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For several years, the bituminous laboratory of the Joint ngh-
way Research Project has been concerned with the testmg of bitu-
mlnous-algdgregate mixtures and with the development of knowledge
that would" lead to an understanding of the properties of bituminous
mixtures as satisfactory paving materials. At the Thirty-Eighth
Annual Road School, a paper entitled, “Role of the Laboratory in
the Design of Bituminous Mixes,” was presented which inclided
test data from the laboratory for the evaluation of a number of
mixture variables including ag?regate gradation, asphalt content,
grade of asphalt cement, aggregate type, and testing speed Swl 2).

In this testin pro?ram two types_of tests were used, the triaxial
test and the Marshall test. The triaxial test is a rational one from
which fundamental strength properties of a material may be obtained.
This test has been found to be very useful as a research tool, but
it is not well-adapted for use in the field either as a means of design-
ing or controlling a bituminous mixture. For such use, the Marshall
test has advanta?es of simplicity and convenience. o

The apparatus used in the Marshall test is shown in Figure 1
The specimen is a cylinder 4-inches in diameter and 2j"-inches high.
A unique feature of the test is the method of loading the specimen.
Unlike most compression tests, the Marshall specimen is loaded on
the cylindrical surface rather than on the plane faces. The data
normally obtained from a test of this type are the total load at failure
(stabilify) and the total deformation of the specimen at failure
expressed in hundredths of an inch (flow).
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Fig. L Marshall test apparatus.

Since comparable mixtures were tested hy these two test
methods, there was an oPpor_tunlty to evaluate the test properties
measured in the Marshall test in terms of the fundamental properties
obtained from the triaxial test. One of these properties, the angle
of internal friction, largely determines the stability or supporting
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power which a bituminous mixture will be capable of mobilizing
under_many conditions of loading. _ o

. _The most pertinent fact revealed by this comparison is shown
in Figure 2, which is a plot of angle of internal friction (degrees)

Fig. 2. Correlation of angle of internal friction with Marshall flow.

versus Marshall flow (3). Twenty-two cases are included in this
plot and these in turn include all of the variables ﬂrewousl_y_ listed,
A straight line has been fitted to the data and the coefficient of
linear correlation was computed to be -0.96. Further comparisons
of this nature have shown the same trend.

From these accumulated data it maY be concluded that the Mar-
shall test, while bemq an empirical test, nevertheless, is one which
reflects the fundamental properties of a mixture. Further than this,
since the Marshall test has been found to be one which does reflect
these properties, the incorporation of the test as a part of some design
procedure appears to be reasonable.

CORPS OF ENGINEERS DESIGN PROCEDURE

In any realistic design procedure, carried out under laboratory
conditions,” factors other than the stability of the mixture must be
considered. These factors should include”the method by which the
specimen is formed and the density that is obtained. The total void
content of the mixture and the percentage of aggregate voids filled
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with asphalt are known to affect the durability of the mixture in
service and some limiting criteria should be set fo control these char-
acteristics. Finally, or perhaps primarily, it is necessary to correlate
laboratory and fiéld performance to establish the limiting criteria on
which the design procedure is based. The U. S, Corps of Engineers
has established a design procedure for asphaltic concrete in"which
the Marshall test is used to measure the stability of the mixture and
durability factors are controlled by limiting the total void content
and the percentage of aggregate voids filled with asphalt (4).

Five curves are needed to select the de3|%r] asphalt content by
the Corps of Engineers’ design method (see Figures 4, 5, and 6J.
Marshall specimens are made at several asphalt contents which are
selected so as to include the design asphalt content, The unit weight
of each specimen is determined and mixture voids and_ aggregate
voids filled are comﬁuted on the basis of the apparent sRemflc gravity
of the aggre?ate. The specimens are tested in the Marsnall apparatus
and values for stability and flow are found. Values for these five
properties are plotted versus asphalt content and the design asphalt
content is selected as follows: o

The asphalt contents at the peak of the unit We!ght curve, at
the peak of the stability curve, at 4 per cent total voids and at 80
per cent voids filled are picked from their respective graphs. The
avera?e of these four values is the preliminary estimate of the de3|%n
asphalt content. This estimate is then checked b{ reference to the
graphs. - For surface mixtures designed to carry 100 p.s.i. tire pres-
sures, the mixture must have a stability of 500 pounds or higher
a flow of 20 or less, a total void content of 3 t0 5 per cent, and
between 75 and 85 per cent voids filled. If the mixture at the esti-
mated design asphalt content meets these requirements, this estimate
becomes the final design. If the mixture does not meet one or more
of the criteria, some adjustment is necessary (4).

