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SUMMARY

The purpose of this study was to determine the relationship between aggregate
specific gravity and concrete durability in order to develop improved procedures
for field testing and for possible application to heavy media plant process control.

The study was performed on coarse Michigan gravel and was conducted in two
parts. The objectives of the first part were to determine a suitable specific
gravity-based measurement for aggregate inspection, to compare the accuracy of
predicting quality by the selected measurement versus that by the present Michigan
Highway Department procedure (visual inspection)? and if the gravity method were
found to be more successful, to set up test procedures and sbecifications. The
objectiﬁe of the second part was to determine the deleteriousness of particles
classified by appearance, specific gravity and size and to find a mathematical
relationship between deleteriousness and the percentage of aggregate in a particular
class.

In the first part, samples of float and sink ﬁroduct were collected from four
Michigan heavy media plants. The plants were widely separated by location so that
the samples would represent a good cross-section of Michigan gravels. Batches of
aggregate were prepared by combining float and sink material at three different
percentages. After determining the composition of the batches in terms of specific
gravity, size and appearance types (soft, hard absorbent, chert and good), they
were used to make up concrete beams. The beams were subjected to freeze-thaw
testing (ASTM C-291) and durability factors were computed (at 30% degradation or
300 cycles). The durability factors were then correlated with the measured com-
positidns {specific gravities, sizes and appearance types) and with various com-
binations of the compositions.

It was found that the specific gravity measurement most highly correlated
with durability factor was the percentage Tess than a specific gravity of 2.50.
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Although this correlation was relatively high (coefficient = 0.923}, it was not

as high as the correlation with total deleterious content (sum of soft, hard

. absorbent and chert} as presently measured by State inspectors who pick the

samples {coefficient = 0.968). Since the picking'method is subject to large

sampling and inspection errors which would be relatively small in a specific

. gravity method, further calcuiations were made to determine if these errors

would make specific gravity a better predictor of durability factor. However,
the calculations showed that picking was still the most accurate method and it
was concluded that the present method cannot be replaced by a simple specific
gravity measurement.

In the second part, the aggregate used was from one plant. Beams were pre-
pared by'combining +2.55 gravity good aggregate with 5 or 10% aggregate of a
single deleterious type and of a narrow specific gravity and size range. This
permitted measurement of the deleteriousness of each specific gravity and size
class of each deleterious type. Deleteriousness was measured by freeze-thaw
testing, in the same manner as in the first part of the study.

The data obtained were used to derive an equation relating Togarithm of
durability factor with the size and percentage of a particular deleterious type
and gravity. By means of the equation, coefficients of deleteriousness (a
measure of reduction in log durability factor) were calculated.

It was found that deleteriousness when defined as the decrease in log DF
per percent was directly proportional to size, e.g., 1-inch aggregate reduces
log durability factor twice as much as 1/2-inch aggregate. A surprising result
was that hard absorbent particles caused little or no reduction in durability
factor. This was confirmed by the absence of hard absorbent pop-outs in the
beams of the first part of the study and a very low freguency, relative to soft
and chert, in the second part. Soft and chert particles of the same specific

gravity were found to be about equally deleterious, suggesting that the mechanism




of degradation may be the same for both types. The specific gravities of the
soft and chert particles had a marked effect on deleteriousness. As the specific
gravity was decreased the deleteriousness increased, reaching a maximum in the
-2.45+2.35 gravity range; below -2.35 the deleteriousness decreased. The relative
coefficients of deleteriousness for the four specific gravity ranges studied
(-2.65+2.55, -2.55+2.45, ;2.45+2.35 and -2.35) were 1, 5, 12 and 6, respectively.
These findings, while apparently not applicable for the development of a
simple gravity-based method, should be of use in modifying existing procedures

and specifications.




INTRODUCTION

Problem

At present, suitable objective criteria for the field inspection of concrete
aggregate are not available. However, a great deal of experience has been.gained
by highway departments as to the appearance of particles which degrade concrete,
and it is common practice for highway departments to employ inspectors who determine
the percentages of these deleterious particies in lots of aggregate to be purchased
for highway construction. In addition to field experience, a great deal of infor-
mation has been gained through laboratory freeze-thaw tests. For example, Legg (1)
showed that failure of concrete beams subjected to laboratory freezing and thawing
tests waS,usua]]y caused by particles which field experience in Michigan had indi-
cated to be deleterious. A

The Standard Specification for Road and Bridge Construction of the Michigan
Department of State Highways (dated 1967) designates three types of deleterious
aggregate: chert, hard absorbent and soft. The maximum weight percentages of
soft and of total deleterious (sum of chert, hard absorbent and soft) are specified,
For exampie, class 6A aggregate can contain a maximum of 2.5% soft and 9% total
deleterious. To determine whether or not a lot of aggregate meets these speci-
fications, a field inspector inspects a sample of about 10 pounds, spiit from a
larger 50 to 100-pound sample. Inspection consists primarily of washing, drying,
and screening, and of hand-picking the plus 3/8-inch portion to determine its
deleterious content.

These procedures have been shown to be subject to large ervors (3, 4, 5, 7).
Visual identification of deleterious particles is a highly subjective process be-
cause individual judgement is required and because the various deleterious types
are not always clearly identifiable. In addition, the relatively few deleterious

particies in a 10-pound sample results in large sampling errors which can only be
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reduced by taking larger samples. However, larger samples would unduly prolong
the inspection time or require the use of more inspectors. Thus, there is a
real need for a better field method of testing aggregate quality.

In a recent study (6) of various non-subjective techniques for detecting
deleterious particles, it was concluded that a specific Qravity method using
heavy liquids offered the best possibility for developing a useful and reliable
field method for determining aggregate quality. The fact that deleterious
particles are generally of a lower specific gravity than sound particles has
also been shown by previous investigations (8, 9), and is the basis for the
wide-spread use of the heavy media separation (HMS) process in gravel bene-
ficiation. A'specific gravity method for testing aggregate quality would have
two 1mpoftant advantages over present methods: 1) 1t would be an objective
method and relatively free of human ervor; 2) larger samples could be used so
that sampling error could be minimized.

Obviously, in order for a specific gravity method to be useful it would
have to be a more accurate predictor of aggregate quality than the visual in-
spection method. However, there are insufficient data in the literature to
determine which method would be more accurate, and the basic objective of the
present study was to provide quantitative data on the relationship between ag-
gregate specific gravity and aggregate quality.

Since an increasing proportion of the aggregate used for concrete is the
product of HMS plants, it is conceivable that process inspection may eventually
bé substituted for product inspection. If this substitution is to be accomplished
it will require a better knowledge of the effect of specific gravity on aggregate
quality. It also hinges upon improvement in monitoring and control of the HMS

process (2).




It is recognized that certain types of deleterious particles, the most

- common of which are the clay ironstones, are of a range of specific gravities
%“ which includes bbth the good and deleterious types. Thus, in areas where these
types are abundant neither gravity-based product inspection nor gravity-based

HMS process inspection would insure a satisfactory product.

Objectives

The present study was divided into two parts. The objectives of the first

part, entitled "Mixed Aggregate Tests", were to select a suitable gravity-based

measurement for aggregate inspection, to compare the accuracy of predicting

quality by the selected measurement versus that by the present Highway Department

procedure, and, if the gravity method were to be more successful, to set up

specifications and test procedures based on the method. The main consideration

in selection of the gravity criterion other than accuracy in predicting quality

was that it be the basis of a rapid and practical field inspection procedure.

The objective of the second part of the study, entitled “Tests on Individual ]

Aggregate Classes", was to determine the deleteriousness of particles classified

by appearance, specific gravity and size and to find a mathematical relationship ;

between deleteriousness and the percentage of each class. This information would

-ﬁ supplement and extend the information obtained in the mixed aggregate tests.

Sponsor
The study was sponsored by the Michigan Department of State Highways in

cooperation with the United States Department of Transportation, Federal Highway

Administration, Bureau of Public Roads, as a part of the Highway Planning and

Research Program. The opinions, findings, and conclusions expressed in this

publication are those of the authors and not necessarily those of the Michigan

Department of State Highways or the Bureau of Public Roads.
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MIXED AGGREGATE TESTS

Scope

The primary objective was to select a suitable gravity-based criterion for

prediction of aggregate quality in the field and to compare the prediction

accuracy of the selected criterion with that of the present visual inspection

method.
Samples of heavy media sink and float products were collected from nine
Michigan HMS plants distributed by location so that the samples represented a

cross-section of aggregate in Michigan. Since time did not aliow testing of

all nine samples, the four that were tested were chosen to cover the greatest

~ possible geographic area. However, the southwestern portion of the state was

purposely avoided because of the known occurrence of Targe quantities of clay

ironstones. L

Batches of coarse aggregate from each of the four plants were prepared by

mixing heavy media sink product with 0, 10 and 30 percent float product. Rela-

tively large percentages of float were used to insure a measurable response,

3 Each batch was replicated three times and three concrete beams were made from
each batch so that a total of 108 (4 x 3 x 3 x 3) beams were prepared. Before
making the beams, particles in each batch were characterized by specific gravity,

appearance, and size. The concrete beams were prepared and subjected to freeze-

thaw tests according to ASTM C-291. The freeze-thaw durability factors were
correlated with the characterization of the batches to determine the best specific

gravity criterion which was then compared with the present picking method.

Experimental

Coarse Aggregate. The plants sampled, types of separation units used, and

operating conditions are listed in Appendix IA. The four plant samples tested




are identified in the appendix as 2, 5, 6, and 9. Approximately 1000 pounds
of sink product and 300 pounds of float product were collected from each of
the plants.

These plants were operating at the time of sampling, and gradation was in
accordance with specifications for 6A aggregate at each plant. However, the
samples were collected d&ring start-up and consequently most samples did not
satisfy the deleterious content requiremenfs for 6A aggregate. This, however,
facilitated accomplishment of the study objective in that a larger range of
specific gravities was provided for correlation with freeze-thaw measurements.

The samples were screened to remove all plus l-inch and minus 4-mesh
particles to conform with the gradations suggested in ASTM C-192-62T. Nine
batches of gravel were made up for each plant, each batch weighing about 30
pounds. Three of the nine batches were composed of sink gravel only, three
contained 10% float and 90% sink, and three contained 30% float and 70% sink.

Each of the 36 batches was sized on square-opening sieves into -1"+3/4",
-3/4"+1/2", -1/2"+3/8", and -3/8"+4 mesh fractions The size fractions were
soaked in water and both 24-hour and 7-day absorptions were determined (ASTM
C-127-68). The saturated surface-dry samples were separated into seven gravity
classes using solutions of tetrabromoethane and acetone at gravities of 2.85,
2.65, 2.55, 2.50, 2.45, and 2.35. The gravity classes were further subdivided
by visual inspection into four appearance types, yielding a total of 112 sub-
divisions for each batch. These were converted to percentages of the batch
weight, which are recorded in Appendices IB-IE.

Picking errors were minimized as follows: 1) by making one highly-trained
technician responsible for all picks, 2) by allowing ample time for repicking

each sample, and 3) by rejecting pieces that were not clearly identifiable.




Fine Aggregate. Six drums of sand meeting State Highway Department speci-

fications for 2NS aggregate were obtained from the Superior Sand and Gravel
Company in Hancock, Michigan. After mixing, the entire amount was split by
coning and quartering into portions of approximately 100 pounds; these were
placed in plastic bags which were sealed in drums. Results of tests made on

the sand are tabulated below:

Test Yalue ASTM designation
Percent loss by washing 1.86 C117-62T
Fineness Modulus 2.77 C33-64
Bulk Specific Gravity {SSD) 2.68 €128-59
Pefcent 24-hour Absorption 1.10 C128-59

The moisture content of each bag was determined before use.

Cement. Equal portions of three brands of type 1A cement (Medusa, Penn
Dixie, and Huron) were mixed by placing in a drum which was alternately rolled
and turned end over end. The mixed cement was stored in a closed steel container
until used. A specific gravity of 3.15 and zero percent moisture were assumed in
all catculations.

Mixing of Concrete. Procedures described in ASTM C-192-68 and ASTM C-233-66T

were used for mixing the concrete, with compliance to most of the suggestions made
in the ASTM Manual for Concrete Testing. Mixing was accomplished in a 3-1/2 cubic
foot mixer. Small quantities of an air-entraining admixture were added to obtain
the desired air content. Details of the mixing procedure and a description of
measurements made on the wet concrete are givéﬁ in Appendix II.

Testing of Beams. The 3 x 4 x 16 inch beams were subjected to freezing in

air and thawing in water in accordance with ASTM C-291-61T. The time for a complete

freeze-thaw cycle was three hours. Prior to placing in the freezer and at various




intervals, transverse resonant frequencies were determined on the thawed beams
in accordance with ASTM C-215-60. The decrease 1in resonant frequency and number
of cycles were used to compute durability factor in accordance with ASTM C-291.
Values used in the computations of durabi]ity factor were either the number of
cycles of freezing and thawing during which dynamic Young's modulus dropped 30%
or the percentage drop at 300 cycles, depending upon whether or not there was a

30% reduction during 300 cycles.

Analysis and Discussion

Appendices IB-IE Tist the percentages of aggregate in the 112 categories for
each of the 36 batches. Other data for the batches and durability factors for
tﬁe conérete beams are listed in Appendix IF. The logarithm of each durability
factor was computed and averaged for the three beams made from a single batch;
from this average the "average durability factor" was computed. These values of
durability factor (DF) and of the Togarithm of the durability factor (Tog DF)
were used to represent the batch in subsequent statistical analyses. The per-
centages of aggregate in various categories of interest (for instance the cumu-
lative percentage of a batch below a specific gravity of 2.50), were obtained
for each batch by adding the individual percentages making up the category,
(appendices IG and IH). The reason for presenting total percentages in the
various categories was to facilitate quantitative assessment of the influence
of appearance, gravity, and size upon durability factor.

The results of simpie Tinear regression analyses of logarithm of durability
factor versus percentage of a category for various categories in each of the 36
batches are listed in Table 1. Correlation between log DF and percentage was
found to be generally higher than correlation between DF and percentage, between
DF and log percentage, or between log DF and log percentage. A1l but one of
the correlation coefficients listed in Table 1 indicate significant correlations

at the 95% probability level and most are significant at the 99.9% Tevel.
10




Table 1. Regression analysis of log DF vs.
percentage of category in aggregate batch.

Category Std, error Correl. Std. error
Appearance Size Sp. Gr.  Intercept Slope of slope coeff, of est,
A1 -1 +No. 4 -2.65 3.5035 -0.0442 0.0075 -0.7095 0.4423
" " -72.55 2.0081 -0.0550 0.0042 -0.9129 0.2562
" " -2.50 1.7933 -0.0633 0.0045 -0.9228 0.2418
" " -2.45 1.6210 -0.0717 0.0064 -0.8880 0.2886
" " -2.35 1.4971 -0.1487 0.0173 -0.8272 0.3527
! -1 +3/8 -2.65  3.0423 -0.0404 0.0085 -0.6324 0.4862
" " -2.55 1.9708 -0.0604 0.0049 -0.9043 0.2680
" " -2.50 1.7693 -0.0702 0.0052 -0,9185 0.2482
" " -2.45 1.6092 -0.0807 (.0072 -0.8876 0.2892
N " -2.35 1.4899 -0.1706 0.0198 -0.8276 0.3523
" -1 +1/2 -2.55 1.8869 -0.0810 0.0079 -0.86%1 0.3104
" " -2.50 1.7008 -0.0956 0.0084 -0.8895 0.2868
" -1 +3/4 " 1.6559 -0.2310 0.0282 -0.8142 0.3645
" -3/4 ¥1/2 " 1.7611 -0.1539 0.0119 -0.9119 0.2576
" -1/2 +3/8 " 1.8476 -0.2319 0.0156 -0.9310 0.2290
", =3/8 +1/4 " 1.6673 -0.4090 0.0586 -0.7677 0.4022
DEL -1 +No. 4 A1l 2.3332 -0.0592 0.0026 -0.9679 0.1578
" " -2.65 2.2577 -0.059¢6 0.0027 -0.9675 0.1588
" " -2.565 1.9229 -0.0580 0.0034 -0.9458 (.2038
- " -2.50  1.7696 -0.0634 0.0043 -0.9305 0.2298
" " -2.45 1.6203 -0.0717 0.0064 -0.8880 0.2886
" " -2.35 1.4971 -0.1487 0.0173 -0.8272 0.3527
v -1 +3/8 ATl 2.3061 ~0.0666 0.0029 ~0.9698 0.1531
" " -2.65 2.2386 -0.0673 0.0028 -0.9715 0.1489
" " -2.55 1.8995 -0.0648 0.0039 -0.9449 0.20585
" " -2.50 1.74N -0.0706 0.0049 -0.9274 0.2348
" " -2.45 1.6085 -0.0807 0.0072 ~-0.8875 0.2892
" " -2.35 1.4899 -0.1706 0.0198 -0.8276 0.3523
" -1 +3/4 -2.50 1.5433 ~0.2340 0.0278 -0.8216 0.3578
, -3/4 +1/2 " 1.7399 -0.1554 0.0110 -0.9245 0.2393
# -1/2 +3/8 -2.50 1.8291 -0.2342 0.0144 -0.94317 0.2112
" -3/8 +No. 4 " 1.6557 -0.4090 0.0570 -0.7762 0.3957
CHERT -1 +No, 4 ATl 2.0332 -0.0832 (.0076 -0.8830 0.2946
" “ -2.55 1.8803 ~0.0964 0.0064 -0.9327 0.2263
" u -2.50 1.7646 -0.1123 0.0066 -0.9458 0.2038
" " -2.45 1.6895 -0.1448 0.0084 -0.9476 0.2006
! -1 +3/8 A1l 2.0382 -0.0952 0.0081 ~0.8857 0.2791
" " -2.55 1.8593 -0.1083 0.0070 -0.9357 0.2214
" " -2.50 1.7313 -0.1239 0.0078 -0.9382 0.2172
" ‘! -2.45 1.6606 -0.1603 0.0102 -0.9377 ¢.2181
HA -1 +No. 4 AN 1.8620 -0.1897 0.0316 -0.7172 0.4374
" " -2.55 1.6175 -0,1851 0.0301 -0.7260 0.4316
" - -2.50 1.5400 ~0.2087 0.0339 -0.7263 0.4315
" " -2.45 1.4085 -0,2287 0.0430 -0.6742 0.4636
" =1 +3/8 Al 1.7899 -0.1922 0.0338 -(1.6982 0.4493
" " -2.55 1.5811 -0.1938 0.0323 -0.7167 0.4377
" " -2.50 1.5214 -0.2201 0.0363 -0.7207 0.4351
" " -2.45 1.4026 ~0,2440 0.,0457 -0.6750 0.4631
" SOFT -1 +No. 4 A1l 2.2000 -0.2045 0.0194 -0.8747 0.3042
- " " -2.55 1.7129 ~(.1950 0.0223 -0.8317 '0.3485
4 " " -2.50 1.6099 -0.2109 0.0256 -0.8158 0.3630
" " -2.45 1.4596 -0.2060 0.0301 -0.7608 0.4073
" -1 +3/8 A1l - 2.1575 -0, 2365 0.0235 -0.8651 0.3148
“ " -2.55 1.6932 -0.2242 0.0263 -0.8249 0.3548
! . -2.50 1.5957 -0.2427 0.0301 ~0.8106 0.3676
* " -2.45 1.4522 -0.2386 0.0352 -0.7583 0.4092
% air entrained 0.11502 0.20513 0.298 0.117 0.636
% abs (7 day) 2.47827 -0.75610 0.086 -0.832 0.355 :
Bulk sp. gr. -10.92418 4.52837 1.643 0.427 0.579 ;
3 11 ;
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A low correlation coefficient for the percent air entrained (r = 0.117)
indicates that the variation in air contents {approximately 4-5.5) had little

effect upon the durability factors obtained.

