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Measured flow = 10.40 cm3/sec at at-
mospheric pressure
Differential manometer reading = 128.5
min H20
Outflow manometer reading = 10.0 mm
Hg
186.7 X 106 gm — sec

980.7

Outflow manometer reading plus
atmospheric pressure = (10.0 X
1.36) + 1018.0 = 1031.6 gm/cm?

Differential manometer reading
= 128.5 mm H,O0 = 12.85 gm/cm?

10.4 X 1018.0
1038.1

186.7 mp or

p=
em?

P2=

(P — Py =

Flow at Mean Pressure =

= 10.20 em3/sec

10.20 X 4.10
79.34 X 1285

1867 X 10°¢
T 9807

= 7.8 X 107 cm?
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II. Calculation of pore diameter
Carmen (10) derives the following relation-
ship for average pore size.

€
=4m =4 ——Q
d m [(1 — G)So:l

hydraulic radius, the ratio of area of
cross-section to perimeter of cross-sec-

m

tion
€ = porosity
S¢ = specific surface—em?/cm?
and
d = average pore diameter—cm

Specific surface values were approximated
from a table of surface area equivalents given
by Hveem (12).

For a typical case, a specimen of grading A
has a porosity of 0.25 and a specific surface of
126.3 cm?/em3.

a=4 I:(l - G)So]

ord = 100

. 4X025
T 075 X 126.3

= 0.010

Significance of Variation as Related to Asphalt-

Aggregate Mixes

L. W. CorBErT and W. B. WarpeN
Miller-Warden Associates, Swarthmore, Pa.

@ IT is convenient to think of all matters
related to the quality of a prepared asphalt-
aggregate mix in terms of specification, pro-
duction and inspection. Ordinarily if we
comply with the requirements of these three
terms, it may be stated that satisfactory con-
trol prevails. However, when specification or
inspection requirements are not being met, this
is evidence that the quality or the quality
characteristics of the product has been sub-
jected to a certain amount of variation, which
may be due to 1. the result of change, or 2.
assignable causes. Variation is an inherent
fundamental characteristic of any manufac-
tured produet including asphalt-aggregate
mixes. Therefore, it should be recognized,
understood and applied by engineers con-
cerned with either design or acceptance speci-
fications.

Samples are taken for the primary purpose
of predicting the quality of the remaining
aggregation from which the sample was drawn.
Let us assume that this aggregation of material
varies in its physical properties, and this we
can ordinarily prove by taking samples and
testing until we obtain several test results that
are different. Therefore, we must know some-
thing about the variability of the overall
aggregation of material before we can make
a valid prediction of its true test characteristic.
Let us take an example of 100 Marshall
briquets made up and tested for stability
during the day’s run on a hot mix plant. If
the range of values obtained were divided
into equal class intervals and a count made of
the number of test results in each class in-
terval, we would then be able to classify the
results according to the frequency of the in-
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dividual test. A plot of the number of indi-
vidual tests versus the class interval average
would result in a frequency distribution curve
such as shown in Figure 1. In practice the
curve seldom comes out in such a symetrical
shape as that just shown. However, for practi-
cal considerations this symetrical bell curve is
sufficiently representative for our purposes.
Even though we attempt to manufacture
briquets that are supposedly alike, each meas-
ureable quality characteristic is really a sample
from a frequency distribution. The same will
apply for each test characteristic such as flow,
bitumen content, or the content of any grada-
tion sizes of the stone or aggregate used. It is
characteristic of data classified and distributed
according to their test characteristic that the
largest group of them will fall close to the
mathematical average of the entire lot as
illustrated by the average line (z) in this figure.
Thus the frequency distribution (sometimes
called the central limit theorem) pictorially
describes the pattern of variation.

There are a number of ways of mathemati-
cally describing this variation characteristic.
A listing of the maximum and minimum test
value or a listing of the range as the difference
between the maximum and minimum test
value is frequently used. Perhaps the most
useful measure of variation is standard devia-
tion which is a measure of the variation of
individual observations about their average.
The symbol for standard deviation is the
Greek letter o (sigma) and is computed as the
root-mean-square deviation about the average.
Helpful in getting an understanding of these
terms and their significance are other terms
such as dispersion or dispersion characteristics.
These are synonymous with variation and
variation characteristics such as are mathe-
matically reported as range or standard devia-
tion,

Mathematical statisticians have proven that
a frequency distribution can be divided into six
zones equal in width, each equal to ¢ or one
standard deviation. For practical purposes it
may be considered that all individual test
results will fall within =+3c, 95159 within
+2¢ and 689 within 41¢. It thus becomes
evident that as the process becomes more
variable, the range and the standard devia-
tion of the product become numerically larger.
Consequently the calculated range and/or
standard deviation thus provide a practical
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Figure 1. Normal frequency distribution on Marshall
stability.
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Figure 2. Standard deviation and the frequency
distribution.

measure of variation of the process or product.
Because range may be poorly estimated as the
result of one highly deviating result, standard
deviation is a more reliable measure of dis-
persion. Figure 2 illustrates the points just
made.