INDIANA SURFACE GRADING COMPARED TO
CORPS OF ENGINEERS GRADING

During the past year the Corps of Engineers’ design procedure
has been applied to Indiana A H Type B bituminous concrete sur-
face mixtures. An average aEgregate radln? within the specified
allowable limits was used and Figure 3 shows this aggregate grading
compared to the grading limits Specified by the Corps of Engineers
for ‘a similar mixture é,“-mc,h_mammum ag%regate size). The
Corps of Engineers’ grading limits are shown by the dashed lings
and the average Indiana grading is shown by the solid line. It is
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Fig. 3. Comparison of typical AH type B grading, Corps of Engineers
specification limits.

evident that the tyﬂlcal Indiana mixture is not within the range for
which correlation” has been established by the Corps of Engineers.
It is also evident from the curves that the mixtures specifie byr the
Corps of Engineers are more densely graded than Indiana A H yﬁe
B mixtures. "It is not the Purpose here to compare the merits of the
two types of mixtures, but only to point out that two tYpes of mix-
tures are involved. Each type has its merits and shortcomings. _ It
might be mentioned, however, that the Indiana grading, c_ontalnlnﬂ
less fines, does; tend to be less critical with small variations in aspha
g?ntgnt than is the case with the more densely-graded aggregate
ends.

APPLICATION OF DESIGN USING
ABSORPTIVE STONE

The Corps of Engineers’ design method was first applied to
the typical Indiana aggregate gradm% for a case in which an absorp-
tive Crushed limestone” was used. The way in which stability, flow,
and unit weight varied with asphalt content in the case of this aggre-
gate is shown in quure 4. These curves are typical of many other
such curves found tor various mixtures and are easily interpreted
in applying the design method. In computing voids however, some
difficulty was encountered. o _

It Was mentioned earlier that two of the criteria for design by
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the Corps of E_nglmeers’ method are limiting values for total void con-
tent of the mixture and ?ercentage of aggregate voids filled with
asphalt. Further, it was stated that these Values of voids are to be
computed usm? the apparent specific gravity of the aggregate. It is
recognized that when computing voids on this basis it is assumed that
all of the voids that were water-permeable under the conditions of
the af)parent s?ecmc grawéy determination are permeable to hot
asphalt cement to the same degree. This may or may not be true in
all cases, However, all of the correlation work performed by the
Corps of Engineers, from which evolved the various design criteria,
was based on certain standard procedures one of which was a voids
calculation based on the standard A.S.T.M. a&parent specific gravn
of the aggre(%_ate (ASTM Designations C 127-42 and C 1 8-4Zj
When attempting to apply an empirical deslgn procedure, test methods
should be the same as those used in establishing the demgn_grocedure.
However, in the case under consideration this was not possible.

