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Foreword

Brunstrum et al, attemptto evaluate quantitativelythe material and construction varia-
bles that contribute to plastic deformation of asphalt-concrete pavements. The varia-
bles studied included initial consistency and temperature susceptibility of asphalt,
amount of asphalt and aggregate fines, compaction, and temperature of pavement. The
effect of the variables was determined by measuring rutting after simulated traffic on
a laboratory test track, A rut-depth equation was developed showing the relative con-
tribution of the properties to performance under the conditions of testing,

This paper should be of interest to materials engineers and researchers who are
concerned with making and evaluating asphalt paving mixtures. The authors suggest
that the rut depth may be used to study the changes in surface profile that occur in
pavements in service.

The next three papers, related to bituminous surface treatments, should be of in-
terest to materials engineers, and construction and maintenance engineers will also
find it interesting. Two of the papers are related to factors that influence the design
and performance of seal coats and surface treatments, while' the other paper is related
to the design of slurry seal mixtures. '

The development of a tenacity test for measuring aggregate retention in surface
treatments is reported by Schweyer and Gartner. The strength of the bituminous bond
between the aggregate and the underlying surface is determined for various consist-
encies and amounts of asphalt, amount and type of aggregates, and other variables.

Another new test method is reported by Harper, Jimenez, and Gallaway. The test
apparatus was developed for evaluating the performance (abrasion) of slurry seals in
thelaboratory. The primary objective was to determine the effect of mineral filler and
residual asphalt content on slurry seal mixtures and to develop a method of designing
this type of mixture, The resulting design equation for predicting optimum residual
asphalt content was determined to be valid by other tests,

Saner and Herrin have studied the volume of voids in a one-size surface treatment
agpregate, since the fundamental concept used in the design of surface treatments is
that the quantity of bituminous material needed is determined as the amount required
to fill the voids between the aggregates to an optimum depth, The actual volume of
voids between the aggregates was measured (not theoretically calenlated). Among the
factors studied, the most important appear to be the shape of the aggregate and the
depth to which the voids within the aggregates will be filled,

Although great advances have been made in highway technology, little effort has been
spent in improving the design and construction of thin bituminous surface treatments,
Papers such as these are advancing the knowledge in this field and someday the life of
these surfaces may be considerably extended.

The remaining papers give information concerning current research in the field of
mechanical properties of bituminous paving mixtures. The scope is rather broad,
covering topics of theoretical interest as well as of a practical nature. These papers
should be of interest to materials and design engineers and paving technelogists who
are concerned with design of bituminous paving mixtures and their properties.

Hewitt analyzes flexible paving mixtures by a theoretical design procedure based on
shear strength and describes instrumentation and test procedures for the testing of
paving mixtures in flexure, tension, unconfined compression, and triaxial compression.
Variables include asphalt content, asphalt viscosity, flake asphalt-penetration grade
asphalt blends, asphalt-polyethylene blends, Viadon binder, and asbestos fibers in the
mixture, The paving mixtures tested are analyzed for suitability to resist compressive
stresses in the pavement and the practical application of this procedure to design is
shown,

Moavenzadeh and Sendze report on the effect of the degree of aging on the creep and
relaxation behavior of sand-asphalt mixes, The materials include Ottawa sand and
silica fillers. The rate of creep generally decreases with aging. Maximum relaxation
load increases with aging. Semilogarithmic relations are developed.

Pagen and Ku present the results of constant-load compressive tests on cylindrical
test specimens to show the effects of asphalt viscosity on the rheological properties of
bituminous conerete for a wide range of experimental loads and temperatures, Using a
standard creep testing program, the instantaneous elastic, retarded elastic, and plastic
deformations are recorded and analyzed. Cyclic repetition of loading and unloading are
also studied. Correlations between asphalt viscosity and rheological strength moduli of
the bituminous mixes are developed for different loading times and temperatures. The
application of the linear viscoelastic theory and the time-temperature superposition
concept are rigorously investigated.