We have tried to point out that an exact
repetitive operation is unrealistic since no two
objects are exactly alike, assuming of course
that our test method is capable of distinguish-
ing reasonable physical differences. Likewise
the same concept is applicable when consider-
ing asphalt-aggregate mixes, which we know
are not going to show exact duplication from
sample to sample or batch to batch. Just to
emphasize this point a little more strongly,
let us say that the output of any plant is not
going to be uniform but is essentially variable
in nature. The observed average of test results
that we obtain on the product is likewise sub-
ject to uncertainties that arise from the natural
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Figure 3. Different frequency distributions may have
the same average (3).

variability. Consequently our observed aver-
age may or may not be the true average. It is
also possible to obtain the same average for
different types of distribution as illustrated
by Figure 3. As pointed out earlier we seldom
obtain the perfectly symetrical bell shaped
curve which is called a normal distribution.
However, for practical purposes we can assume
that a normal distribution exists.

Considering the hot mix itself we can find
sources of variation in:
. Gradation of the aggregate
. Character of the aggregate
. Moisture content of the aggregate & mix
. Manipulation of the mix by the machine
. Temperatures
Grade and percentage of asphalt
. Operating personnel and their influence

on controls

8. Other intangible sources
These sources or causes of variation may then
be translated into statistical language and
broken down into two types:
1. Chance causes (due to random variation in

the process)

a. Are always present

b. Are neither identifiable nor removable

¢. Are not within our power to regulate
2. Assignable causes (due to non-chance varia-

tions)

a. Are potentially

movable

b. Are within our power to regulate

c. Usually merit prompt investigation
These two types of causes of variation are im-
portant concepts in our thinking on this sub-

ST O QO

identifiable and re-
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ject for the reason that they will be helpful in
explaining why and when action should be
taken toward the correction of excessive varia-
tion.

So far we have attributed all of the varia-
tion to the product itself. However, we may
also have variation in our test characteristic
which may be attributed directly to testing
technique or to chance causes inherent in the
test method. An error in measurement may
be an assignable cause of variation in the test
values resulting from the measurement. Any
method of measurement of a quality charac-
teristic will have some pattern of variability,
which by repeating a measurement many
times on a quality characteristic that remains
unchanged will show the normal distribution
pattern. Therefore, the syvstem that we are
measuring includes testing as well as produc-
tion variations.

Design specifications may be defined as the
desired quality goal. Acceptance specifications
may be defined as those which describe the
quantity and kind of evidence which will be
accepted as satisfactory proof that the prod-
uct will meet the design objectives. Irrespec-
tive of whether a building engineer follows this
policy or whether he insists on 1009, or 909,
of the product falling within the specification
limits, he should have some idea of the varia-
bility of the product in order to pass optimum
judgment. One, two or three tests will not in-
sure that the product at that time, prior to, or
subsequent therefrom will be a true picture of
that particular quality characteristic. How-
ever, if the engineer has both an appreciation
and an evaluation of the variability of the
product, he will pass much sounder judgment.
Figure 4 will help to illustrate this, wherein
four possible relations between the distribu-
tion of individual test results and a typical
specification are shown. Within a broad speci-
fication such as 9, passing the %10 sieve, a
variable product (one with a comparatively
high &) is possible as long as the average of all
tests is centered reasonably well. On the other
hand, if the average comes close to the speci-
fication limit a fraction of the product must
necessarily be outside the limit as shown by
that portion under the curve extending beyond
the specification limit. Figure 5 illustrates the
circumstance in which the specification or the
job mix tolerance is a relatively close band.
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Figure 4. Possible relations between distribution of
individual test results and specification limits on per-
cent of aggregate passing %10 sieve.

In this case, the variation characteristic as
well as the average level must be closely con-
trolled.

Although the cases pictured in these figures
were hypothetically drawn for purposes of il-
lustration, the amount of variation as shown
is typical of many hot mix products. It is
common practice to pass upon a product
whose average test value is just within the
specification limit, such as illustrated by
Figure 4 B. Also it is not unusual to find a
product with a well centered average but yet
so variable that both a maximum and a mini-
mum limit are being exceeded such as shown
in Figure 5 B. Corrective action to be taken in
each of these cases is quite obvious. On the
other hand engineering judgment may still
pass these products, and the pavement may
be completely satisfactory. However, we do
oceasionally have pavement irregularities or
failures which must have a cause. In the large
part design specifications are written as the
result of one or more successful experiences.
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Figure 5. Possible relations between distribution of
individual test results and specification limits on per-
cent voids.

Consequently many of these irregularities or
failures must be attributed to deviation from
some specification requirement.

One means of assuring better compliance
with a given specification or job mix formula is
by using the Shewhart control chart (). The
mechanics of this technique (2, 3) and the
application in the control of hot mix plants
(4) has been published. In the application of
the control chart, the out of control points or
those in which assignable causes are indicated,
are normally eliminated from the final calcu-
lations. The result is the approached value of
average and the approached value of disper-
sion (for which we use the estimated value of
standard deviation or ¢’). Thus the control
chart gives us a practical estimate of the cen-
tering of the process along with a useful meas-
ure of its normal variability.