~The variation of total voids and voids filled with asphalt content
is shown in Figure 5 The horizontal broken lines indicate the void
contents at which, according to the design procedure, the asPhalt
contents should be picked in"making the preliminary estimate of the
design asphalt content. These figures are 4 per cent total voids and
80 per cent voids filled. The solid horizontal lines delingate the ranges
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which are considered satisfactory in the final design (3-5 per cent
total voids and 75-85 per cent voids filled). Note the positions of
the voids curves, computed from the apparent specific gravity of the
aggregate, in relation to these boundaries. These are the curves shown
by the dashed lines with the Pomts denoted hy crosses. The total
voids curve reaches a value of about 5.2 per cent at 712 per cent
asphalt, If the curve were extrapolated, 4 per cent voids would be
reached at 8 or 8 12 per cent asphalt,
~In any case, the minimum de3|g[n,asphalt_content necessary to
satisfy the"total void requirement on this basis is about 712 per Cent.
Approximately the same is true of per cent voids filled. It can be seen
from the curves on the right that the minimum reguwement IS not
met until the asphalt content is apﬁrommatel_y er cent, Refer-
ence to Figure 4, however, shows that this mixture reaches the maxi-
mum allowable flow of 20 at an asphalt content of approximately
63 Ber cent. It is apparent, then, that no satisfactory asphalt content
can be found for this particular aggregate_blend which will meet all
of the requirements as the)( have been defined when voids computa-
tions are Dased on apparent specific graw_ty of the aggregate.
Proceeding on the assumption that, in the case of an absorptive
aggregate, voids calculated on the hasis of apparent specific Fravny
may sometimes give an erroneous result, a specific gravity value for
the” aggregate was determined which attempted to take into account
the actual absorption of asphalt into the ag%_regate pores. This specific
graw%y value was termed “effective” specific gravity.
he concept of effective specific gravity may be understood most
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simply by imagining a standard A.S.T.M. apparent s?ecmc gravity
test belnP made, but substituting hot asphalt cement for water. In
the usual case, the asphalt will not permeate the a?gregate pores to
as great an extent as will water, This has the effect of mcreasm_g
the volume of afqgregate that is impervious to the permeating liqui
under the condifions of the test and, hence, of reducing the specific
gravity valug from that found in an a_;f)_parent specific ?ravny deter-
mination using water. Effective specific %ravny should have some
value less than apparent but greater than bulk Specific gravity.

The method used to measure the effective specific gravity of an
ag([;lr_egate_ may take one of several forms. The thothetlcal ‘method
outlined in the previous discussion has several practical limitations. A
system which utilizes a voidless, comPacted specimen of the bitumin-
ous-aggregate mixture has been reported (52. For the i)resent work, a
standard Marshall specimen was formed at an asphalt content of 6
per cent. The voids In this specimen were Saturated with water using
a vacuum technique and the actual void content of the specimen was
computed. Knowing the actual void content and the composition of
the specimen, the effective specific gravity of the aggregate, as it
existed in the mixture, could be computed.© _

__The voids computed using the effective specific gravity are shown
in Figure 5 by the dotted lines with the points denoted by circles.
On this basis a design is possible which will meet the criteria of the
Corps of Engineers.” It can be seen from the curves computed from
effective specific gravity that an asphalt content of as much as 6y2
ger cent may be used without having a total void content of less than

per cent Or a percentage of aggrégate voids filled of greater than
85 per cent. ABLE |

Determination of Design Asphalt Content
Limestone No. 1

Test Asphalt Content at Selected Test Value at Asphalt
Property Point on Design Curve Content of 5.5%
Point on %
Curve Asphalt
Unit Weight Peak 55
Stability Peak 55 18904
Flow _ _ 120
% Voids 4 2 36
% Voids Filled 80 5.7 79.0

Design Asphalt Content (Average) 5.5%
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In Table | are shown the asPhaIt contents picked from the peak
of the unit weight curve, peak of the stability curve (Figure 4), and
from the voids curves (Figure 5), following the standard Corps. of
Engineers’ procedure except that"the voids were computed by using
effective rather than apparent specific E_ravn . The average of these
asphalt contents is 55 per cent. Checking this asphalt content back
against stability, flow, and voids requirements, it is found to be satis-
factory and according to the Corps of Engineers’ desuin procedure
modified to include effective specific 0gravny, this asphalt content of
5.5 per cent would be the one selected for Use.

APPLICATION OF DESIGN USING
NON-ABSORPTIVE STONE

_Since the design asphalt content found in the previous application
I at least one per cent lower than that thought to be satlsfactorY on
the hasis of field performance of many comparable mixtures, it re-
mains open to question as to whether the established criteria did not
fiit the case because of the fundamentally different type of mixture or
because an absorFtlve aggregate was Used. Consequently, a second
series of similar tests was performed using a more normal, non-ab-
sorptive crushed limestone.  The desqn curves for this series are
shown in Figure 6. For this case, application of the design criteria
for voids based on apparent specific é;ravny of the aggregate was
possible and the test values found and the Tesulting design asphalt
content are shown in Table 1.

Fig. 6.



146

~  TABLE Il
Determination of Design Asphalt Content
Limestone No.