Specific Gravity Criterion. It might seem at first, that when considering

a method of inspecting the product of an HMS process all that would be necessary

“would be to ascertain that none of the product was below a particular gravity,

say 2.55. However, when consideration is given to the limitations of such a
process it becomes obvious that producing such a product would not be practical.
In a practical HMS process not only does a large quantity of material below the
gravity of separation end up in the product, but also a large quantity of material
above the gravity of separation ends up in the reject. Consequently, a more
practical criterion would be the percentage of the product below a particular
gravity. Referring back to Table 1, the best correlation between log DF and

the total percentage less than a particular gravity was for the gravity 2.50.
Therefore, the percentage less than 2.50 was selected as the best criterion for

a specific gravity based test.

Of the measurements made in this study, the one which most clearly approxi-
mates that presently used in the field by the Highway Department to predict
quality is the percentage deleterious in the -1"+3/8" size category. This will
be referred to aslpicking. (The specification alTows actual samples of 6A
aggregate to contain up to 5% plus l-inch pieces). The accuracy of predicting
durability by picking was compared with the accuracy of predicting durability
by measuring the total percentage less than a_specffic gravity of 2.50, which

will be referred to as gravity.

Errors in Present Method. The sources of variation in the present Highway
Department sampling and inspection procedure have been separated and measured (8).

The coefficient of variation of total deleterious content (standard deviation aver

12
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mean expressed as a percentage} for a single inspector repicking the same sample
was found to be 7%, whereas that for different inspectors picking the same sample
was found to be 10%. Adding the variances brings the overall coefficient of
variation due to inspection error to 12.2%. The standard deviation of total
de]etérious content due to sampling error was found to be related to the dele-

terious content of the population and to the sample weight by the equation:

5 = g1\ /% deleterious content x (100-% deleterious content)
weight of sample (1)

where S is the standard deviation and K is .144 when the sample weight is
expressed in bounds.

The sampling standard deviat%on in a gravity measurement may also be computed
by the above equation, but with “percentage.less than a specific gravity of 2.50"
substituted for "% deleterious content".

Comparison of Methods. 1In Table 1 the correlation coefficients are seen to

be 0.923 for gravity and 0.968 for picking. Scatter diagrams along with least
square regression lines for these correlations are shown in Figures 1 and 2.

From the correlation coefficients and scatter diagrams picking is obviously
better correlated with log DF. Put simply, this comparison indicates that there
is a higher probability of more accurately predicting log DF from picking than
from gravity data. [t is important to note that this conclusion holds throughout
the entire range of percentages and that the major deviations in the log DF versus
gravity graph occur at low percentages, the region of interest in aggregate
inspection. Thus, at this stage in the analysis it would appear that a general
specification for percentage deleterious (as is presently in use)} is better than

one based upon specific gravity. If there were no sampling and picking errors

13
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these values alone would be sufficient justification for retaining the present

o inspection procedure.

However, both procedures are subject to sampling error, and sampling error
i in the gravity method would be smaller if larger samples could be tested in the

allotted time. As mentioned previously, inspection error would be virtually

ﬁ’ eliminated by the gravity based method. Therefore, to compare gravity with
- picking it is necessary to Tump sampling and inspection errors with the pre-
diction errors assessed in this study and determine which inspection method

& best predicts durability factor.

An estimation of the overall variance in Tog DF predicted by a measurement

such as'pickihg or gravity may be computed using the following equation:

$?(log DF) = b2S2(X)+s2(Tog DF')(1 + /N + (X-X)2/¥ (x-X)?)

where S2{ ) is the variance of the enclosed variable

L DF is the durability factor

b is the slope of the regression Tine

X is the independent variable (either picking or gravity)
S{1log DF') is the standard error of estimate of log DF

and N is the number of samples in the regression analysis (36 in this study)

The right-hand side of this equation consists of two parts: the first

represents the variance of log DF due to variations in sampling and inspection;

the second represents variance in log DF due to imperfect correlation between

log DF and the measured value of X. The values determined for 52(109 DF') may

be slightly high since they include a component due to the variation of X;

however, the variation of X was probably quite small for reasons mentioned earlier.




T

The coefficients of variation (average of positive and negative standard
deviation expressed as a percentage of the mean) of the durability factors were
obtained from the variance of log DF calculated by the above equation. These
are listed in Table 2 and are graphed in Figure 3 at various deleterious contents,

for picking, using a 10-pound sample and for gravity, using 10 and 50-pound samples.

Table 2. Coefficients of variation (CVY) of predicted durability
factor for picking 10-1b samples and for gravity
separations of 10 and of 50-Tb samples

Picking Gravity
% less than a cv
% deleterious cy sp gr of 2.50 10-1b sampTle 50-1b sample
5 43,2
10 . 49.6 2.42 62.7 - 60.9
15 57.5 7.68 64.1 60.6
20 66.7 12.93 66.7 61.0

The calculations indicate that: 1) when an inspection is made on a 10-1b
sample by both gravity and picking, the overall errors in predicting log DF are,
for practical deleterious contents, much larger in the gravity procedure; 2) even
when performing the gravity test on larger 50-1b samples which reduce considerably
the sampling errors, the overall errors in picking a smaller 10-1b sample are
still less for deleterious contents below abouﬁ 17% (the practical range). Thus,
it is concluded that the present picking method is a more suitable means of
determining quality than is the gravity method.

Reliability of Picking Method. To show that the picking method, although

better than the gravity method, is far from perfect, confidence limits for pre-
diction of log DF by picking are shown in Figure 4; those for prediction of DF

by picking are shown in Figure 5. These confidence limits include not only
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variations due to imperfect correlation found in this study, but also those due

to sampling and picking errors, and assume a normal distribution of errors about
the regression line. Figure 4 shows that for a 10% deleterious content, measured
by the present Highway Department method, there is a 97.5% probability that log

DF is above 1.23 and for a 5% deleterious content there is a 97.5% probability

that log DF is above 1.68. Figure 5 indicates that for a 10% deleterious content,
there is a 97.5% probability that DF is above 18, and for a 5% deleterious content,
there is a 97.5% probability that DF is above 42.
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TESTS ON INDIVIDUAL AGGREGATE CLASSES

Scope

The objective of this part of the study was to determine the deleteriousness
of individual specific gravity classes of a given size and deleterious type.

This information is necessary for relating durability factor to the specific
gravity and size of a particular deleterious type. Size has been shown to be

a significant variable by Verbeck and Landgren (10) who found that the hydraulic
pressure developed during freeze-thaw testing increases with particle size.
Bloem's results (11) indicate that durability factor is reduced twice as much
with -1"+1/2" chert as with -1/2"+4 mesh chert. However, neither the effect
ofrsize hor the effect of specific gravity have been studied in sufficient detail
to quantify the relationship between durability factor and the percentage of a
particular deleterious type of given size and specific gravity.

The desired information could not be derived from the data of the previous
section because the manner in which the aggregate batches were prepared {mixing
various proportions of float and sink material) resulted in confounding of
gravity, size and type effects, i.e., the variables were not varied inde-
pendently. Therefore, in order to obtain the required data it was necessary
to perform additional freeze-thaw tests using beams containing a known percentage
of a single class of deleterious material. By a single class is meant a single
deleterious appearance type {soft, hard absorbent or chert) of narrow size and
specific gravity range.

The aggregate used for this part of the study was obtained from the HMS
plant of the Construction Aggregate Corp. at Ferrysberg, Michigan. Three size
levels, -1"+3/4", -3/4"+1/2" and -1/2"+1/4", and four specific gravity levels,

-2.65+2.55, -2,55+2.45, -2.45+2.35, and -2.35, were investigated. Since time

LIBRARY
michigan department of
state highways
LANSING
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did not permit testing all levels of each of the three deleterious types, soft
and hard absorbent were combined in equal proportions and tested together.
Chert was tested alone., In addition, a number of tests were made on selected

classes of soft, hard absorbent and good. The amount of the deleterious class ;

in a beam was set at 5 or 10%, the balance of the coarse aggregate being good

- of +2.55 specific gravity. Three replicate beams were made for each percentage
of each class, a total of 168 altogether. In contrast to the previous section,

each beam was prepared separately rather than in batches of three; this insured

that the composition of each beam was exactly known and helped to minimize

experimental error. Table 3 shows the composition of each set of replicates.

Experimental

Only the high points of the procedures are presented here. A more detailed

description is given in Appendix III.

5? Coarse Aggregate. A single experienced picker was made responsible for

classification of the aggregate into the four appearance types. Good aggregate,

which constituted the major portion of each of the batches, was further upgraded
by heavy liquid separation in a 2.55 specific gravity solution of tetrabromoethane
and acetone; the float portion was discarded. The size distribution of the good

aggregate used in all tests is tabulated below:

Size, Inches % in Size
-1+3/4 22.2
-3/4+1/2 36.8
-1/2+3/8 27.1
-3/8+1/4 13.9
100.0

Deleterious aggregate of the three appearance types was separated by screening

into three sizes and then separated into four gravity ranges (Table 3) by the

use of solutions of tetrabromoethane and acetone.
23




TabTe 3. Composition of beams for freeze-thaw tests -

triplicate beams of each composition

_1i|+3/4|l -3/4"+1/2" _1/21r+1/4|f
Sp. Gr.  Chert, ¥ FA & Soft, % Chert, % WA & Soft, 7* Chert, % FA & Soft, #*
~2.35 5 5 5 5 5 5
‘ 10 10 10 10 10 10
2.35-2.45 5 5 | 5 5 5 5
10 10 10 10 10 10
2.45-2.55 5 5 5 5 5 5
10 10 10 10 10 10
2.55-2.65 5 5 5 5 5 5
10 10 10 10 10 10
_1|F+3/4” ‘_1/2"+1/4||
Sp. Gr, HA, % Soft, % Sp. Gr. Good , % Good, %
2.45-2.55 5 5 2.55-2.65 100 100
10 10 2.65-2.75 100 100

Total beams

* Equal portions of soft and hard absorbent

24
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The batches of coarse aggregate for the concrete beams were prepared in
a somewhat complicated fashion since in the standard proportioning procedure
(ACI 613-54) the unit weight must be known before deciding how much aggregate
to use. It was necessary to calibrate a smaller than normal unit weight bucket,
to measure the unit weight of a mixture containing the required proportions of
good and of deleterious aggregate of the desired class, and from the measured
value to compute the exact weight of coarse aggregate of the two types required

for a beam.

Fine Aggregate. This material was from the same batch as previously described

under Mixed Aggregate Tests, page 9.
Cement. ‘The cement used was the same as in the Mixed Aggregate Tests,
page 9.

Mixing of Concrete. A Montgomery Wards 1-1/2 cubic foot mixer (5-gallon

pail type) was used in the preparation of all beams. A three-minute mixing
period was followed by a three-minute rest, followed by two minutes of final
mixing. Procedures described in ASTM C-192 and ASTM C-233 were adhered to as
much as possible. Further details are given in Appendix IV.

Testing of Beams. The procedure used was the same as described under Mixed

Aggregate Tests, page 9. The replicate beams of each class were tested at
different times to randomize the effects of possible equipment and personnel

changes.

Analysis and Discussion

Complete data on the composition of the beams tested in this section are given

in Appendix III along with the durability factors of the beams. The durability

factors and their logarithms are summarized in Table 4.
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Table 4.

Durability factors and logarithms of durability factors
for freeze-thaw tests on individual aggregate classes.

Specific -1+3/4 ~3/4+1/2 -1/2+1/4 ~-1+3/4 -3/4+1/2 =1/2+1/4
gravity ' 5% Chert 10% Chert
-2.35 3.7 .568 71.5 1.854 70.8 1.850 81.0 1.908 27.0  1.431 38.5 1.585
36.8 1.566 45.6 1,659 6l.6 1.789 6.7 .826 20.2  1.30% 20.0  1.301
95.9 1.981 9.3 .968 67.4 1.828 13.0 1.114 16.1 1.207 14.9 1,173
23.6 1.372 3.7 T1.%93 66.% T1.822 19.7 T1.783 20.6 1.314 22,5 1.353
-2.45+2.35 18.4 1.265 33.1  1.520 70.7  1.849 7.5 .875 12.8  1.107 15,2  1.182
8.9 .949 61.8 1.791 83.9 1.923 1.9 .279 14.1  1.149 26.2 1.418
16.5 1.217 37.9 1.578 74.8 1.874 12.9  1.110 3.7 .568 43.8 1.641
13,9 1.144 42.6 1.630 76.2 1.882 57 0.755 8.7 .941 25.9 1.414
~-2.55+2.45 80.6 1.906 83,2 1.920 85.4 1.931 11.z  1.049 48.5 1.685 73.1 1.864
B4.9 1.929 86.8 1.938 79.6  1.902 16.4 1.215 85.7 1,746 78.4  1.894
78.3 1.893 82.3 1.915 88.6 1.947 42.1 1.624 74.6 1.872 73.9 1.868
8l.1 1.909 83.9 1,924 84,5 1,927 19,8 1.296 k8.6 1.768 75.0 87%
-2.65+2.55 91.0 1.959 86.5 1.937 87.4 1.941 83.7 1.922 87.9 1,944, 92.6 1,966
88.8 1.948 89.9 1.953 93.3 1.970 42.8  1.631 78.8 1.89%6 92.4 1.965
89.4 1.951 89.6 1,952 93.3 1.970 83.9 1.923 90.8 1.958 83.3 1.950
89,7 1,953 88.5 1.947 91.2 1.960 66.8 1.825 85.7 1.933 91.2 1.960
5% HA & Soft* 10% HA & Soft*
-2.35 84.8 1,928 93.2 1.969 89.1 1.95¢ 18.1 1.257 88.2 1.945 67.9 1.832
91.2 1.960 97.2  1.987 94,9 1.977 79.5  1.900 80.5 1.905 79.8  1.902
93.6 1.968 95.2 1.978 - 86.2 1.935 98.¢ 1.991 86.9 1.939 83.3 1.920
85,5 1,952 95,1 1,978 85.9 T.95% 520 T1I.7T¢% . 193¢ 76.7 T1.88%
~2.45+2 .35 90.2 1.955 48.0 1.681 85.4 1.931 65.4 1.815 52.0 1.716 gz2.2 -1.915
92.2 1.964 88.5 1.947 86.1 1.935 63.4 1.802 85.2 1.930 66.9 1,825
8.6 .934 30.3  1.481 81.8 1,912 1.6 .204 82.7 1.917 86.0 1.934
41.5 1.618 50.5 1,703 84.3 1.926 18.8 1.274 71.4 T1.854 77.8  1.891
-2.55+2,45 91,9 1,963 92.3 1.965 93.3 1.970 84.9 1.929 5.3 .724 82.0 1.914
3.8 .580 92.2  1.964 83.8 .1.923 B5.2 1.93¢ 86.8 1.938 88.0 1.944
65.7 1.817 85,5 1.932 88.5 1.947 89.9 1.953 94.2  1.974 90.2 1.95%
28.4 1.453 89.9 1.954 88.h 1.947 86.5 1.937 35.1 1.545 86.7 1.4938
-2.65+2,55 85.2 1.930 87.8 1.943 81.9 1.913 90.4 1.966 85.3  1.931 88.3 1.946
93.1 1.969 86.9 1.939 93.4 1.970 69.2 1.840 5.8 1.933 89.4 1,951
91.4 1.981 87.7 1.943 92.3 1.965 78.8 1.896 80.7 1.907 B8.1 1.945
89.7 1.953 87.5 1.942 88.¢ 1.949 78.9 1.897 83.9 1.924 88,5 1.947
5% HA 10% HA
-2.55+2.45 89.8 1.953 85.2 1.930
96.1 1.982 95.1 1.978
97.8 1.990 90.9 1.958
9% 1.97% 90.7 1.955
5% Soft 10% Soft
-2.55+2,45 87.9 1.944 87.9 1.944
82.5 1.916 60.0 1,778
89.8 1,953 19.4 1.288
6.7 1.938 .8 T.670
100% Good
-2.65%2,55 84.0 1.924 89.4 1,95
84.1 1,924 92.0 1.963
36.0 1.556 91.2 1.960
63.2 1.801 90.8 1.9%8
=2.75+2.65 80.4 1.905 86.3 1.936 * 1/2 HA and 1/2 soft
93.6 1.971 88.7 1,948
85.1 1.930 92.3 1.965
86,1 T1.935 89.7 T.950

)
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The experimental error in determining durability factor was fairly Targe
as shown by the variations befween replicate beams of a single class. The
variations were generally highest in the replicates containing the coarsest
aggregate and Towest when the aggregate was fine or the durability factor was
either very high or very low. The effect of size on experimental error is not
unexpected if one considers the number of pieces of deleterious aggregate in a
beam. Fof example, a beam containing 5% of -1"+3/4" deleterious aggregate would
contain about 15 deleterious particles. If only a fraction of these particies
were truly deleterious, or if there were large variations in deleteriousness,
then the inevitable sampling error associated with few particies would produce
large variations in durability factor. The reduction in replicate variations at
high and low durability factors can be explained by "crowding" of the permissible
range of durability factors, i.e., durability factor cannot be greater than 100
nor less than zero.