To better exemplify these points actual
plant control data were taken from different
plants in the process of preparing three types
of asphalt-aggregate hot mixes. The result is
an interesting comparison of different plants
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Plant N gumbor of
u
40 0 70
A 5.4 82
B 5.0 18
c 3.8 80
0 6.0 83
E 4.3 117
F 3.7 69
500 1000 1500 20p0
A 133 g 3 52
B 153 [N\ 7/ 44
c 149 87
o 132 50
E 157 60
F 264 68
Por Cent Asphalt
A .22 4 ﬂm ¢ 1 63
8 .28 S0
c .16 60
1] .39 30
E .48 33
F Al 60
50 60 70 80
A 45 56
8 5.1 43
[4 2.5 82
] 3.0 53
3 3.1 58
F 4.4 73

Figure 6. Typical variation characteristics of a sand-
gravel hot mix, illustrating the average and control
chart limits on four testing variables.

plant Z_Eusg £10 Number of
z 30 : 30 Subgroups
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Figure 7. Typical variation characteristics of a binder
mix, illustrating the average and control chart limits
on three testing variables.

operating toward the same specification.
Figure 6 illustrates four test variables on six
different plants preparing a sand gravel hot
mix for base courses. First the estimated
standard deviation (¢’) is listed followed by a
graphical picture of the control limit. The ver-
tical line in the center of the shaded block is
the value that approaches the true plant
average (X) for that test characteristic. The
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Blant Z % Pass, #10 Number of
40 45 50 i
G 0.8 15
H 1.2 20
J 1.0 N\, 13
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Figure 8. Typical variation characteristics of a surface
mix, illustrating the average and control chart limits
on three testing variables.

shaded area on each side of this average
represents the extent of the control limits for
that particular plant with respect to the test
variable. The number of subgroups (of two
test results each) used in establishing ¢’ and
the control limits is listed at the right. Figure 7
is a continuation of this type of analysis on a
binder mix, and Figure 8 is on a surface mix.
It should be pointed out that the base course
mix was made from pit run gravel whéreas the
binder and surface mixes were made with
selected crushed stone, sand and limestone
filler.

The significance of these data is simple, but
on the other hand it is very pertinent in our
consideration of the product in relation to the
specifications. The standard deviation (¢') isa
direct estimate of the variability of the prod-
uct, and as pointed out previously, virtually
all of the plant product will fall within -3¢’
of the average. When the plant is operating in
control the average of each subgroup will fall
within the control limits as pictured by the
block diagrams. Taking for example the %
passing #10 sieve on sand gravel hot mix
(Figure 6) we find o’ to vary from 3.7 to 6.0.
Obviously the plant with a low ¢’ is producing
a product of more uniformity as far as this
gradation point is concerned. Considering
Marshall stability on this mix we find one of
the plants with a ¢’ of 264. Previous experience
had indicated that Marshall stabilities should
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have a ¢’ in the vicinity of 150 or less, conse-
quently this plant was under suspicion as far
as this quality characteristic was concerned.
In the case of percent asphalt in the mix we
find all plants with average values between 5.0
and 5.5% but with considerable differences in
their variation characteristics. In the case of
voids filled on the sand gravel mix the plant
averages varied over a range of about 7%
(63.2% for plant A to 70.3% for plant E).
We found a difference of about 249, between
the lower control limit of plant A and the
upper control limit of plant E, whereas the
individual tests for these plants could possibly
range over 29% (49.7% as the 3¢ minimum of
plant A and 79.3% as the 3¢ maximum of
plant I). These values have been calculated
for the purpose of showing that a plant aver-
age is only a part of the story. The rest of the
picture can only be obtained by an apprecia-
tion and an evaluation of these dispersion
characteristics of the product. Figures 7 and
8 may be interpreted the same was as the sand
gravel mix except, of course, for the magnitude
of the variation and the differences in their
average level. Thus much information can be
gained by comparing the variability charac-
teristics of the different plants, not necessarily
for the purpose of condoning one plant or its
operator but rather to locate sources of trouble
or non-conformance with acceptance specifica-
tions. Certainly an engineer, irrespective of
whether he represents the producer or the
inspection team, will have a much better ap-
preciation of both the process and the product
if he understands variability characteristics of
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his product in relation to the capabilities of
the hot mix plant.

SUMMARY

A review has been made of the frequency
distribution curve as a means of illustrating
the variation - characteristics of asphalt-ag-
gregate mixes. Variation may be conveniently
measured by use of standard deviation which
can be estimated by use of the Shewhart con-
trol chart. Thus a tool is available which
should be used more frequently by engineers
when they are concerned with either design or
acceptance specifications. Data on sand gravel,
binder and surface mixes have been presented
in order to illustrate typical plant variations
when dealing with some of the common test
characteristics. These examples should also
be useful to any engineer faced with judging
an asphalt-aggregate product in relation to
specifications.
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