excellent quality, the effect of these properties on the concrete is prac
tically nil unless the chert has a gravity of 2 .45 or less. Professor Legg justifiably 
points out that this may not be the case when the chert is in more heterogeneous sur
roundings. The authors were attempting in this study to quantify the effects of chert 
on an otherwise uniform, highly durable concrete and conclusions, as stated in the paper, 
must necessarily be limited by these conditions. 

HRB-0R:U6l 



n p H E NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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