- Test Asphalt Content at Selected Test Value atAsghaIt
roperty Point on Design Curve Content of 5.6%
Point on %
Curve Asphalt
Unit_weight Peak 54
Stability Peak 5.6 13004
Flow . . 118
% Voids 4 56 38
% Voids Filled 80 6.0 71.0

Design Asphalt Content (Average) 5.6%

It can be seen in Table Il that the Preliminary estimate of 5.6
per cent meets the criteria established bly he Corps of Engineers and
Under their method, 5.6 per cent asphalt would be the design asphalt
content for this case.

Compare this desE;n asphalt content to that previously noted for
the other aggregate. Both are approximately 5% per cent, a flgure
which, from experience, is perhaps one per cent too low. From these
considerations, the conclusion may be drawn that the design method
used by the Corps of Engineers is ot applicable to Indiana A H Type
B bituminous concrete surface mixtures because of fundamental dif-
ferences in the types of mixtures involved. However, what of the
criteria set up as stability and durability requirements for the mix-
ture, that is, minimum Stabl|lt¥ of 500 pounds, maximum flow of 20,
3-5 per cent total voids and 75-85 per cent voids filled? Since the
research done has shown that the Marshall test reflects the funda-
mental properties of a mixture that are of interest in design, it may
be that the case bears further consideration.

The difficulty may lie in one of three directions. 1t may he that
the de3|[qn criteria Used by the Corps of Englneers need modification
for application to Indiand mixtures. Secondly, there exists the pos-
sibility that the specimen produced by the Marshall method of com-
paction is not representative of the mixture on the road, a condition
which must be met to some degree if a laboratory test is to be
useful. Lastly, it maY be that the criteria themselvés need little or
no revision but that the design procedure needs to be changed for
application to Indiana conditions. That is, perhaps the change should
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Peestm a(%g in the way the design asphalt content is chosen from the

_ The first possibility may be investigated bY plckln(t; from the respec-
tive test curves, the test values at an-asphalt content about 1 per cent
hlg%her than the design asphalt content. For example, choose 6.5
per cent.
TABLE III
Test Values at 6.5% Asphalt
Limestone Nos. 1 and 2

Test _ Test Values at 6,5% Asphalt Criteria To Be
Property Limestone No. 1 Limestone No. 2 Met
Stability 1570# 11404 500#+
Flow 176 16.7 20—

% Voids 30 33 35
% Voids Filled 845 825 75-85

The test values at 6.5 per cent asphalt for Limestone No. 1, the
absorptive aggregate, and for Limestone No. 2, the non-absorptive
aggregate are shown in Table I11. Also shown are the limits for the
various criteria that are specified by the Corps of En(Tnneers. A com-
?_arlson between the test values at 6.5 per cent asphalt and the speci-
led limits shows that these criteria are_met bY mixtures made from
each aqgregate at this asphalt content. The established criteria, then,
are metat an asphalt content known to be realistic.

VARIABLE SPECIMEN COMPACTION
“To exglore the effect of variable specimen compaction and degra-
dation of the aggregate, specimens were made with Limestone No. 2
using a compactive effort equal to one-half that normally emgloyed
in the standard Marshall test. These specimens were tested by the
Marshall method and a design asphalt content was computed for this
series by the methods previously outlined.

The data pertinent to this selection are shown in Table V. In
general, it may be seen that the lesser compactive effort caused a
shift to higher asphalt contents. The design asphalt content is 6.6
F_er. cent, which experlence has shown to be satlsfactorY. However,
imited density data that are available indicate that the specimen
density produced by this lower compactive effort is not realistic for
field Conditions and this modification is ﬁrobably not satisfactor
even though a more realistic design asphalt content is obtained.
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. TABLE IV
Determination of Design Asphalt Content
Limestone No. 2—Compaction 12 Normal

Asphalt Content at Selected Point Test Value at

Test on Design Curve Asphalt Content
Property PointonCurve  %Asphalt of 6.6%
Unit Weight Peak 6.0 o
Stability ! Peak 1.0 11(%530#
Flow o _ .

% Voids 4 6.5 39
% Voids Filled 80 70 795

Design Asphalt Content (Average) 6.6%

Sufficient data have not yet been accumulated to say whether either
compactive effort is realistic with respect to degradation of the
aggregate.