The Togarithm of durability factor, rather than durability factor itself,

- was used in the analysis of the data. This transformation was made because the

first section of the study showed that Tog DF is lineariy related to deleterious
content and that the log function helps to equalize the variance. In keeping
with the emphasis on Tog DF, the average durability factors in Table 4 were cal-
culated by taking the antilogs of the average log durability factors.
In spite of the rather large experimental error, the data of Tabie 4 reveal
a number of consistent and important treﬁds when the average log DF's are examined:
Size. The presence of a size effect on Tog DF is fairly obvious, but
can be demonstrated more rigorously by means of a chi-square test. As seen
from the major tabulations of Table 4, three sizes were investigated for
each of 16 combinations of specific gravity, deleterious type and percentage

(four gravities, two types and two percentages). By ranking the highest,

27




T
s

Towest and intermediate log DF's with the three size classes of each |

combination, the following 3 x 3 contingency table can be set up:

Size
-1"+3/4" -3/4"+1/2" -1/2"+1/4"
Highest 1 3 12
log DF Inter; 2 10 4
Lowest 13 3 0

The number in each category is the observed frequency; the expected
frequency for the null hypothesis that size has no effect is 5.33.
The. computed value of chi-square was 36.5, a value which could occur

by chance only about 2 out of 10 million times if there were no size

effect. Thus, it is definitely established that size influences ;
durability factor and, as seen from Table 4 or the contingency table,
increasing the size decreases the durability factor.

Gravity. The effect of gravity, although not as consistent as
size, is also evident from Table 4. Qualitatively, the results indicate
that durability factor decreases with decreasing specific gravity, the
lowest durability factors being in the -2.45+2.35 gravity class. Below
2.35 the durability factors increase somewhat, an unexpected result
since it is generally assumed that durability decreases continuously
with decreasing specific gravity.

Chi-square tests confirmed that specific gravity is a highly signi-
ficant variable.

Percentage. That the percentage of deleterious material affects

durability factor is immediately obvious and requires no further discussion.
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Hard Absorbent. The results from the two sets of beams containing

only hard absorbent at the 5% and 10% levels were unusual in that the dura-
biTity factors were as high or higher than those obtained with beams con-
taining only good aggregate. This apparent Tack of deleteriousness was
checked by examining the beams from both parts of the study and identifying
the pop-outs. In the beams containing equal percentages of soft and hard
absorbeht there were 10 hard absorbent pop-outs as compared to 72 soft pop-
outs. In the mixed aggregate beams from the first section of the study,
there were no hard absorbent pop-outs and 33 soft pop-outs. Thus, it can be
concluded that the hard absorbent particles in the gravels studied were reia-
tively innocuous as far as freeze-thaw degradation is concerned. For purposes
of the calculations presented below, hard absorbent particles were considered
good.

Good. The results from the four sets of beams containing only good ag-
gregate indicated that coarse good of low gravity may be somewhat deleterious.
However, not enough beams were tested to make this observation conclusive.
Since the above qualitative analysis of the data showed the presence of highly

significant trends, an attempt was made to find an equation for relating durability
factor to the size and percentage of deleterious aggregate. The simplest equation
which appeared to offer a reasonable fit to the data was:

Tog DF = Ag - A(g,t)Ps" (2)
where P is the percentage of deleterious aggregate, S is the size of the aggregate,
and Ag, A(g,t) and N are conétants. Ao is equal to Tog DF when P is zero, (it is
the log DF of good aggregate), A(g,t) can be termed the coefficient of deleterious-
ness* and, in general, will vary with the type and gravity of the deleterious ag-
gregate, and N is an exponent to allow for non-linear size effects.

* For the sake of convenience, deleteriousness is defined to be the decrease in

log DF per percentage, resulting from the substitution for good of another
aggregate appearance type.
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Values of A{g,t) and N were found by regression analysis, using an estimated

value of A,. Although the most obvious value for A; would have been the average
of the four sets of beams containing good aggregate (1.911), a number of beams

gave considerably higher durability factors. As a compromise the value of 1.965
was used. The regression analysis yielded the value of N and eight coefficients

of deleteriousness (one A{g,t) for each chert gravity and one for each soft gravity).

Sp. gr. Alg,t)
range Chert Soft
-2.,35 .106 .036
-2.45+2.35 .1563 122
-2.55+2.45 .051 .054
~-2.65+2.55 0.10 .014
N=1.12

The value of 1.12 for N shows that coefficient of deleteriousness defined
above is almost directly proportional to particle size. This is essentially

what Bloem's data on chert indicate (11).

The vaTues of A{g,t) for chert and soft in the above tabulation were plotted
against specific gravity and are shown in Figure 6. It is clear from Figure 6
that chert and soft are very similar; their coefficients of deleteriousness are
almost identical at the higher gravities and both have a maximum deleteriousness

in the -2.45+2.35 range. The only large difference is in the -2.35 range and

= the fact that this range is open-ended may account for the difference.

Because of the closeness of N to 1 and the similarity of chert and soft, a

second regression analysis was performed using N = 1 and solving for a single

value of A(g) for both soft and chert at each gravity. The values obtained were:
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Sp. gr.
range A(g)

-2.35 .068
-2.45+2.35 .132

~2.55+¢2.45  .050 |
-2.65+2.55  .011 :

A comparison of the experimental log durability factors with the values

predicted by the two regression equations is given in Table 5. Inspection of

e
shilinend

Table 5 shows that the predicted values of log DF agree well with the experi-

mental values. In addition, there is little difference between the results

of the two equations.

The mean- squares given in the lower left corner of Table 5 confirm these

observations in a more rigorous and concise manner. The total mean square repre-

sents the total variation in the experimental data. Each residual mean square

represents the variation from the regression equation and is the sum of the vari-

ation due to lack of fit and experimental error. The error mean sguare was com-
puted from the data on the individual beams; it is the average variance of the

50 experimental log DF's in the table. Application of the F-test to the ratio

of total mean square to the residual mean squares confirms that both regression
equations are highly significant. Moreover, the fit is as good as possible in
terms of the available data since the error mean square is about the same as the
residual mean squares. The slightly better fit of equation 1 has virtually no
significance, and therefore equation 2 is preferable as it is the simpler of the

two.

To summarize, the above analysis indicates that chert and soft of the same
specific gravity are equally deleterious, that reduction in log DF is directly

proportional to aggregate size, and that deleteriousness is highest in the -2.45

+2.35 specific gravity range, about one-half as high in the -2.35 and -2.55+2.45

ranges, and only about one-tenth as high in the -2.65+2.55 range. I é ARY

( michivuen daportinent of
J

|

J
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Table 5.

Comparison of experimental log DF
with values predicted by regression equations.

Eq.1: log DF=1.965-A(g,t)Psi*! Eq.2: Tlog DF=1.965-A(g)PS
Alg,t)
Sp. gr. Chert Soft Sp. gr. A(g)
-2.35 106 .036 -2.35 068
-2.45+2.35 .153  .122 _2.45+2.35 1132
-2.55+2.45 .051  .054 _2.55+7.45 -050
_2.65+2.55 .010  .014 -2 65+2.55 011
Chert
Specific P=5% P=10%
gravity S = TT¥3/4 —3/E+172 “1/2¥1/E T33/4 -3/8+1/2 -1/2+1/%
Exp. 1.372 1.494  1.822  1.283 1.314  1.253
-2.35 Fq.1 1.508 1.651  1.788  1.051 1.337  1.610
Fq.2 1.666 ~1.752 1.837  1.368 1.538  1.709
Exp. 1.144 1.630 1.882  0.755 0.941  1.414
-2.45+2.35 Eq.1 1.307 1.513  1.709  0.648 1.060  1.454
Eq.2 1.389 1.553 1.718 0.812 1.142  1.471
‘Exp. 1.909 1.924  1.927  1.296 1.768  1.875
-2.55+2.45 Eq.1 1.746 1.814  1.880  1.527 1.664  1.795
Eq.2 1.747 1.809 1.872 1.529 1.654  1.778
Exp. 1.953 1.947  1.960  1.825 1.933  1.960
-2.65+2.55 Eq.1 1.921 1.935 1.948  1.878 1.905  1.931
Eq.2 1.915 1.929  1.944  1.865 1.893  1.922
Soft
o — P53
S = T1+3/8 C3/4+1/7 1724178 14378 <3/8+172 <1/2+1/4
Exp. 1.952 1.978  1.954  1.716 1.930  1.885
-2.35 Eq.1 1.889 1.913 1.935  1.813 1.861  1.906
Eq.2 1.816 1.858 1.901  1.666 1.752  1.837
Exp. 1.618 1.703  1.926  1.274 1.854  1.891
_2.45+2.35 Eq.1 1.702 1.78%  1.863  1.439 1.603  1.761
Eq.2 1.677 1.759  1.842  1.389 1.553  1.718
Exp. 1.453 1.954  1.947  1.937 1.545  1.938
_2.55+2.45 Eq.1 1.849 1.886  1.920 1.734 1.806  1.875
Eq.2 1.856 1.887 1.918  1.747 1.809  1.872
Exp. 1.953 1.942  1.949  1.897 1.924  1.947
_2.65+2.55 Eq.1 1.935 1.945  1.953  1.906 1.924  1.942
Fq.2 1.940 1.947  1.954  1.915 1.929  1.944
P=5 P=10%
Mean squares: -378+T/2 -374%1/2
Total = ,0908 ,
Residual, Eq.1 = .0205 | Exp. 1.938  1.670
Residual, Eq.2 = .0249 -2.56+2.45 £q.1 1.806  1.647
Exp. error = .0286 Eg.2 1.809 1.654

2
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CONCLUSIONS

It is concluded that:

1.

The total percentage of deleterious material as defined by the Michigan
Department of State Highways is highly correlated with the Togarithm of
the ASTM C-291 durability factor.

Of the gravity criteria investigated, the one most highly correlated with
the logarithm of the ASTM C-291 durability factor is the percentage of
total aggregate less than a specific gravity of 2.50. However, it is not
as well correlated as is percentage deleterious.

Even when the large sources of variation due to sampling and to human
judgement in picking are taken into consideration, the total deleterious
measurement is still a more accurate predictor of the logarithm of the
ASTM C-291 durability factor than is the percentage less than specific
gravity 2.50. Picking a 10-pound sampTé for percent deTeterious provides

a more accurate estimate of logarithm of durability factor than does a

measurement of percent less than 2.50 gravity on a 50-pound sample. Changing

from the present picking method to a gravity-based method would therefore not

be warranted.
Hard absorbent is probably only slightly deleterious as measured by freeze-
thaw degradation, and is much less deleterious than either chert or soft.
Particle size has a very.significant effect on deleteriousness. For dele-
terious particles of the same specific gravity, reduction in log durability
factor is directly proportional to particle diameter.

Soft and chert particles of the same size and specific gravity are about
equally deleterious as measured by freeze-thaw degradation. Thus the

mechanism of degradation for the two types is most 1ikely quite similar.
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Specific gravity is an important factor in the deleteriousness of soft
and chert. Particles in the -2.45+2.35 gravity range are about twelve
times as deleterious as those in the -2.65+2.55 range. The trend of
increasing deleteriousness with decreasing gravity does not continue

below 2.35, but begins to decrease somewhat at lower gravities.

Since the effect of specific gravity is complex, a whole series of
gravity measurements would have to be made on the deleterious types in
order to improve inspection. This would obviously be much too time-consuming

to be of use in field testing.
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RECOMMENDATIONS

Although the first part of this study showed that a single specific gravity
measurement could not replace the present inspection method, the findings of the
second part provide information that may be useful for modifying inspection pro-
cedures and specifications.

In the present inspection method, no allowance is made for the size of the
deleterious aggregate. This could be easily incorporated into the inspection
procedure by picking the size fractions from the sieve analysis separately;
multiplying the percentages in each size fraction by a weighting factor for size
and adding the results would then give an improved measure of aggregate quality.
This mddjfication would also fit in well with the stratified sampling scheme
proposed by Hockings et. al. (7) for reducing sampling error.

The apparent Tack of deleteriousness of hard absorbent and the close similarity
of soft and chert suggest changes in the present limits on these materials., How-
ever, since these findings were obtained on aggregate from a single plant, con-

firmative tests are recommended cn aggregate from other areas.
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Appendix IA

Plants sampled, types of separating units and-operating conditions

Sample Plant name Operating  HMS Product Sp gr aim Sp gr actual Media ratio,
no. and location yes no  type sampled Float Sink Sump Float Sink Sump FeSi/Fe30a
1 American Aggregate X Drum  5B* (Wayne 2.53 2.68 2.59 2.69 5/1
Corp., Oxford County) :
2 American Aggregate X Drum  6A (MDSH) 2.50 2.55 2.50 2.55 1.65/1
Corp., Brighton |
3 Nashville Gravel X Drum  6A (MDSH) 2.58 2.64 2,58 2.68 10/1
Co., Nashville
4 Bundy Hill Gravel X Drum No. 5 2.68 2.66 7/5
o Co., Coldwater (Indiana) :
[ne]
5 Martin Block X Cone  6A (MDSH) ** 2.65 2.56 2.68 2.55 7/5
Co., St. Johns
6 Construction Aggregate, X Drum  6A (MDSH) 2.62 2.68 2.62 2.67 4/1
Ferrysberg sink & float sink & float
7 Hersey Sand & Gravel X Drum 6A (MDSH) 2.56 2.70 2.58 5.5/6

Plant, Hersey

8 Gi1-Brown Constructors, X Cone 6A (MDSH) 2.59 2.64 3/1
West Branch

9 Straights Aggregate and X Sweep 6A (MDSH) 2.55 2.49 2.54 5.5/3
Equipment, Millersberg

* Same as B6AA except for larger max. size.

** Attempt to keep 0.16-0.21 sp gr differential (sink to float side)
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Appendix IC

Aggregate batch compasitions-percentages
by appearance, size, and specific gravity
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2+35-2.4% 0.0 Q=N 00 01 N.07 1413 N2 Ne42 093 044 Q=43 [+ 20 1) D53 049 0«28 nNal9 :
24452450 0.0 0.0 6.0 0.0 0.0 G627 026 0408 039 0«8 03 0-07 [ERRNH D-09 0+04 .09 :
250255 037 Q.25 0412 005 0463 Geb3 G237 011 0+285 Net8 Ga11 N335 Q17 0-t5 D14 0-08 }
2455~2.,69 1892 13.82 Heh2 1«80 1.98 L«57 0+40 De14 0+%6 0.44 024 gl Ge7l 0«36 018 0.2 ;
PL65-2.85 10+50  13.85 6.33 250 0.0 Nel4 n«10 a0 0 .30 009 Gel2 007 Oe54 G-13 028 qeta
+72+85 127 203 0.9] Q.37 0D Q.0 0.02 0.0 00 G.18 CsG3 0«0l D« 0«05 n.0 004
. Batch &C1
-2¢15 0.0 0.0 G0 0.0 ns71 1«L1 Le& 050 1«16 1-43 N+ 62 DsE3 Ta102 237 1:06 67
2:35-2.45 Ge0 0.0 G0 00 1458 289 2+43 099 Lede 1+30 088 0439 180 1+48 N6l 0«28
2.45-2:50 0+6 0.0 g-Q 0rg 0.37 G+36 034 a-15 0.27 0.+31 De2] 0D+05 0-19 0.27 Qi n.06
2+«50~2+55 099 D13 Gell Q03 0.+83 Q74 0.31 037 021 Qed7 D=13 N«Ng Dedl 0.31 asl6 n«11
2¢55-2 565 Be26 12e10 5+50 1+76 D48 0+30 0«13 0+14 LR ] 0«0 0408 .08, D24 [t XS -] 0a9 Qeld
265-2.85 B«79  13.50 6442 2+3R 0.0 0.0 0«0 000 0.0 005 O D0 00 O=%1 Ny 107
+2+85 161 1496 138 0s+a2 0.0 9.0 0.0 0.0 geq a.0 00 G0 ) 0.0 n.a Q.02
R 8atch BCZ i
—235 0.0 H;O a-0 0.0 0+99 1142 1«44 n.52 D+68 1446 Q=70 0+15 1s11 1+05 Ls19 N+7TH ;
2+35~245 Q-0 0«0 0+0 (L] 148 2+81 2+26 095 * D«83 [38 %1 0+35 119 125 QeG4 040 ! :
2 ¢45-2.50 Qerd 0.0 d-0 G.0 0.5} Q=85 N-42 026 D52 De78 Q26 0+15 D036 0.27 0«08 0+13 B
2+50~2455 N+27 D47 0+25 Ns12 D=7 Q.86 0+35 G2 0457 047 019 N+05 037 3R [LESE] o.14
2455-2.65 f+51 11+38 547 235 0«59 0+36 N30 Nelo Q=tD n+25 012 0«02 Na.3% De2s 029 ns17
2+65-285 R+31 11.46 635 2249 neD as+11 0403 N0 . 0.0 D«CH DGk 001 Dei7 034 [HERR 005
+2 .85 049§ 2447 0+89 0«36 0.8 4.0 D«0 0.0 0.0 LRl H 00N ne0 n+0 0.0 00 000
Batch 6C3
~2.35 [HED a.n 0.0 Q-0 0+83 L«75 122 0«60 0+9G Q-89 0457 Da21 L+26 1291 D815 et
2+35-2.45 G0 G+0 0«0 0+ 0«67 3.13 2«00 0«87 1.94 1+76 .58 N7 Q.70 N34 0469 N«
2s45-2450 Ge10 Q.28 008 Q-q D22 G+B0 077 0.28 0+5% 035 .22 G009 Gel2 G+30 n+15 nai3
027 037 Q.27 Nl D+28 0«74 Nedaa D15 031 " 0s+22 De2t NeD7 Ne61 Q.22 fa0R GelR
710 11.92 .« 5.31 303 0«32 B39 0.22 b7 et 0«15 0.13 Gs08 028 D39 N+15 0.+22
7«43 12.35 T+36 3:13 G0 205 0:01 d.0l 00 003 0405 00t Q=38 2413 N.09 n.09
0.91 2e04 101 070 00 0«0 0.0 0+0 0+0 a+0 G0 00 G0 0.0 0.0 003
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Appendix ID

Aggregate batch compositions-percentages
by appearance, size, and specific gravity

GOADD CHERT He SOFT
SPRCLSIC -1 w3/ -1/2 -3¢R -1 ~3/4 -1/2  -3/8 -1 ~374 -2 -3/5 ~l ~3/4 -1/2 -3/8
GUAYITY +374 +1/2 +/E N 4 +3/4 +1/2 +3/8 +N0 4 +374 +1/2 +3/8 8 4 +354 +1/2 +3/K +NQ 4
Batch 6A} "
-2.35 ne0 0.0 a0 0.0 0.0 046 0:05  G+05 0.6 0.0 0+l 003 G0 0en 0405 0.02 3
2354245 a0 00 0.0 0.0 4.0 011 Q.34 0-14 n.n 0.04 0+03  0.04 a.n f.03 007 n.06 i
2 45-2450 qen G0 0.0 .01 el Q.20 0.37 024 0«13 006 0N-03 0.02 a0 2.0 .02 n.0% ;
2 .50 55 00 pal2 005 0«04 00 0+58 043 G+25 0«13 nel3 0«03 0+05 0«0 QN3 0+05 0.02 <
2+55-2465 B.R9 13.80 Helti 1+B5 D+68 1+66 1413 Nedl 019 0-23 n+23 015 0«53 GeTs 0+67 0.39 -
2.65-2.85 15438 17+65 1111 399 0:13 0«17 0.09 0.00 0.0 Ne40 0«25  Del12 0457 1+50 D58 O.2C
+2.E5 11§ 7437 1-68 0«46 9.0 0.0 L] :20)] 0.0 0.0 f0en N+00 0.0 0.0 n.n 0.0 s
Batch 6A2
-8.35 0.0 0+0 00 a0 0.0 0.0 G2 0-05 0.0 0«10 DELK] LRUR] 00 0.07 0-0R .07
2.35-9.45 0.0 D0 0.0 040 n.19 031 0.34 0428 0.0 004 003  D.04 0.0 0.0 g-03 D08
2.45-2+50 fHa09 Deai2  Deld  DeOL 0.0 0419 0.40 0.24 00 0.0 0«14 0.03 0N 9.0 0«10 0409
£2+50-2455 Nal 0436  0.44 026 L4+50 0485 0+49 0-26 0.0 0«09 D2 0.03 nan Nel9 8+24  0.15
2 +55-2+65 el 15Th B34 2+72 0 edigy 1449 Ne4f .12 D418 036 G-08 0«08 D19 Q166 D50 Da18
2 e6H R RS 11e64 1936 1094 1.2R 0.0 as«n 0+03 0D 013 0«12 007 005 024 015 a-15  ¢.03
+2+R5 1218 asl4 161 037 0 a+0 0.0 D01 [tR3H] 0.0 040 0.0t 0.0 0.0 0.0 nan
Batch 6A3
-21:35% 0.0 0.0 [tRY1] 040 0en 0.0 Q.09 008 0.0 Q+03 0«02  0.01 nen 0.8 0«04  0.05
2w35-2.45 040 Qen et 0+ 0.0 0:08 Q24 0412 0.0 0.08 0+08 Q.07 0.0 0.0 0.05  0.02
24452450 fa0 0.0 D01 G0 0.0 D623 Q+45  0.82 0.09 0.0 0s07 0«05 0.0 0«04 003 N.04
2502 +55 0.0 0+29  Gell D04 Ge50 D81 0.66 0427 0.86 0+11 0+24 0085 0.0 0.07 005 006
245572465 0«48 1&.43  9+30 2488 143 0s82 0.53  O.22 G.25 0.34 0+39 Q.22 Gs25 D49 D.24 0.28 L
R.65-2.85 9.39 1736 10.43 2490 D9 Bell n+G1 g.01 0.27 n.23 DD D.01 LESE-] 039 Q.54 ns19 %
+2 465 1+78 1-96 1«30 0.51 00 o0 0.0 0.0 N6 0085 00 0.0 0.0 0.05 00 00 3
Batch 6Bl ‘
Y wBa35 G0 00 D0 0.0 Delp Ded6 D56 N25 3«23 0+03 0036 0.01 " ooelg 0editi N.13 0.+09
2435-2:45 G a0 040 0.0 B0 154 1«17 0440 Q-0 0«17 0-20 0.02 0+08 .19 Ga21 0.07
22452450 0.0 00 D04 D40 039 1:08 0«74 0«18 025 0«20 0«05 N.03 040 Nel2  G+t5 0.08
0.  0+14 0.3 0.01 047 116 0-83 0.29 0.21 0+15 D+i6  0.08 0«15 Q24 D27 (414
698 {A+T0 6493 .40 438 2e29 0.99 0.2} 0.0 0+22 0«43  0.43 0+36 0G+87 0463  G.43 I8
B«B6 17+69 50.34 3«39 0.30 0:08 0.08 0.03 0.0 0«20 017  0.08 06+43 038 031 .23 i
1481 a:2% Pe48 053 D40 [LEY)] 0.0 D0 0.0 0.0 0+05 Q.02 0.0 G403 0s01 .01 5
3
]
Batch 6B2 h
-2.35 0.0 040 8.0 a0 0s19 0«38 D239 Ok2 0:09 0+N9  0+06 001 0«13  0.29 0«10 c.08
2.435-2.45 B0 g0 0.0 0.0 0+35 0+584 0.68 G-33 007 0+25 0+10 0.03 0-15 Q24 0+26 G.02
244530 <50 0.0 040 0.0 0.0 0elK 1+35  Defil 0438 Gall 0+28 0«17 005 9.13 0«14 0.18 0.09
2450-2.55 0.0 0-30 Q.24 0.65 0.89 126 0.82 0287 0.0 0«12 0-1T7 0.01 De19 0435 0415 0s07
6+BT 13.44 6e48 2470 176  g.09 .88 0.19 Gelt . 0«29 0«82  0.10 0.53 0-82 0445 0.30
10423 16447 9495 2499 G.08 007 0+04 0.04 0.0 0+06 0«20 O-1E 0.72 0+36 D8R 018
2.14  2e32 1.78 .60 0.0 00 Q.0 N0 a0 G0 00 G0l 0.0 [1RY¢] 0.0 a.00
Batch 6B3
-2.35 0.0 0.0 0.0 00 Q.17 G+70 Gea8 329 040 G+07 003 Q.01 n.09 0«26 De18 0.12
2435245 a.0 004 0.0 0aD 037 1.20 1.06  Bed2 627 021 0«iD 0,03 0.0 0«12 013  0.08
2 445-2450 aell o« 0«05 DD} 0.37 0«66 0.7 0:30 G+07 0+07 0+09 0.03 00 0+22 0-14 Q.05
BB ~2455 Q+41 D4l Datn (a3 G706 Leagn 1.02 0+37 G0 016 007 Q06 Ns.19 Det7 Ol 0«17
2+55-2:55 Teb% 11033 6+75 265 L+31 teda 1416 .36 009 0+38 0«18 0409 0«20 0+B6 0455  0.37
2265285 B,56 17«82 10479  3.53 .0 027 0«20 D02 Q.22 N.16 p+33 G.13 0,43 D+50 064 026
+72 A5 G782  2+36 1.65 D45 0.0 0.0 04D 0.0 040 0.0 0s0 o0 G0 os0 [P neol
Batch 6C1
-9.35 0.0 a0 0.0 0.0 0+56 206 1.20 Ge#l D87 031 -2t 006 0«42 0e64 De4b6 025
2+35-2.45 0.0 a0 G0 0.0 1.15  3.21 2.135 080 0+29  Deal 0+20 D04 u:sa 0:19 0«23 Q.14
2+45-2 450 0.0 aen 105 a-0 Q+a5 244 172 050D 0s12 0«43 0+30 D09 D.10 a-28 fs+20 N0
2450-2.55 0+27 G+65 0486 (.07 0:95  2.i5 1.05 0433 959 D04 .0+05 0.04 0413 0«46 017 Os1t
245572465 GeG1 1031 650 234 150 2«2 0+83 023 .22 0«26 0+25 0.07- 0«34 049 0.51 42
2 65-2+85 Te68 1192 T«64 2.74 0+22 027 G+66 0.03 Ge42 D21 0+03 004 . D32  De46 DeR2 0415
+8 485 0«45 1+54 1:17  0.41 RXL] 0+08 0+02 0+03 0 0.0 0.0 00 0.0 0.0 [12Y] N0
Batch 602
=2.35 0.0 Q=0 0+0 Qa0 D+63 1-69 Leal Dedd 0.0 2-12 0«t9 NeD3 0+29 N«98 Gedtd G .25
R+35-2.45 0.0 G+0 0.0 G+0 096 314 2.11 D«TE de62 Q.37 s RY-3) 006 Q=42 0«45 Q+28 D18
22457250 0:15  0.2% 003 0-0 1+B8 2465 1.38  0.32 Qe26 027  0.28  O.14 .19 D.20  0.24  0.i2
2+50-2.55 0.27 D58 D34 0106 0«63 1+93 1.28 0+3% 0+29 0-60 D+21 089 0+3R Oetif 0-36 D412
6479 1096  6Gea4 217 1.05 1+93 0493 G231 0¢l5 Nk 609 005 D«a% 051 049 NP6
Tt 11eRE Te06  BeBT 040 0+15  De1l 0.0% D+18 0«24 014 D04 Deay Geg  De15  Nel1Z
0«94 1«76 teif  0.32 Qe Q.0 0.01 G+02 G 040 00 Y] 0.0 [eRY] [123V] nan
Batch 6C3
-2. . . . . .
ns _35 0«0 0.0 0.0 0.0 057 144 te17 0.39 D«iS 0«17 0elD (.Gl 0+43 D77 O0+48 G322
22352445 [+ Y] as0 G40 00 1e47 Je6t ek 0+&8
2 - 0«37 G+46 0+25 004 0+07 0+53 0.8} Ge17
+45-2+50 Ge2B Q0«19 0-05 0.0 1.30 235 Lot D46 5
2.50-8.55 031 0-96 Q.48 G-13 2l 1.4 ‘ g-26  G.l5  9e22 D.04 gel2 0-33  D.15 0.1l
: -43 . Lozl 45 l.01 0.28 0+17  0+07 D22 0+04 0«07 G+39 n.27 0+17
24558465 5:74 13.20 T+30 278 113 1+66 Q.40  Dsl}
N 0.33 02§ B+0F  D.06 030 G+45 D449 D39
£+65-2+85 683 10+98 T+55 2+70 021 0-25 0«08 G-03 D17 O«i2 a-11 006 D47 0-44 0:19 0417
+2+85 0«87 1277  0+93 0.33 0.0 9-0 0.0l 0.0 0.0 0.0 nen fen 09+0 0.0 0 0.0
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SPECIFIC
GRAVITY