MODIFIED DESIGN PROCEDURE

In view of these considerations, suppose that a design procedure
is contemplated in which the established criteria are kept relatively
unchanged and in which the standard comﬁactlve effort is used. It
may be recalled that two of the points chosen for_ design by the
Corps of Engineers’ method are the peak of the unit weight Curve
and the peak of the stability curve. It has been found that these
factors carry a welqht in the desulqn which may cause the selection
of too low an asphalt content for Indiana mixtures. It is suggested
that perhaps the design asphalt content might be selected not by
recourse to maximum- stability and density but by choosing the
asphalt contents which produce some minimum allowable stability and
maximum allowable flow. This concept, together with voids require-
ments, may constitute a more satisfactory procedure for A H Type
B mixtures.

To illustrate, Table V has been prepared in which a design
asphalt content has been calculated for Limestone No. 2 usm%_these
concepts. The asphalt contents glvm? a flow of 20, a stability of
1000 pounds étaken at the high asphalt side of peak stability), 4 per
cent total voids, and 80 per cent voids filled have heen averaged to
%lve a ‘orellmmary estimate of the design asphalt content. These
our values, as shown in Table V, have an average of 6.4 per cent.
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TABLE V
Determination of Design Asphalt Content Limestone No. 2—
Modified Design Method

Asphalt Content at Selected Point Test Value at

on Design Curve Asphalt Content
Test Property Point on Curve % Asphalt of 6.4%
Stability 10004 6.9 11604
Flow 2 6.9 16.0
% Voids 4 56 34
% Voids Filled 80 6.0 820

Design Asphalt Content (Average) 6.4%

The test values at 6.4 per cent asphalt, shown in the right-hand
column of Table V, satisfy the criteria before mentioned.

SUMMARY

_In this presentation no atterw)t has been made to give a specific
design procedure for Indiana A H Type B bituminous concrete mix-
tures, An attempt has been made only to show evidence to the fact
that if the necessary correlating data are obtained, it is likely that a
satisfactory design procedure may be established having the Marshall
test as jts "basis,  Further, it is shown to be possible that the Corps
of Engineers’ design procedure, including the specific ﬂ]ravny value
used for voids calctlations, would need modification for the particular
conditions under consideration. _ B _

- Even though the Marshall test is empirical, there are rrWJomts of
simplicity and possibilities of correlation with performance that favor
this test as a basis for a design method. It would be a fallacy, how-
ever, simply to assume that a specific desufqn method based on the
Marshall ‘or any other empirical design test would be applicable to
conditions other than those for which correlation had been established.
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APPENDIX
~ TABLE VI _
Corps of Engineers and A H Type B Gradings
% Passing
o Corps of Engineers’ A H Type B
Sieve Size Grading Limits* Grading
/ 100 100
H" 84-100 89
# 4 60- 85 52
# 10 43- 70 41
# 40 23- 42 17
# 80 13- 26 4
#200 4- 9 3

* Information from reference 4

TABLE VII
Marshall Test Data
Limestone No. 1

% Total Voids % Voids Filled
Unit IVt Marshall Marshall _ _
%  Mixture Stability  Flow Apparent Effective Angarent Effective

Asphalt — #/ft* # moor  Sp.Gr. Sp.Gr. Sp.Gr. Sp.Gr.
5 1454 1890 123 6.8 34 65.3 789
6 1446 1775 1456 6.5 31 68.3 819
6/ 1439 1570 187 6.2 2.9 70.9 83.8
I 1437 1355 210 56 2.3 742 87.5
12 1435 1210 213 51 18 7.2 90.5
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Limestone No. 2—Standard Marshall

Unit Wt. %

Mixture Marshall Marshall Total

% Asphalt  #//f* Stability#  Flowmoo Voids
146.1 880 8.0 89
3 146.7 1000 8.8 11
5 1481 1195 9.7 47
§ 1474 1255 138 36
Z 146.0 945 2.7 31

Limestone No. 2—Compaction 5 Standard

Unit Wt. %

Mixture Marshall Marshall Total

% Asphalt ~ #/ft* Stability#  Flow 11100" Voids
4 146.6 665 8.0 11
5 146.8 800 105 55
6 146.7 930 137 41
7 1448 1060 200 39

0
V({?ds
Filled

440
57.0
715
80.0
84.0

%
Voids
Filled