-2.35
2e357R45
A 45250
24+50-2455
8552065
26372485

+2.85

=239
B.35-2.45
2+45-2.50)
2+50~2+55
f+55-R«65
2465-2.85

+2.B5

235
2.435-2+45
2a45-2:50
2+50-2.55
2+55-24+65
22B5-2.R5

+2.65

235
2.35-24+45
2:45-2450
2+50-2455
2+55-2+65
2eH55~24R5

+2.85

=2+39
P 35245
2 e45-2450
2.50-R455
2.55~2+65
2«65-2.05
285

-Re33
2354245
B#45-2.50
2+50-2+55
2e55-2+65
2465-2.85

+2.R5

-0.35
2:35~2 45
fe45-2.50
2+50-2455
2455-2465
2 +65-8 RS

+2ES

~8+35
Re35-2.45
2el5=2 .50
2a50-2.55
245572465
2s65-2485

+R A5

=235
© 2e35-245
2445-2450
2450-2.55
255724565
2+65-285
+2:85

Appendix IE

Aggregate batch compositions-percentages
by appearance, size, and specific gravity
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G3AD CHERT HA SOFT
-1 =344 =12 -378 -1 n3/4 -1/ -3/R -1 -3/4 -1/2 ~AsE -1 -374 =“1/2 =378
1374 i O] +3/8 NG 4 344 *1/2 +3/8 ANG 4 +37/4 ri/2 +34H + 4 +374 #1782 +3/8 MY 4
Batch 9A1
a0 00 0.0 0.0 o0 G0 nen4 g-02 0.0 00 0.0 0.0 00 040 0«0 @00
D0 0.0 Q0 0.0 Q-0 0.0 0-10 0=l D+09 0+03 0.05 0N.03 n.n nen 0.03 0«02
0441 123 036 0«15 0.0 0«16 Da4t  GeCE Ds2D0 058 0.12  0.03 026 0«38 De14  0+09
D<49 150 Q.40 0418 -0 0.29 019 0+06 03T 0«27 0sl6 003 0.0 Gri6 006 0404
7405 1944 82B7  3+26 0.27 0.42 023 011 G-25 0«47 04l6  0.15 D+28 0«28  0.09 0.14
10+32 21«31 1055 3+70 0«18 007 0.0 0-0 0«09 003 0.05 C.02 0+0 ael2  0.08  0.09
nett L+46 0+63 0s12 0.0 a.0 0.0 a0 00 LR1 a0 0 na.0 00 0.6 a.n
Batch A2
) 00 G0 00 n.0 0-06 0-02 0.02 040 0.0 Q.0 - QD 0.0 00 iRYi] NN
00 a+0 4.0 0.0 0«0 osla 0417 0-1i0 0+34 0.29 D13 084 Ned 009 N+ar 0+086
0+1% §e52 Be24 D06 NN 0«10 Gel2 p.08 025 030 Nat2 Q+05 N+08 04N 0417 qels
0:86 1«17 0.56 017 0.0 0.39 G.14 0+02 4«47 0«15 0.1  0.06 D+18 (38  0.24 013
9.01 1T+l4 10.48  3.47 0.0 0+15 D.2L  0-04 0.8%  D+37  0-13 005 Q.07 @85 D440 0«13
9.88 21.52 1081 3-48 0«14 0-08 Ge02 0«0 g0 D.02 a.02 0.+02 0l 0.0 0-10 002
0.59 1:61 0.33 ns+12 as0 0+0 De0 0.0 0.0 D0 0+0 0.0 G0 0.0 0.0 a+0
Batch 9A3
0.0 040 00 0.0 -0 0.0 0-0 003 [%4] 0D 0+02 00 0«0 -0 00 0.+00
. 0.0 040 040 040 0.06 00 G-20 0-l4 0.0 G=27 0405 9.04 G0 Ge03  0s04 9407
0s31 D65 0,57 022 0.0 .20 0:32  0-14 G0 D55 G823 09.07 Ge0 DA% 0«12 0412
a.63 1471 0.52 022 0+77 0437  D.21 007 Geil 0«26 0.09 0.05 0¢k2  D+46 Q=10 .10
5:91 £9.94 19.24 4+34 0.0 0:-18  ¢-30 005 0-25 0-56 034 0.07 Ge06 0+39  0+46 D431
6«05 20-11 1185 426 0.0 054 0.0 o+0 0+0% . 0s12 004  D.05 .22 0«1 Q0«81  0+20
0.52  Lls+40 0476 0e14 0s0 6.0 o.0 9.9 g0 0.0 G0 0.0 G0 n<0 040 002
Batch 9B1
0«0 B0 ns0 L %] 0.27 021 0415 Q04 4] 0.0 0.0 D«0 a0 0«06 G0} 0.040
8.0 0+0 G0 0.0 .37 090 0.75 g-té 0.21 0+37 005 0.+03 017 035 D035 D07
0.0 a0 0«16 D0 0.09 0+69 039 0-10 0«30 0+87 0+37 0s13 Oela 0«54 0-38 D21
063 3+0% 138 bD+62 0+29 0r63 0-30 008 0+26 Ne6d Q+24 010 Nels ns19 033 N+27
6-B0 21445 12.06  4+85 0425 019 0.31 G0B 053 G«11 9.20 Q.15 D13 0«65 0s46 D463
5s5t 1573 TedQ 170 0.0 Q.14 014 D0 [{IYs] 0.0 D) 0.0 Bell Gelg D12 Getl
0.0 L+41  Ge54 0417 0.0 9.0 0.0 oe0 D40 0.0 00 .0 0.0 g0 0.01 0.0t
Batch 9B2Z
0.0 N0 040 a0 g.38 0481  De22 008 0-12 0.02 0.0 0.0 0.0 0.0 001 n-0t
0.0 Q<D 0.0 Q.0 008 D59 G.65 0:10 Gs0E 024 D413 0.0 040 9.43 0.09 D0.03
.02 0+5G Geld D04y 0:33 0.48 DTt 0el1 034 0-60 0«16 nel3 056 0369 T3 0.024
128 2.98 1.70 0.80 0.23 074 0.44 0«12 D-&1  Gedh  Oat4 Q.14 0.49  Q+71  0+84 029
6-37 19.02 11.02 4.4 0+67 0452 031 0e«ll 0:B3 0«31 033 0.07 0e36  Ge61  Ce42 0442
A+4T 14+70 .06 2+34 0+10  0-04 0.0 0+0 (1] G0 940 00 007 G=33 0«73 019
1+05 O+B6 094 009 0+0 Qa0 N0 0«0 Q.0 a0 LD Q-0 D=0 a-0 Q.02 001}
Batch 983
D0 0.0 N0 g0 0«11 Dei2 027 0-0% 0s0 007 0+01 00 0.0 g0 G0 Q.0
0N e nan Ge0 Q.07 0«80 0«78 018 D10 D21 0«07 0.0 (1Y) Ge21 Nell 004
D435  Ge45 0«29 009 G+45 061 0«32 01D 0+27 0+45 0«10 004 Gel7 063 0437 Q.17
D50 2435 1431 056 0-18 D64 0«29 0-11 0+16 0+40 N-12 0-07 007 G+33 0-4n Ot
6+B4 1B+77  9.30 3.B2 6«56 1+13  0s41  0+07 037 0+2F 0.33 0.1l Ns2% 0+8F D81 0.48
7a49 17-43  §.35 B4 ts13 D19 040 040 0+0 0et1 004 0.0 0.0 0-30 0«28 0:06
0443 1s14 0452 B+1R Ge0 0.0 0.0 0+D 0.0 00 G40 0.0 0.0 00 0.0 0.02
Batch 9Ct
040 0en n.«n Dan 0«66 Q+66 076 0«17 0.0 0+12 0+06 0.01 019 G20 0.09 D01
0.0 0.0 G0 0eg 11l 2.38 f:75 024 Deld D9t 0:50 0.07 Ne17 0«34 0«18 015
0.19 .10 0.G67 0.03 D¥58 1+02 075 0+E5 061 1438 N1 a.12 040 1-36 057 0425
0493  2.58 t.l4 0.32 0.19 QG+65 0-32 0-04 0«08 1:07 G§.37 0.07 0:NE 0s+76 D52 0.36
T+83 20.58 10465 347 0«32 053 0435 009 0457 0«56 0«28 N.18 D49 (28 035 048
3eB7  11+6Q  5+82 1427 0.0 0+0 D-04 -0 0-06 0«09 0.0 0.0 . 0el5  0eE5 0e15 0.12
D0 0.74 0«62 0G+1C 0.0 9.3 0.0 40 nee 040 g0 .0 GeD ne0 [FRY:] 0+0
Batch oC2
DD 0.0 0.0 0.0 0.38 0+95 075 010 8.07 D«0B  0-0F 0.0 D09 0409 0406 0404
0.0 0.0 0.0 0«0 1.09  2:26 2.22 (36 031 1:05 025 G.04 033 N+B5 Q=46 011
0-23  0+42 0450 0-85 035 Q:93  0.77 (13 0+56 129 0<58 N.13 D40  DeR6  0«A7T  0W3R
Def5  2.48  1.22 (.42 D19  0+76 U.42 G085 0:30 098 0475 0.2% 0442 0455 0«77 0.39
638 18:5% 9«75 3.98 038 0-49 D-IB 006 050 9:74 0.26 0-12 Ne2d4 N+6O 0«64 03K
5+27 1098  5.40 157 0:11 0+0 0.01  G=0 Ds0 004 DJ0T 0403 nan 007 0+14 0.1R
0423 22 048 0410 0.0 g0 0+0 0«0 00 a0 040 Dal} 00 o=n nsn L EL]
Batch 9C3
0+0 a-0 0.0 a+0 0.21 075  0.94 017 9.0 005 0«09  §.07 0o 0415 0+08 Q.01
0.0 0.0 6.0 [ 1] 0.7 2.82 2.10 039 0e45 1eld  D-83 Q.07 0.17 046 D39 0.29
e.0 0-58 G.85 0-07 0-38 D94 0.6% Q.08 B«1BE  }+el7  0.50 G.24 0.2l 0D-67 D.42 025
Q.98 272 167 0+63 0-29 Ne38 0.32 039 D& Q=54 D33 as05 GaeC7 D+57F N+23 1«13
5«64 17-09 ° 9443  3.78 0.08 0.35 021 0-03 Ds36 0«68 D229  0.13 .51 Da64 D45 .23
4496 18.99 T.38  2e24 0.0 0.0 0.0 a+0 0307  0+20  0.048 (.03 0«09 016 0414 011
0.22  J.52  0.81 0«13 N0 G0 Den 0.0 5.0 9.0 na0 fef 0.0 nan 0.0 Q.0




Appendix IF

Raw data and freeze-thaw test results for mixed aggregate classes

Coarse aggregate properties Concrete mix data _
Dry : )
% % Bulk rodded % Dry  Actual Net Unit Freeze-thaw results,
sink float sp. gr. Absorption, # unit wt sand cement water Slump wt. Atr durability factor
Batch product product (SSD)  ZE-hr. 7-day _l1b/cf. tot. agg. skfcyd gal/sk in_ . 1bfcf % Beam 1 Beam 7 Beam 3 Ayerage **

2 Al : 2.70 1.14 {108.00) 39.09 5.58 §.10 2 1/2 148.68 4.35 30.31 34.18 46.07  36.27
2 AZ 100 - 2.70 0.93 108.75 38.74 5.56 5.10 21/2 147.80 4.93 47.55 38.26 38.24 41.13
2 A3 2.71 0.95 0.97 38.85 5.57 5.10 2 1/4 148.70 4.51 38.50 49.63 67.01 50.40
2 Bl 2.67 1.28 1.47 39.34 5.54 5.10 3 .1/4 147.18 4.78 26.72 21.30 16.10 20.93
2 B2 90 10 2.68 1.56 106.61 39.45 5.53 5.10 2 1/2 147.27 4.91 37.80 - 39.58 24.40 33.17
2 B3 2.68 1.52 39.44 5.52 5.10 2 3/4 146.61 5.31 29.17 20.02 16.37 21.22
2 Cl 2.62 1.67 2.20 39.89 5.56 5.10 2 3/4 145.64 4.88 2.32 2.96 3.66 2.93
2 (2 70 30 2.62 2.23  104.00 39.98 5.57 5.10 21/2 146.38 4.53 3.30 4.85 1.44 2.85
2 C3 2.61 2.38 39.84 5.58 5.10 2 1/2 146.63 4.27 1.72 n 3.55 2.67
5 Al 2.69 0.80 39.38 5.54 5.10 3 147.98 4.71 59.99 62.14 45,58 55,39
5 A2 100 --- 2.70 06.92  107.50 39.44 5.56 5.10 . 2 1/2 148.04 4.76 72.98 65.07 47.56  60.90
5 A3 2.71 1.04 ¢.95 39.56 5.55 §.10 2 3/4 148.09 4.90 47.85 71.11 57.86 58.17
5 Bl 2.66 1.5 1.67 105.64 39.66 %.53 5.10 2 1/2 146.28 5.17 6.66 20.02 3.47 7.73
f_; 5 B2 30 10 2.65 1.74 105.36 39.72 5.54 5.10 3 146.54 4.90 11.81 13.41 4.67 9.04
5 B3 2.64 1.8% 105.36 39.49 5.59 5.10 3 147.38 4.14 12.08 7.04 4.49 7.25
5 (1 2.57 2.80 3.24 40.75 5.56 5.10 3 144,34 4.85 2.02 2,91 1.86 2.22
5 €2 70 30 2.56 3.28  100.72 40.69 5.56 5.10 2 3/4 144.45 4.72 1.72 2.21 1.48 1.78
5 €3 2.57 3.22 40.84 5.53 5.10 21/2 143.90 5.25 1.23 1.77 1.57 1.51
6 Al 2.68 0.70 0.92 38.06 5.58 5.10 2 3/4 148.15 4.35 62.38 64.38 21.65 44.30
6 A2 100 --- 2.68 1,11  108.60 38.49 5.55 5,10 3 147.27 4.92 27.26  37.01 27.51 30.28
6 A3 2.69 1.02 38.65 5.57 5.10 2 3/4 148.37 4.38 47.48 32.33 §1.21 42.84
6 Bl 2.67 1.21 1.67 39.10 5.56 £.10 2 1/2 147.53 4.57 4.82 17.57 5.40 7.70
6 B2 90 10- 2.67 1.69 106,92 39.08 5.57 5.10 3 147.56 4.55 8.64 4.73 5.10 5.93
6 B3 2.66 1.76 38.96 5.50 5.10 2 3/4 145.84 5.44 4.30 8.01 11.56 7.36
6 (1 2.61 2.00 2.60 40.95 5.56 5.10 3 146.92 4,57 1.57 0.86 0.60 . 0.93
6 C2 70 30 2.5% 2.61 101.75 40.67 5.58 5.10 2 3/4 145.59 4.4z 1.53 1.59 1.31 1.47
6 C3 2.60 2.59 40.82 5.59 5,10 2 3/4 145.50 4.40 1.89 1.78 1.85 1.84
9 Al 2.65 1.30 1.49 42.97 §.53 ’5.10 2 1/4 146.10 5.18 77.71 86.37 83.30 82.38
9 A2 100 - 2.65 1.52 99.84 42.95 5.55 5.10 2 1/2 146.45 4.95 86.40 80.72 83.98 83.67
9 A3 2.66 1.60 . 43.05 5.83 5.10 21/4 146.15 5.31 B1.05 83.80 84.23 83.01
9 Bl 2.64 1.76 1.95 43.54 5.59 5.10 2 147.34 4.27 21.10  42.87 50.87 35.83
9 B2 90 10 2.63 2.04 98.49 43.38 5.52 5.10 2 1/2 145.33 5.41 23.68 5.14 35.60 16.30
9 B3 2.63 1.88 43.39 5.52 5.10 3 145.26 5.39 9.58 33.17 69.77 28.09
g Ci 2.60 2.04  z2.49 43.95 5.55 5.10 2 1/2 145.40 4.80 3.51 3.4% 1.16 2.42
9 c2 70 30 2.560 2.67 96.54 43.87 5.56 §.10 2 1/4 145.66 4.58 5.54 1.23 3.46 2.87
3 C3 2.60 2.64 43.89 §.52 5.10 2 3/4 144.45 5.36 2.09 (2.77)* 3.84 - 2.8}

* Beam 2 of 9 (3 was dropped on floor prior to freeze-thaw test, hence the data was not included in the average.
** From average of logarithms




Appendix IG

Percentages of batches of composition specified by code*®

Batch  DF  Log DF ADAL6 ADALS AOALM AOAL4 ADAL3 AB3LE A83LS ABILM Batch _ DF  Log DF AB3L4 AB3L3 ABALE AB4LM ASGLM AG4LM A43LM A32LM
P81 36,27 1.5596 39.8t 7.83 2.95 1,07 0.22 33.81 5.8 2.47 2Al  36.27 1.5596 0.8 0,20 3.16 1,36 0.11 1.25 1.11 0.48
282 41,13 1.6141 3%.82 6.07 2,48 1,08 0.15 34.21 4,99 2.04 242 41,13 1.6141 0.96 0.13 2.60 1.13 0,08 1.05 0.91 0.44
243 50.40 1.7024 40.63 6.59 3.08 1.35 0,22 34.14 5.4 245 203 50,40 1.7024 1,11 016 2,93 124 0.5 1,08 1.21 Q.62
281 20.93 1.3207 41.85 12,96 7.84 4,79 1,81 33,85 10.27 6.15 281 20.91 1.3207 374 T L.37 6.15 343 0.9 2,53 2.72 1.69
2B2 33,17 1.5208 43.27 12,31 8,44 5,15 1,56 35,18 4,81 6.79 ?B2 33,17 1.5208 4.11 1.17 5.71 A.07 1.02 3.06 2.72 1.65
2B3 21,22 1.3268 46.61 12.48 7,19 4.48 1.3%¢ 38.13 10.05° 5.63 2B3 23,22 1.3268 3.43 1.05 5.20 2.65 0.35 2,36 2.97 1.56
2c1 2.93 0.4668 50.40 26.20 18.83 13,09 4.97 47.16 20.98 15.04 2C1 2.93 0.4668 10.45 3.87 11.61 8,10 2.15 5.95 6.94 3,79
202 2.85 0.4542 58.59 27.17 19.90 14,23 5.68 45.48 21.41 15.55 2C2 2.85 0.4542 10.98 4,17 12.65 9.01 2,87 6.14 6.54 4.34
203 2,67 0.4262 58,06 25.31 18.66 14.27 7.14 45,86 20.09 14.64 2C3 2,67 0.4262 11.15 559 11.08 8.17 1.95 6.22 6.47 4.02
5A1 55.39 1.7434 47.42 3,65 1,14 0.06 0.03 #5.07 3.37 1.00 5A1 55,39 1.743¢ 0.00 0.00 270 0.95 0.26 0.69 0.06 0.14
5A2  60.90 1.7846 47.72 5.64 0.82 0.10 0,01 43,67 4.97 (.51 5A2 60,90 1.7846 0.02 0.00 4.16 0.39 0.00 0,39 0.13 0.3
5A1 58,17 11,7647 44.67 4.9 1.16 0.16 0,05 40.55 3.52 0.77 A3 58.17 1.7647 0.02 0.00 2.79 0.52 0.25 0.27 0.26 0.40
5B1 7.73 0.8884 57.00 15.07 10.87 8.76 4.65 52,72 13.60 9.73 581 7.73 0.8884 7.86 4,24 10,61 7.31 3.34 3.8 2.41 1.14
582 9,04 0,953 56.49 14.64 10,34 7.80 2,52 52.94 13.43 9.43 582 9,04 0,9563 7.08 2.26 10.44 7.24 2.74 450 2,19 0.9
583 7.25 0.8606 59.97 13.83 10,22 B.49 2,76 56.02 12.23 8.9] 5B3 7.25 0.8606 7.43 2,41 8.76 6,16 2.69 3.48 2.75 1.30
5C1 2,22 0,363 63.47 33.96 29,96 27.23 11,91 57.79 30.38 26.77 5C1 2,22 0,3063 24,31 10.62 22.34 19.44 7.90 11.53 7.33 3.1%
e 1.7 0.2501 65.84 35.30 30.16 25.87 11.49 5¢.02 31.11 26.52 52 1.78 0.2601 22.76 10,04 22,32 18.64 7.37 11.27 7.87 3.64
503 1,51 0.1779 64.17 34.18 29,85 25,48 11,72 56.79 30.3! 26.49 5C3 1.51 0,177¢ 22.63 10.20 22.18 19.36 7.31 12.05 /.13 3,36
A1 44.30 11,6464 42.18 4,16 2.27 1.07 0,21 38,42 3.20 1.65 6A1 44,30 1.6464 0.73 0.11 1.67 0.67 0,24 0.44 0.98 0.6]
6A2 30,28 11,4811 48.47 7.45 3,47 1.89 0,53 43.76 5.8 2,57 6A2 30,28 1.4811 1.3 0,40 3,11 1,12 0,28 0.8 1.44 0.9
6A3 T 42.84 1.6318 52.25 5,73 2,19 0.96 0.33 47.61 4.6% 1.58 6A3 42,84 11,6318 0.66 0.19 2,54 0.50 0.09 0.41 1,08 0,61
6B1 7,70 0.8867 51.17 1422 9.68 6.42 2.38 46,36 12.57 B.56 6B1 7.70 0.,8867 5.59 2.03 7.86 5.256 1.18 4.07 3.31 1.12
662 5.93 0,773 5i.28 14.03 ¢.13 5.27 1.92 46.47 12.51 8.01 682 5,93 0,7730 4.66 1.71 8,38 5,26 1.40 3.87 2.75 1.12
6B3 7.36 0.8667 50.93 14.92 9,46 6.40 2.38 4549 12,9 B.07 6B3 7.36 0.8667 5.46 1,97 8,67 509 1.43 3,66 2.98 1,33 B
&C1 0.93 -0,0305 63.49 30.18 22,85 16.05 6.86 57.47 27.22 20.46 601 0.93 -6.0305 14,36 6.14 18,96 13.72 3.74 9,98 6.73 2.39
6C2 1,47 0.1678 64.75 32,06 24,34 16.04 6.51 59.21 29.21 21.87 6C2 1,47 0.1678 14,35 5.78 20.43 15.2% 5,12 10.17 6.58 2.27
603 1.84 0.2647 65,73 31,09 23,85 16.36 6.01 59.53 28.23 21.61 603 1,84 G.2647 12,74 5,28 19.67 15.05 5.04 10.01 .57 2,23
9Al  82.38 1.0158 50.45 8,95 4,72 0,52 0,07 45.91 8.08 4.19 91 82,38 1.9158 0.3¢ 0.04 6.02 2.94 0.96 1.98 1.25 0.5
982  83.67 1.9226 51.2t 9.24 4,24 1,54 0,10 4664 B.38 3.74 9A2 83,67 1.9226 1.33 0.08 6.22 2.67 0.78 1.8¢ 1.07 0.50
943 B3.01 1,9192 54.00 10.57 4.75 0.95 0.05 47.93 9.30 3.92 9A3  83.01 1.9192 0.67 0,02 6.8 2,37 0,38 1.99 1.55 0.83
981  35.83 11,5543 66.63 17.78 8.64 4,25 0.76 59.11 15.97 7.90 981  35.83 1.5543 3,95 0.71 11.40 5.5 1.56 4.01 2.33 0.74
982 16,30 11,2123 66.48 20.71 9.20 3,49 1.06 59,38 18.62 B.47 982 16,30 12123 3.27 0.97 13.20 5,97 2.1z 3,86 2.49 0.73
983  38.09 1,448 61.14 16.83 8,16 3.21 0.64 55.07 15.24 7.48 983 28,09 3.4486 2.93 0.57 10.72 5,07 1,52 3,55 2.40 0.68
91 2,42 0,3842 75.21 28.31 18.82 10,89 2.94 69,07 26.33 17.64 9¢t 2.42 0.3842 10.25 2,75 18.84 12.4% 4,01 8.47 5.15 1,18
92 2,87 0.4575 74,10 30.83 20,35 11,92 2.62 67.21 28,48 19.08 9c2 2.87 0.4575 11.32 2.48 1B.83 12.59 3,B1 B.79 6.48. 1.27
5c3 2,81 0.4496 68.11 28.20 18,54 11,97 2.47 61.46 25.72 16.97 9c3 2.81 ©.4480 11.04 2.28 17.34 11,14 2.39 8.75 5.82 1.58
Batch _ DF _ Log OF DDAQA DOALS DOALS DOALM DOALY DOAL3 D830A DA3LE Batch _ DF _ Log DF DE3L5 DBILM D83L4 08313 DS6LM De4LM DAILM D32LM
2Al 36,27 1.5596 11.41 10.18 65.61 2.31 0.96 0.22 9.70 8§.67 2At 36.27 1.5596 4.63 1.87 0.78 0.20 0.11 0.78 0.98 oM
2A2 41,13 1.,6341 11.66 10.42 65.35 2.44 1.04 0.15 9.93 8.89 2A2 41,13 1.A141 4.43 2,02 0.92 0.13 0.88 1.05 0.88 0.4?
283 50,40 1.7024 12.43 11.17 5.5 2.87 1.3 0.22 16.32 9.39 2A3  50.40 1.7024 4.65 2.30 1,11 0.16 0.15 1.06 1.09 0.57
2Bl 20,93 1.3207 18,53 17.67 11.88 7.64 479 1.81 14.83 14.29 281 20.93 1,3207 9.43 5,99 3.74 1,37 0,90 2,48 2.61 1.6
2B2 33,17 1.5208 ig.32 17.40 11.38 B.05 5.15 1.56 14.33 13.69 282 33.17 1.5208 9.08 6.50 4.1% 1.17 1,02 2,92 2.57 1.59
ZB3 21,22 1.326B 20.36 19.09 11.47 7.01 4.48 1.39 16.52 15,39 2B z).22 1.3268 9.17 5.48 3.43 1.05 0,35 2.27 2.87 1.53
2C1 2.93 0.4668 32,17 -31.25 24.41 18.48 13.09 4.97 25.39 24.75 108 2.93 0.4668 19.36 14,71 10,45 3.87 2.15 5.84 5.72 3.78
202 2.85 0,4582 31,03 29,87 25.26 19,76 14,23 5,68 24,44 23,5] 22 2.85 0.4542 19.99 15,43 10.98 4,17 2,80 6.14 6£.49 4.32
203 2,67 0.4262 32.38 31.54 24.64 18.50 14,27 7.14 25,94 2523 2c3 2,67 0.4262 19.50 14.48 11.15 5.5 1.95 6.17 6.36 4.02
541  65.3% 1.7434 12.18 10.25 2.77 1.14 0.06 0.03 11.49 9.76 5A1 55,39 1,7434 2.53 1,00 O0.00 0.00 0.26 0.69 0.05 0,14 !
542  60.90 1.7846 8,91 &.01 2,33 0.82 0.10 0.03 7.8 6.99 A2 6090 1.7846 1.88 0,51 0.02 6.00, 0.00 0.39 0.13 0.3 :
543 58,17 1.7647 6.56 5,92 2,68 1.04 0.16 0.05 553 5.05 583 58,17 1.7647 2.i7 0.65 0.02 0.00 0.13 0.27 0.25 0.40
581 7,73 0.8884 19.09 17.8¢ 12,81 10.63 8.76 4.65 17.20 16,18 5Bl 7.73 0.8884 11.47 9,49 7.86 424 3.16 3,92 2.41 1.14
582 9.04 0,9563 19.01 17.7¢ 13.13 30.34 7,80 2.52 17.32 16.3] 582 9.04 0.9563 11.99 9.43 7.08 2,28 2,74 4,50 2.19 0.91
583 7.25 0.8606 22.52 20.24 13.07 0.22 8.49 2,76 20.14 18,15 £83 7.25 p.8606 11.53 B8.91 7,43 2.4l 2.69 3.48 2.75 1.30
5C1 2.22 0.3463 35.87 35.4% 33,59 29.96 27.23 11.91 31.83 31.60 5c1 2.22 0.3463 30.04 26,77 24.31 10.62 7.90 11.53 7.33 3.18
502 1,78 0.2501 38.01 37.09 34.19 30.16 25.87 11.49 33,58 32.74 st2 1.78 0.2501 30.12 26.52 22.76 10.04 7.37 11.27 7.87 3.64
5C3 1,51 0.1779 36.49 35,50 32.97 29.45 25.4B 11.72 32.11 31.35 5C3 1.5 0.1779 29.20 26.09 22.63 10.20 7.21 *t1.83 7.05 3.36 .
Al 44,30 1.6464 15.0% 10.97 3.9 2,26 1.07 0.21 12.82 9.11 BAl 44,30 16464 3.03 1.65 0.73 0.11 0.24 0.44 D0.98 0.60
6A2 30,28 1,48]11 11.78 10.B0 6.00 3.08 1.8% 0.5 9.95 9.08 6A2 30,28 1.4811 4.67 2.19 1.36 0.40 0.19 0.72 1.28 O0.8Y
63  42.84 11,6318 12.83 10.72 5,28 2.18 0.96 (.33 10.88 9.00 6A3 42,84 1.6318 4.28 1.57 0.66 0.19 0.09 0.41 1.07 0.61
681 7.70 00,8867 24.16 21,74 13.80 9.64 6,42 2,38 21,39 19.34 681 7.70 0.8867 12.17 4.52 5.5 2.03 1.18 4.67 3.27 1.12
682 5.93 0,7730 23.44 21,20 13.44 9,12 5,27 1,92 20,95 19.14 682 593 07720 11.97 8.01 4.66 1.71 1,40 387 2.75 1.12
683 7.36 0.8667 24.43 21.25 13.66 9.09 6,36 Z.38 21.27 18.49 6B3 7.3 0.8667 11.73 7.76 5.42 1,97 1,32 3,50 2.94 1.32
6C1 0.93 -0.0205 38.69 36.12 28.87 22.80 16.05 6.86 34,83 32.52 6C1L 0.93 -0.0305 25.99 20,41 14.36 6:14 3,74 9,98 6.69 2.39
6C2 1.47 0.1678 39.1% 36.66 30.33 23.68 16.04 6,51 35.60 33.35 6C2 1.47 0.1678 27.55 21,41 14.35 578 4,98 9.88 6.5 2.27
BC3 1.84 0.2647 36.58 34.27 28,66 23.31 16.36 6.01 33.04 30.99 6C3 1.84 0.2647 25.93 21,08 14.74 528 4.75 9.B2 .51 2.23
9A1 82,38 1.9158 7.86 7.11 4,24 258 0,52 0,07 6,79 6.16 9A1 82,38 1.9158 3.69 2.1 0,34 0.04 O0.65 0.75 0.89 0.38
9A2  83.67 1.9226 7.84 7,41 5.54 3.30 1.54 0.16 6.93 6.54 9A2 @367 1.9226 4.88 2,87 .1.33 0.08 O0.67 1,38 0.83 0.43
9A3  83.01 1.93192 10.19 &.58 571 3,00 0,95 0.05 B.66 7.42 9A3 83,01 1,9192 4,88 2.39 0.67 0,02 0.06 1.3¢ 0.98 0.6]
981 35,83 1.5683 16.46 15.65 11.96 8.48 4,28 0.76 14.28 13.59 981 35,82 1,5543 10.76 7.74 395 0.71 1.56 4,01 2,17 0,74
982 16,30 1.2123 18,96 17.97 13.01 8.21 3.49 1.06 16.91 15.1% 982  16.30 1.2123 1L.76 7.82 3,27 0,97 1.90 3.27 2.35 0,69
983 38,09 11,4486 16.64 15,51 9.92 6.97 3.21 0.64 14.97 13.92 983 38,09 1.4486 B.98 6,38 2.93 0.57 1.17 %10 2.1l O0.59
91 2.42 0.3842 28,15 27,30 22.96 1B8.44 10.8¢ 2.94 25.70 25.06 91 2,42 0.3842 21,32 17,28 10,25 2,75 3.82 8.37 5.08 1.16
9ce 2.87 0.4575 30.20 29,55 24,96 19.16 11.92 2.62 27.5 27,11 92 2,87 ©0.4575 23,08 17.93 11.32 2,48 3.58 B.37 5.98 1,22
9c3 2.81 0.4490 26,10 25.27 21,30 17.64 11,97 2.47 23,80 23,10 93 2,81 9.4490 19,52 16,13 11.04 2.28 2.39 8,37 5.57 1.51

* See table 8




Appendix [H

7 . Percentages of batches of composition specified by codex

Batch _ DF  Leg OF COALS COALM COAL4 COROA CB83L5 CBILM C83L4 C830A Batch _BF  Log DF HOALS HOALM HOAL4 HOAOA HB3LE HB3LM HB3L4 HB30A
2A1 3.27 1.5896 3,95 1.64 Q.61 7,14 3,25 1.35 0.49 6.18 281 36.27 1.596 o0,9¢ 0.42 o.2¢6 1,79 ©0.79 0.36 0.19 1.57
2A2 41,13 1.1641 3,77 1.47 0,49 7.62 3,13 1.21 0.44 6.67 2A2 41,13 1.1641 1,03 o071 0,41 2,05 G.85 0.5 0.35 1.70
2R3 50.40 1.7024 4.04 1.83 0,67 8.21 3.34 1.43 0,53 6.93 2R3 §0.40 1,7024 o0.82 0.63 0.42 1.74 £.6% 0.53 0.35 1.40
ZB1 20.93 1.3207 7.5 4.65 2,67 11,81 5.79 3.51 1.9% 9.44 ZB1 20,93 1,320y 2.21 1.3 0.97 3.35 1.86 1.16 0.81 2.75
282 33.17 1.5208 7.07 457 z.46 11,80 b5.42 3.56 1.85 - 9.07 2B2 33,17 1.5208 2,15 1,74 1.27 3.01 1.84 1.47 1,06 2,40
283 21,22 1.3268 7.30 4,27 2.4C 12.70 5.79 3.38 1,83.10.28 283 21,22 1,3268 1.85 1.03 O0.75 3.23 1.46 0.73 052 2.57
2C1 2.93 0.4668 15.11 10.50 &.65 20.56 12.03 8.22 5,15 16.48 2c1 2,93 0.,4668 3.46 2.83 1.83 4.13 2.65 2,28 1.53 3.07
202 2,85 0.4542 16,01 11.51 7,26 19,36 i2.61 8.89 5.41 15.33 i 2.85 0.4542 3.78 3.40 2.63 4.43 3,15 2,82 2.24 3.58
2C3 2,67 0.4262 " 14,97 10,33 7,28 20.35 11.53 7.73 5.35 16.15 203 2,67 0.4262 3.87 2.94 2.24 443 3.30 250 1,94 3.74
5A1 55,39 1.7434 1,53 0.44 0,02 6.13 1.38 0.36 0.00 5.83 BAl 56.39 11,7434 0.68 0.29 $.02 3.07 0.65 0.27 000 2.91
6A2 60.90 1.7846 1.56 0.46 0.06 5.0¢4 1.27 0.28 0.00 4.46 5A2 560,90 1.7846 0.29 0.18 0.02 1.99 0,20 0,08 0.00 1.77
5A3 68,17 11,7647 1,83 0,75 0,09 3.47 1,52 0.3 0.02 2.85 5A3 5B.17 1.7647 0,57 0,22 0.05 1.27 0.44 ¢.10 000 1.0%
581 7,73 0.,88%4 6,65 5,22 31,93 9.9 5,99 4,67 32,5 9.07 5B1 7.73 0.8884° 2.57 2.35 2,04 3.29 2.32 2.13 1.85 2.96 i
582 9.04 0.9563 5.33 4.63 3.23 8.93 5.74 4.18 2,87 8,21 582 $.04 0,9563 368 3,24 2,69 5,34 3,49 3068 2,59 5.00 "
583 7.26 0.8606 5.58 3.85 3.23 9.9 4.8 3.20 2,66 9.02 5B3 7.25 0.B606 3,56 2,97 2,200 5,93 3,33 2.79 2.09 5.49
5C1 2.22 0.3463 14.53 12.48 11.27 15.59 12.72 1C.84 6.77 13.63 5C1 2.22 0.,3463 8,93 8.04 7.18 9,23 8,32 7.51 6.71 8.5 o
5C2 1.78 0.2501 15.5¢ 13.87 11.8) 17.08 13.66 12.18 10,40 15.05 5C2 1.78 0.250% 9%.43 8,14 6.42 10,03 8.73 7.49 5,83 9.30 I
5C3 1.51 0.1779 14,76 13,15 11.09 15.94 12.86 11.40 8.62 13:86 5C3 1.1 0.177¢ 9.05 8,24 7,03 9.62 B.51 7.77 b5.66 8.98 ’
6A1 44.30 1.6964 2,85 1.60 0.69 7,15 2.18 1.17 0.50 .07 EA1 44,30 1.6464 0.73 0,33 0.14 2,31 &.60 0.31 0.08 1.90 I
6A2 30,28 3.4811 4,22 2.12 1.28 &6.79 3.39 1.6 0.9 5.82 6A2 30.28 1.4811 D0.69 0,45 0,28 .78 0.58 0,37 0.23 1.52 b
5A3 42,84 1.6318 3.71 1,46 0.56 6,93 3,01 103 G.35 5.99 6A3 42.84 1.6318 1.11 045 0,23 2,80 0.9% 0.37 0.2]1 2.53 &
6B} 7.70 0.8867 4.48 6.72 4.38 14.84 B.36 5.89 3.74 13.48 681 7.70 0.8867 1.85 1.26 071 3,14 1.72 120 0.9 2.78
§B2 5.93 06.7730 9.25 5.99 3.29 14.41 B.15 5.17 - 2.82 13,07 6B2 5.93 0.7730 1.61 1.31 0.69 2.80 1.51 1.2z 0.66 2.41 .
683 7,36 0.8667 10.38 6.73 4.68 15.75 9.01 5.73 3.97 13.99 6B3 7.36 0.8667 1.27 098 0,72 2.85 1.13 0.81 0.68 2.51
6C1 0,93 -0.0305 21.16 16.67 11.54 26,56 19,12 14.96 10.33 24.22 661 0,93 -0.0305 3.46 2.78 1.80 4.97 23.23 2,55 1.70 4.62
602 1,47 90.1678 21,19 17.04 11.1% 26,02 19,48 15.57 9.95 23.9% 6C2 1.47 0.1678 3.76 2.57 1.62 4.84 348 234 1,52 4.42
6C3 1.84 0.2647 21.32 17.37 11.8% 25.20 19.51 15.84 10.74 23.25 603 1.84 0.2647 2,73 2,23 1,85 3im8 2,60 2,14 1,50 3,62
9A1 82,38 1.9158 1.46 0,92 0.27 2.75 1.20 0.72 0.14 2.37 9Al1 82,38 1.9158 1.88 0,73 (.20 2.2 1.47 0.67 0.17 2.54
9A2 §3.67 1.9226 1.30 0.74 0.50 1.94 1.14 0.61 0.3% 1.75 9A2 83.67 1.9226 2.33 1,54 0.81 3.03 2.17 1.44 0,77 2.8
9A3 83,01 1.9392 2,51 1.09 0.43 2.18 2,33 0.78 0,26 2,75 9A3 83,01 1.9192 1.74 1.23 0.37 3.27 1,59 1,12 0.3 2,99
‘9B 35.83 1.5543 5.43 4.14 2,86 6.53 5.06 3.84 2,66 6.07 $B1 35.83 1.5543 3.58 2.34 Q.66 4.57 3,31 2.18 0.63 4.15
B2 16.30 1.?2123 5.37 3.83 2.31 7,12 4,96 3,56 2,14 6.60 982 16.30 1.2]23 2.96 1.83 0.60 4,43 2,69 1.70 0.60 4.15 g
9B3 28,09 1.4486 5.19 3.96 2,40 7.70 4.73 3.62 2.16 7.17 983 28,09 1.4486 2.06 1.31 045 3,23 1,95 1.27 D45 3,02 B
5C1 2.42 0.3842 11.37 10,17 7.73 12.71 10.77 %62 7.32 12.02 aCci 2.42 p.3842 5.4 4.24 1.83 7,55 5,57 405 1,74 7.i4 I
9Cz 2.87 0.4575 11.67 10,25 8.06 12.91 11,09 4.72 7,66 12.27 9c2 2.87 0.4575 6.61 4.37 1.81 8.37 6.23 420 1.77 7.84 5
ac3 2.61 0,4490 11.29 10,21 B.i8 11.95 10.655 9.66 7.62 11.19 9c3 2.81 0.4490 5.91 4.32 2,23 7,71 5.54 4.01 2.16 7.19
Batch DF Log OFf SOALS SOALM SQAL4 SDAQA S83L5 SB3LM S83L4  SB30A ODE
241 36.27 1.5596 0.76 0.24 0.15 2.47 0.9 0.16 0.08 1,95
2A2 41,13 1.6141- 0,55 0.26 0.15 1.9% 0.45 D0.25 0,14 1,56
. 2A3 50,40 1.,7024 0.74 0.42 0.28 2.48 0.62 0.3 0.24 1.98 Ist Character indicates type
| 281 20,95 1.3207 2,12 1,59 1.16 3.37 1.78 1.32 0,93 2.64
i 282 33.17 l.5208 2,16 1.8 1.2 3.50 1.83 1.47 1,19 2,85 A - ALL
! 2B3 21.22 1.3268- 2,32 171 1.3 444 1,92 1.37 1.07 3.67 G - GOQD
= 2C1 2,93 0.4668 5,83 5,15 4.60 7.48 4,68 4.20 3.78 5.84 C - CHERT
2c2 2.85 0.4542° 547 4,85 4,35 7.24 4,23 3,72 3.33 5.53 H - HARD
2Cc3 2.67 0.4262 5,80 5,23 4,76 V.60 4.67 426 1.86 6.05 S~ SOFT .
6A1 55.39 1.7434 056 0,40 Q.02 2,98 D0.49 0.37 0.00 2,75 0 - DELETERIOUS
5A2 60.90 1.7846 0.48 0,20 0.03 1.88 0.41 0.16 0,02 1.63
5A3 58.17 1.7647 0,29 0,07 0.02 1.81 (.21 0.01 Q.00 1.53
5B1 7.73 0.8884" 3.60 3.07 2,79 5.88 3.16 2.69 2.48 5.18
ggg ?gg ggggg g;g §g? 1.88 4,74 2.76 217 E.ﬁg 4,11
. . . .39 3.06 6.64 3,38 2,92 2.68 5.63 2nd and 3rd chara :
S 2z 09063 103 044 &8 1 Bn 4z 1w 969 cters indicate size
. . 9.1 8.15 7,61 10.88 7.73 6.84 6,43 9,22 2nd - TOP SI . = =
53 1.51 0.1779 9.16 8.06 7.35 10.83 7.83 6.92 6.35 9.26 Srd - BOTTON SITE 1r Sthe of anciach s 17 1/Bs 2= /8
6A1 44,30 1.6464 0.36 0.27 0.24 ©65.54 0,25 .18 0,16 4.85 OA - ALL SIZES
6A2 30,28 1.4811 1.09 0.51 0.32 3.21 0.7t 0,28 O0.18 2.61
6A3 42,84 1.6318 0.45 0.27 0.17 3.1 0.28 §.,16 {0.10 2.37
681 7.70 0.B867 2,47 1.67 1.32 6.18 2.09 1.43 1.16 5,13
ggg ggg ggggg gg? 1.82 1.28 6.23 2.3t 1.62 1.18 &5.48
. . . . 1.38 0.7 5.83 1.5 1.13 0.77 4.77 at
- gg; [1‘2% *32293 4‘55 338 271 716 3.8 390 2.1 600 h and 5th characters indicate spacific gravity
. B 5.38 4,06 3,31 8.25 4.7¢ 3,50 2.87 7.20 4th - TOP 5P
6C3 1.84 0.2647 4,60 3,70 2.99 7.50 3.83 3.10 ?2.50 &6.17 S5th - BDTTOMEE;E[{?F?%AE&;ET‘!
9Al1 82,38 1.9158 ©.93 0.05 0.00 2.28 0,81 0,03 0,00 1,88 OA - ALL SPECIFIC GRAVITIES
9A2 83.67 1.9226 1,02 0.22 0.00 2.87 0.82 0.16 0.00 2,39 8 - 2.85
9A3 83.01 1.91%2 0.67 0.15 0.60 3,72 0.48 0,07 0.00 2.93 6 - 2,65
L 981 35.83 1.5543 2.60 0.72 0.08 5.34 1,72 0.65 0.47 4.08 & - 2,85
982 16.30 1.2123 2,55 0.57 .02 7.32 2,27 0,563 0.01 6,14 M- 2,50
983 28.09 1.4486 1.70 0.35 ©0.00 5.6% 1.49 0.32 0,00 4,77 4 . 2,45
ggé gg; ggg;g ggi ;Sg 0.49 791 3.61 1.18 0,48 6.54 3. 2.35
. . . .0 0.28 B8.92 4.02 1.B9 0.24 7.45 L__ - all gravities less than rumber follawing &,
- i 803 2,81 0.4480 3.10 1.5 0.24 6,44 2,56 1.26 0,22 5.42 f.e. L5 means all gravities less than 2.55
45
! )
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Procedure and computations for making concrete

Appendix II

Mixed aggregate tests -

Several types of information are required for computation of proportions for

concrete by the ACI 613-54 procedure.

The values used or the tests run to obtain

the required values are listed below along with symbols used in the equations.

oy
o
o

S

The total weight of a concrete batch in lbs. is:

Item

VYalue used in

computations or test used

to obtain value

Batch
C. aggregate
n

Cement
i1

Air
F. aggregate
1]

Size desired, ft.

Vol. % of batch (dry rodded}
Unit weight, lbs/cu. ft.
Bulk sp. gr.

7 day absorbtion, % dry basis
Moisture, % dry bas'is

Free water, % dry basis
Computed dry wt., 1bs.
Actual weight used, 1bs.
Bags/cu. yd.

Lbs./batch

% assumed

Bulk sp. ar.

24 hr. abs., % dry basis
Moisture, % dry basis

Free water, % dry basis
Actual dry wt., 1bs.
Gal./cu. yd.

Total Tbs./batch

Actual 1b./batch added

0.366
0.664
ASTM C-29
ASTM C-127
ASTM C-127
ASTM C-127
F-E
AxBxC

5.5
3.48 x A xJ x I/H
5.5
ASTM C-128
ASTM C-128
ASTM C-128
0-N

0.309 x

*®
28.0

R
S- (1G +

x A x I/H
QP)/100

I(1 + E/100) + K + Q(1 + N/lQO) + 3

The total computed volume of a concrete batch in cubic feet without air is:

The computed concrete unit weight in 1bs. per cubic foot is:

»q= (62.4 AL

I+ 1E/100 , K

I1(1 + E/100)

+_Q 4+
62.4D 3.15 x 62.4 62.4M 62.

3.15 H

46
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The 3-1/2 cubic foot mixer with a 23-rpm rotational speed was dampened with
water; coarse aggregate was added, followed by sand and cement and these were
allowed to mix until thoroughly blended; water containing a predetermined amount
of air entrainment admixture was added; the ingredients were mixed for two minutes;
the mixer was stopped for one minute and then run an additional three minutes; and
finally the batch was poured onto a wet surface.

STump was measured according to ASTM C-143-66. Weight per cubic foot was
measured in a 0.1 cubic foot measure according to ASTM C-138-63 and the air content

was computed by the following equation:

air content, % = {computed wt./cu. ft. - measured wt./cu. ft.) x100
: computed wt./cu. ft.

The concrete was placed into fofms to which a 1ight coating of petroieum jelly
had been applied. Each compartment was filled to half its capacity and rodded 30
times with the standard slump rod, followed by tapping the outside of the container
10 times; each end of the container was l1ifted slightly and dropped 10 times; the
compartments were compietely filled with concrete and the same rodding, tapping,
and 1ifting and dropping procedure was repeated; and finally the top was Teveled
with the rod and smoothed with a trowel.

The forms were labeled and covered with plastic to confine the moisture.
Some time after 20 hours and before 48 hours of the hardening period, the forms
were dismantled and the beams labeled with the sample number and date. It was
found that the amount of beam damage caused by dismantling was greater when the
beams were allowed to remain in the forms for 2 days; therefore, most were re-
moved as soon as possible after 20 hours. The beams were cured by submergence
in a saturated solution of lime water at room temperature. Fourteen days after
mixing the concrete, the Time water was washed from the cured beams and the

transverse resonant frequencies were measured in accordance with ASTM C-215-60.
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The sonometer was recalibrated occasionally by making measurements on a 3 x 4 x 17
inch aluminum beam of known resonant frequency.
The beams were placed in the freeze-thaw unit and tested according to ASTM
£ C-291-67. The batch temperature was measured by a thermocouple embedded in the
center of symmetry of a standard beam made from good aggregate. Transverse

£ ~resonant frequencies were measured at various intervais, whose Tengths were

approximately inversely proportional to the rate of degradation. Records were

= kept of beam location in the freeze-thaw unit so that each time a frequency

measurement was made, the beam was placed in a new Tocation.

The beams were removed from the freeze-thaw unit when computations indicated

that dynamic Young's modulus had decreased by 30%. The durability factor was

computed by the formulas given in ASTM C-291.
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Appendix III
Raw data and freeze-thaw test results for individual aggregate classes
(Page 1 of 8)

Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight
Batch % inches Type Sp. gr. (SSD} % 1b/cf aggregate gal/sk 1b/cf
la 2.69 38.52 4.66 145.18 6. 7
1b 5 -1+3/4  Chert -2.35 2.67 1.35 108.22 38.22 4.33 143.41 6. .8
lc ' 2.68 38.35 4.25 147.36 4. 9
Avg 2.68 38.36 4.41 145,32 5, .5
2a 2.65 38.56 4.14 144,05 6. .0
2b 10 -1+3/4 Chert -2.35 2.64 1.72 106.88 38.45 4,93 146.32 4, .7
2¢ 2.65 38.59 4.87  145.42 5. .0
Avg 2.65 38.53 4,65 145.26 5. )
3a 2.67 37.79 5.02 147.09 4. 4
3b 5 -1+3/4 Chert -2.45+2.35 2.71 1.18 109.14 38.34 4,92 147.20 5, .9
3c 2.70 38.21 4.86 146.81 5. .5
Avg 2.69 38.11 4.93 147.03 4, .6
4a 2.68 38.42 5.02 147.44 &, .5
4b 10 -1+3/4 Chert -2.45+2.35 2.67 1.37 108.16 38.24 4.33 144.82 5. .9
4c 2.68 38.38 4,25 146.59 4, .9
Avg 2.68 38.35 4.53 146.28 4, A4
5a 2.70 38.27 4.66 144,93 6. .6
5b 5 -1+3/4 Chert -2,55+2.45 2.70 1.10 109.08 38.28 4,93 148.24 4. .9
5¢c 2.71 38.40 4.46 146.15 5. .3
Avg 2.70 38.32 4.68 146.44 5, .3
6a 2.65 37.70 5.02 146.78 4. .2
6b 10 -1+3/4 -Chert -2.55+2.45 2.67 1.20 108.78 37.95 4,33 143.68 6, .4
6¢c 2.69 38.24 4.46 148.11 4. .1
Avg 2.67 37.96 4,60 146.19 5. .2
7a 2.70 38.16 4.67 146.78 .0
7b 5 -143/4 Chert -2.65+2.55 2.70 1.03 109.30 38.14 4.33 145.66 .8
ic 2.71 38.30 4.86 147.16 .4
Avg 2.70 38.20 4.62 146.53 .

* Actual cement sk/cyd 5.44




0§ .

Appendix III

(Page 2 of 8)
Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight Air

Batch % inches Type Sp. gr. (SSD) % 1b/cf aggregate gal/sk 1b/cf % D.F.

8a 2.69 . 38.15 5.02 148.15 4,07 83.7

8b 10 -1+3/4 Chert -2.65+2.55 2.69 1.08 109.08 38.11 4.33 144,01 6.75 42,8

8c 2.70 38.24 4.16 145.86 5.73 83.9
Avg 2.69 38.17 4.50 146.01 5,52  70.1

9a 2.69 38.04 5.02 145.88 5,54 89.8
" 9b 5 -3/4+1/2 HA -2.55+2.45 2.68 1.12 109.25 37.86 4,29 145.02 5.93 96.1

9c 2.70 38.13 4.16 146.06 5.60 97.8
Avg 2.69 38.01 4,49 145,65 5.69 94.6
10a 2.69 39.01 5.02 146.17 5.36 85.2
10b 10 -3/4+1/2 HA -2.56+2.45 2.69 1.24 107.44 38.97 4.27 145.75 5.63 95.1
10¢ 2.68 38.87 4.86 145.11 5.88 90.9
Avg 2.69 38.95 4,72 145,68 5.62 91.1
lla HA 2.67 37.66 4.68 145.18 5.66 84.8
11b 5 -1+3/4  and -2.35 2.67 1.41 109.21 37.67 4.93 147.47 4,17 91.2
1lc soft 2.67 37.64 4,27 146.45 4.83 93.0
Avg 2.67 37.66 4.63 146.37 4.89 89.7
12a HA 2.66 38.78 5.02 142.35 7.33 18.1
12b 10 -1+3/4  and -2.35 2.66 1.83 106.75 38.74 4,28 146.19 4.84 79.5
12¢ - soft 2.65 38.58 4.16 144.18 5.98 98.0
Avg 2.66 38.37 4.49 144,24  6.05 65.2
13a HA 2.69 38.72 4.66  145.33 5.89 90.2
13b 5 -1+3/4 and -2.45+2.35 2.69 1.21 107.93 38.70 4.27 144.43 6.48 92.2
13¢ ‘soft 2.69 38.72 4.46 144,12 6.68 8.6
Avg 2.69 38.71 4.46 144,63 6.35 63.7
l4a HA 2.66 38.62 5.02 147.78 5.76 65.4
14b 10 -1+3/4  and -2.45+2 .35 2.66 1.34 107.24 38.59 4.32 146.32 4.76 63.4
l4c soft 2.68 38.87 4.46 145,48 5.63 1.6
Avg 2.67 38.69 4.60 146.53, 5.38 43.5

* Actual cement sk/cyd 5.44
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Appendix III

(Page 3 of 8)
Coarse aggregate ‘

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight Air
Batch % inches Type Sp. gr. {SSD) % Tb/cf aggregate gal/sk 1b/cf % D.F.
15a HA 2.69 38.17 5.02 147.75 4.33 91.9
15b 5 ~1+3/4 and -2.55+2.45 2.70 1.16 109.08 38.25 4.92 148.48 4.03 3.8
15¢ soft 2.70 38.24 - 4.86 145.46 5.98 65.7
Avg 2.70 38.27 4,93 147.23 4.78 £3.8
16a HA 2.68 38.27 4.67 144.93 5.99 84.9
16b 10 -1+3/4 and -2,55+2.45 2.68 1.33 108.42 38.24 4,16 146.63 4.88 85.2
16¢ : soft 2.70 38.53 4.46 145.71 6.21 89.9
Avg 2.69 38.35 4.43 145,76 5.69 86.7
17a HA 2.70 38.12 4.67 146.98 5.00 85.2
17b 5 -143/4 and ~-2.65+2.55 2.69 1.08 109.34 37.96 4,33 145.09 6.06 93.1
17¢ soft 2.71 38.22 4,15 146.34 5.59 91.4
Avg 2.70 38.10 4738 146.14 5.55 89.9
18a HA 2.69 : 38.11 5.02 146.52 5.13 90.4
18b 10 -1+3/4 and -2.65+2.55 2.69 1,17 109.08 38.07 4.28 145.24 5.%6 69.2
18¢ soft 2.71 - 38.38 4.86 146.83 5.27 78.8
Avg 2.70 38.19 4.72 146.20 5.45 79.5
19a 2.71 38.45 4.66 148.35 4.28 87.9
19b 5 -3/4+1/?2 soft -2.55+2.45 2.71 1.19 108.92 38.46 4.92 147.56 4.79 82.5
19¢ 2.71 38.42 4.15 146.08 5.74 89.8
Avg 2.71 38.44 4,58 147.33  4.94 86.7
20a , 2,69 38.32 5.02 146.94 4.86 87.9
20b 10 -3/4+1/2 soft -2.55+2.45 2.68 1,39 108.56 38.17 4,93 145.55 5.59 60.0
20c 2.69 38.29 4.46 145.62 5.71 19.4
Avg 2.69 38.26 4.80 146.04 5.39 55.8
2la 2.68 38.73 4.66 145,50 5.63 71.5
21b 5 -3/4+1/2 Chert -2.35 2.69 1.36 107.57 38.85 4,31 145.72 5.60 45.6
21c : 2.68 38.74 4.86 145.44 5,67 8.3
Avg 2.68 38.80 4,67 145.49 5,71 36.9

* Actual cement sk/cyd 5.44




Appendix III

(Page 4 of 8)
Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr, abs. unit wt. to total water weight Ailr
Batch % inches Type Sp. gr. (SSD) % 1b/cf aggregate gal/sk 1b/cf % D.F.
22a 2.65 37.82 4,67 144.56 5.74 27.0
22b 10 -3/4+1/2 Chert -2.35 2.66 1.73 106.55 38.91 4,92 142,22 7.43 20.2
22¢ 2.66 38.91 4,86 145.53 5.27 16.1
Avg 2.66 38.55 4,82 144,10 6.15 21.1
23a 2.69 ‘ 38.19 5.02 146.10 5.40 33.1
23b 5 -3/4+1/2 Chert -2.45+2.35 2.68 1.18 108.92 38.02 4.33 144,98 5.96 61.8
23c _ 2.70 38.33 4.86 147.64 4.56 37.9
Avg 2.69 38.18 4,74 146.24 5.31 44.3
24a 2.67 38.50 4.14 145,73  5.30 12.8
24b 10 -3/4+1/2 Chert -2.45+2.35 2.67 1.36 107.67 38.52 4.32 143.35 6.85 14.1
9 ( 24¢ 2.69 38.82 4.86 145,51 5.78 3.7
“Avg 2.68 38.61 1.44 144.86 5.98  10.2
25a 2.70 38.26 4.66 144,89 6.35 83.2
25b 5 -3/4+1/2 Chert -2.55+2.45 2.68 1.08 109.08 37.96 4,29 144.80 6.08 86.8
25c 2.70 38.26 4.46 145.57 5.91 82.3
Avg 2.69 38.16 4.47 145,09 6.11 84.1
26a 2.68 38.86 4,31 144,56 6.24 48.5
26b 10 -3/4+1/2 Chert -2.55+2.45 2.69 1.18 107.44 38.99 4.27 144,49 6.44 55.7
26¢ 2.68 38.84 4,24 146.50 4.98 74.6
Avg 2.68 38.90 4,27 145,18 5.89 59.6
27a 2.70 38.08 5.02 147.18 4.87 86.5
27b 5 -3/4+1/2 Chert -2.65+2.55 2.70 1.03 109.31 38.17 4.92 147.84 4,45 89.9
27¢ 2.71 38.26 4,16 147.01  5.15 89.6
Avg 2.70 38.17 4.70 147.34 4.82 88.7
28a . 2.69 38.44 5.02 144,80 . 6.25 87.9
28b 10 -3/4+1/2 Chert -2.65+2.55 2.68 1.08 108,55 38.27 4,28 145.11 5.88 78.8
28¢c 2.71 38.71 4.86 148.06 ~4.46 90.8
Avg 2.69 38.47 4,72 145,99 5,53 85.8

* Actual cement sk/cyd 5.44
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Appendix III

(Page 5 of 8)
Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight  Air
Batch % inches Type Sp. gr. {SSD) % 1b/cf aggregate gal/sk 1b/cf % D.F.
29a HA 2.67 37.87 5.02 144,45 6.13 93.?2
29b 5 -3/4+1/2 and ~2.35 2.67 1.51 108.16 38.23 4.93 145,31 5.58 97.2
29¢c soft 2.67 38.18 4,17 145.92 5.18 95.2
Avg 2.67 38.09 4.71 145,23 5.63 95.2
30a HA 2.63 38.41 4.15 143.53 6.05 88.2
30b 10 -3/4+1/2 = and -2.35 2.63 2.03 106.42 38.46 4.93 144,05 5.72 80.5
30¢c soft 2.63 38.46 4.87 143.90 5.82 86.9
Avg 2.63 38.44 4,65 143.83 5.86 85.2
3la HA 2.67 37.76 5.02 144 .95 5.81 48.0
31b 5 -3/4+1/2 and -2.45+2.35 2.69 1.24 108.82 38.23 4,92 148.37 3.93 88.5
- 3lc - soft 2.70 38.33 4.25 146.81 5.11 30.3
"Avg 2.69 38.11 4.73 146.71 4.95 55.6
32a° HA 2.68 38.44 4,67 143.85 6.69 52.0
32b 10 -3/4+1/2 and -2.45+2.35 2.67 1.49 107.31 38.68 4.32 144.23 6.68 85.2
32¢ soft 2.68 38.83 4.46 144,40 6.34 82.7
Avg 2.68 38.65 4.48 144,16 6.57 73.3
33a HA 2.70 38.25 4.32 145.46 5.98 92.3
33b 5 -3/4+1/2 and -2.55+2.45 2.70 1.15 109.02 38.25 4.33 145,20 6.15 92.2
33c soft 2.70 ‘ 38.31 4.25 146,98 5.00 85.5
Avg 2.70 38.27 4.30 145,88 5.71 90.0
34a HA 2.70 38.72 5.02 143.68 7.13 77.8
34b 10 -3/4+1/2 and -2.55+2.45 2.67 1.30 107.67 38.54 4.32 145,20 5.65 86.8
34c soft 2.68 38.70 4.46 144.58 6.22 94.2
Avg 2.69 38.74 4.66 144,88 6.15 66.0
35a HA 2.69 37.90 4.67 145.55 5.76 87.8
35b 5 -3/4+1/2 and -2.65+2.55 2.70 1.08 109.34 38.13 4.93 146.63 5.23 86.9
35¢ soft 2.72 38.37 4.24 147.60 4.93 87.7
Avg 2.70 38.13 4.61 146,59 5.31 87.5

* Actual cement sk/cyd 5.44
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Appendix III

(Page 6 of 8)
Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight Air
Batch % inches Type Sp. gr. (SSD) % 1b/cf aggregate gal/sk 1b/cf % D.F.
36a HA 2.70 38.63 4.66 147.16 4.88 85.3
36b 10 -3/4+1/2 and -2.65+2,55 2.69 1.17 108.06 38.64 4.27 144 .67 6.33 85.8
36¢ soft 2.71 38.92 4.45 148.70 4.06 80.7
Avg 2.70 38.73 4.46  146.84 5.09 83.9
37a 2.67 - 38.77 5.02 146.63 4.72 70.8
37b 5 =-1/2+1/4 . Chert -2.35 2.68 1.37 107.27 38.91 4.92 145.11 5.88 61.6
37¢c 2.68 38.90 4.86 147.69 4.20 67.4
Avg 2.68 38.86 4,93 146.48 4.93 66.6
38a ‘ 2.66 39.17 5.02 146.60 4.58 38.5
38b 10 -1/2+1/4 Chert -2.35 2.67 1.76 107.01 39.31 4,92 145.20 5.65 20.0
38c 2.64 38.85 4,25 145,92 4.68 14.9
Avg 2.66 39.11 4.73 145,91 4.97 24.5
39a 2.70 38.16 5.02 146.50 5.31 70.7
39b 5 -1/2+1/4 Chert -2.45+2.35 2.68 1.19 109.21 37.85 4.29 144,25 6.44 83.9
39¢ 2.69 37.98 4,16 145.44  5.83 74.8
Avg 2.69 38.00 4.49 145,40 - 5.86 76.5
40a 2.68 38.23. 5.02 144,98 5.96 15.2
40b 10 -1/2+1/4 Chert -2.45+2.35 2.66 1.40 108.46 37.91 4.34 144.93 5.66 26.2
40c 2.68 38.23 4.86 145.48 5.63 43.8
Avg 2.67 38.12 4,74 145.13 5.75 28.4
41a 2.70 38.16 5.02 142,93 7.62 85.4
41b 5 -1/2+1/4 Chert -2.55+2.45 2.69 1.10 109.28 38.01 4.93 148.37 3.92 79.9
41c 2.71 38.28 4.46 146.04 5.77 88.6
Avg 2.70 38.15 4.80 145,78 5,77 84.6
42a 2.61 37.20 5.02 146.17 3.96 64.2
42b 10 -1/2+1/4 Chert -2.55+2.45 2.68 1.21 108.59 38.22 4.93 146.76 4.81 78.4
42¢ 2.67 38.04 4.26 146.21 5.00 73.9
Avg 2.66 37.99 4.77 146.18 4.91 72.4

* Actual cement sk/cyd 5.44
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Appendix III
(Page 7 of 8)
Coarse aggregate

Dry Concrete mix data*
Deleterious Bulk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight Air
Batch % inches Type Sp. gr. (SSD) % 1b/cf aggregate gal/sk 1Ib/cf % D.F.
43a 2.72 38.38 4,66 146.17 5.85 87.4
43b 5 -1/2+1/4 Chert -2.65+2.55 2.70 1.03 109.40 38.08 4.28 146.12 5,55 93.3
43¢ 2.70 38.12 4.86  145.64 5.86 93.3
Avg 2.71 38.19 4.60 145.98 5,75 91.3
44a 2.68 : 38.02 5.02 147.60 4.27 92.6
44b 10 -1/2+1/4 Chert -2.65+2.55 2.69 1.07 109.05 38.16 4,92 146.23 5.32 92.4
44c¢ 2.70 38.29 4.86 144.65° 6.51 89.3
Avg 2.69 38.16 4.93 146,16 5,37 91.4
45a HA 2.70 38.50 5.02 144.71 6.46 89.1
45b 5 -1/2+1/4 and -2.35 2.67 1.58 107 .64 38.47 4,33 141.85 7.84 94.9
45¢ soft 2.67 38.45 4.16 144,54 6.09 86.2
+ Avg 2.68 38.47 4.50 143.70 6.80 90.0
46a HA 2.63 37.94 4.34 144.32 5,54 67.9
46b 10 -1/2+1/4 and -2.35 2.64 2.17 107.18 38,07 4.18 145,15 5.17 79.8
46¢ soft 2.64 38.11 4.87 144,76  5.43 83.3
Avg 2.64 38.04 4.46 144,74 5,38 77.0
47a HA 2.68 38.13 4.67 146.26 5.14  85.4
47b 5 .1/2+1/4 and -2.45+2.35 2.70 1.25 108.36 38.61 4,92 145.29 6.09 86.1
47c soft 2.69 38.46 4.46 147.31 4.62 81.8
Avg 2.69 38.40 4.68 146,29 5.28 84.5
48a HA 2.68 38.06 4.67 144.48 6.31 82.2
48b 10 -1/2+1/4 and -2.45+2.35 2.67 1.51 108.00 38.28 4.93 145.29 5.59 66.9
48c soft 2.68 38.42 4.86 145.37 5.71 86.0
Avg 2.68 38.25 4.82 145,05 5,87 78.4
49a HA 2.69 38.06 4.33 145.62 5.71 93.3
49b 5 -1/2+1/4 and -2.55+2.45 2.69 1.16 109.11 38.09 4.92 146.41 5.20 83.8
49¢ soft 2.70 38.19 4.16 145.88 5.71 88.5
Avg 2.69 38.11 4.47 145,97 5.54  88.5

* Actual cement sk/cyd 5.44




Appendix III

_ (Page 8 of 8)
Coarse aggregate

- Dry Concrete mix data*
Deleterious BuTk 7-day rodded % Sand Net Unit
Size sp. gr. abs. unit wt. to total water weight Air
Batch % inches Type Sp. gr. (SSD) % 1b/cf aggregate gal/sk Ib/cf % D.F.
50a HA 2.69 : 38.15 5.02 144.11  6.05 82.2
50b 10 -1/2+1/4 and -2.55+2.45 2.68 1.34 . 108.42 38.24 4.28 144,51 6.26 88.0
50c ‘ soft 2.69 38.42 4.86 145.35 5.88 90.2
Avg ‘ 2.69 38.27 4.72 144,66 6.06 86.8
5la ‘ HA 2.70 . 38.08 5.02 143.81 7.04 81.9
51b 5 -1/2+1/4 and -2.65+2.55 2.71 1.09 109.44 38.22 4,92 147.71  4.70 93.4
5ic soft 2.71 38.21 4,86 146.34 5.58 92.3
Avg 2.71 38.17 4,93 145,95 5.77 89.2
b2a HA 2.71 38.25 4.66 144,93  6.49 88.3
52b 10 -1/2+1/4 and -2.65+2.55 2.70 1.19 108.95 38.29 4.32 144.63 6.48 89.4
i 52c soft 2.71 38.45 4.86 146.41 5,53 88.1
" Avg 2.71 38.33 4.61 145,32  6.17 88.6
53a A1l good aggregate of one size 40.09 4.65 84.0
53b -1+3/4 and one Sp. gr. -2.65+2.55 2.64 0.99 105.07 40.09 4.65 145.22 5.35 84.1
53¢ 39.73 4.66 36.0
Avg ' 39.97 4.65 68.0
b4a A11 good aggregate of one size 39.47 4.65 80.4
54b -1+3/4 and one sp. gr. -2.75+2.65 2.71 0.99 107.87  39.47 4.65 148.43 4,43 93.6
54c¢ 39.11 4.66 85.1
Avg ' 39.35 4,65 86.4
Bba A1l good aggregate of one size 40.82 4.63 89.4
55b -1/2+1/4 and one sp. gr. -2.65+2.55 2.64 0.99 103.70 40.82 4.63 145.50 5.10 92.0
55¢ ~ 40.82 4.63 91.2
Avg 40,82 4.63 90.9
56a A11 good aggregate of one size 40.48 4.63 86.3
56b -1/2+1/4 and one sp. gr. -2.75+2.65 2.73 0.99 106.50 40.48 4.63 147.31  5.46 88.7
56¢ 40,12 4.63 92.3
Avg 40.36 4.63 89.1

* Actual cement sk/cyd 5.44




Appendix IV
Tests on individual aggregate classes -
Computations for making concrete

The volume of concrete in a 3 x 4 x 16 inch beam is 0.111 cubic feet. This
consists of coarse and fine aggregate, cement, water, and entrained air. Pro-
portions for these ingredients for concrete of various applications have been
established by the American Concrete Institute (12), the procedures of which
are recommended in ASTM C-233.

The recommended sTump for concrete pavements has been set at 2-1/2 inches.
The water required to produce this slump was found to be about 28 gallons per
cubic yard in the present study. The air content recommended by ASTM €-233 is
5.5%; this'value was assumed in computing proportions for all beams. The cement
used was purchased locally and was a mixture of three commercial brands of type 1A
(Huron, Penn Dixie, and Medusa). ASTM C-233 recommends the use of 5.5 + .05 bags
per cubic yard of concrete. The coarse aggregate content required for fine aggre-
gate of the particu]ar fineness modulus used (2.76) from ACI 613-54, Table 6 was
0.664 unit volumes of dry rodded aggregate per unit volume of concrete. Tests made

on coarse and fine aggregate prior to computation are tabulated below:

Ingredient ASTM Symbol
Tested - Physical Property Tested desig Value
Coarse Aggregate Bulk sp. gr., satd surf. dry. c-127 SGCA
) " 7-day absorption, % dry basis " ACA
" ! Moisture, % dry basis " MCA
" . Unit wt., 1bs./cu. ft. " Uw*
Fine Aggregate Bulk sp. gr., dry basis c-128 SGS
" " 24 hr. abs., % dry basis " AS
" " Moisture, % dry basis " MS

The quantities of other ingredients required for a single beam were computed

as follows:

* For these computations, unit weight is that of saturated surface-dry aggregate

57




Cement, assumed specific gravity (S8C) = 3.15 x 62.4 19§-= 196.6 1b/ft3
£t

3
" weight (WC) = 0.111 ft3 x 222 gags x 2416, 1 yd 5= 2.125 1b
yd bag 27 ft

Water, specific gravity (SGW) = 62.4 1b/ft3

| _ ;
. " weight (WH) = 0.111 £t3 x 28921 x .34 1D 1 yd” 4 g60 9
‘ yd gal = 27 ft3

Air, vol. (VA) = 0.055 x 0.111 ft3 = .006105 t3
2 Coarse aggregate, abs., % dry basis = ACA

" " unit wt., satd surf dry (UwS) = Uw + Uw x ACA/100

3
" " wt. (WCA) = 0.111 £t3 x 0.664 DR fgv* x WS 5 = 0.0737 U
| ft DR ft

" " specific gravity, sat'd surf. dry = SGCA

WC . W WCA
sec Fsaw T YA Y oo

Fine aggregate, vol (VFA) = Batch vol -

_ _2.125 . 0.960 s ?
: 0.111 - £538% + 0560 + 006105 + .0737 |

! " specific gravity, dry basis = SGFA = 2.64 x 62.4 = 164.7
"o " wt. (WFA) = VFA x SGFA = VFA x 164.7 = 12.96 - 0.194 UwS/SGCA

Each beam was made from a separate batch of concrete and the volume of coarse
iu aggregate used was smaller than the standard unit weight bucket. It was therefore
- necessary to make and calibrate a small {about 0.07 cubic ft.) unit weight bucket.
%s The requirement of knowing the exact composition of each aggregate batch codb]ed
. with the ACI 613-54 requirement of knowing the unit weight before computing the

] quantity of coarse aggregate to use resulted in a procedure whereby: 1) a smaller

& than required batch of coarse aggregate of the correct proportions was prepared,
2) the unit wt. was determined, corrected to the saturated surface-dry value by
adding the computed weight due to absorbed water in the good and deleterious

fractions, and 3} the value of the saturated surface-dry unit weight obtained

. * DR stands for dry rodded
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was used to compute the quantity of coarse aggregate of the two types to be used
for the properly proportioned batches (or three types for HA and soft mixtures).

Since it was necessary to include the entire batch of coarse aggregate in a

beam, a 10% excess of the other three ingredients (cement, sand, and water) was

added to make sure the mold was filled, thus making the mix proportions sTightly

different than specified. It was assumed that this excess mortar was lost in the
mixer and during leveling of the material in the molds. Even if this were not

true it would not be expected to affect the results significantly.
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