Zube and Cechetini report on a research study conducted on the causes and effects
of expansion and contraction of asphalt concrete mixes containing aggregates ranging
from nonabsorptive to highly absorptive. Those specimens containing highly absorptive
aggregates, when exposed to atmospheric conditions, absorb moisture from the air and
may expand considerably. When subjected to drying, these expanded specimens con-
traet, causing transverse cracking, Data show that expansion is affected by type of
mineral filler and asphalt content of the mix.

The paper by Ruth and Schaub deals with the development of a bituminous mixture
design procedure using West Virginia aggrepate and gradation and the gyratory testing
machine in an effort to reproduce designs which have given good service,
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Relation of Asphalt Pavement Variables

To Performance

L. C. BRUNSTRUM, L. E. OTT, A. W. SISKO, T. L. SPEER and
R. A. WILKE, Research and Development Department, American
0Oil Company, Whiting, Indiana; and

J. V. EVANS, Marketing Technical Service Department, American
Oil Company, Chicago, Illinois

Plastic deformation in asphalt pavements determines the contri-
bution of two important factors, slope variance and rut depth,
in the AASHO serviceability equation. Previous research on a
laboratory test track showed the dependence of plastic deforma-
tion on the viscosity of the asphalt under pavement conditions.
This research has now been extended to determine, on 66 pave-
ments, the effect of pavement variables such as asphalt con-
tent, fines content and compaction. Factors affecting asphalt
viscosity (temperature susceptibility, mixing at high tempera-
ture, and aging in the pavements) were also studied.

The contributions and interactions of pavement and asphalt
variables were combined in a single equation by means of least
squares multiple regression, enabling comparison of the rela-
tive effects of common variations in these properties. Results
are illustrated by a bar chart. Charts presented relate actual
deformation to that predicted by the regression equation. The
basic form of the equation should now be tested with data from
actual roads in service.

oI[F THE many factors determining the performance of flexible pavements are not
rigidly controlled, roads can undergo changes in thickness and surface profile that, in
time, adversely affect the riding quality (1), These changes are the result of plastic
deformation and are evident in the development of slope variances along the road and
shallow depressions across the road (2). The rate of deformation changes as the bitu-
minous layers compact and as the mechanical properties of the constituents change.

To minimize plastic deformation, a variety of criteria (e.g., asphalt content, aggre-
gate gradation, specific gravity, voids, asphalt grade, thin film oven tests (TFOT),
and compressive stabilities of several sorts) are used during design and construction.
Collectively, these diverse criteria insure optimum performance. It would be advan-
tageous if the contribution of all factors relating directly to pavement performance
could be expressed in common units that would provide means for comparing the rela-
tive importance of each factor.

In previous research (phase 1), plastic deformation was studied in terms of the rut
depths developed in experimental pavements on a laboratory test track (g ). This study
showed the significance of asphalt viscosity in the rutting process and led to the equa-

tion, R = kn'n, where R is rate of rutting, n is asphalt viscosity, and k and n are con-
stants. The data strongly indicated that pavement characteristics such as asphalt con-
tent and compaction influenced these constants. Thus, if the contribution of composi-
tion and construction variables could be quantitatively determined, k and n might be
used to characterize a pavement or serve as a basis for design. In addition, these

Paper sponsored by Committee on Characteristics of Bituminous Materials and Means for
Their Evaluation.
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constants could provide the desired means for comparing the relative effects of the
variables.

Research has been continued in this area to determine the effect of viscosity grading
at 140 F and of pavement composition and construction. Two series of pavements
(phase 2 and phase 3), comprising about 50 individual pavements, were made with 13
asphalts from eight crude sources. Pavements were subjected to many wheel passes,
simulating severe traffic conditions, on the laboratory test track.

EXPERIMENTAL CONSIDERATIONS

All pavements had the same basic design (similar to that of a dense-graded Illinois
I-11 specification). In phase 2, pavement composition was constant, but all the asphalts
were used. In phase 3, a single asphalt was used throughout, but pavement composi-
tion was varied somewhat more than would normally occur in the construction of actual
roads. Pavement design and construction and track equipment were substantially as
described in phase 1 (3).

Asphalts

The asphalts included domestic and foreign crude sources and were made by several
manufacturing methods. All were commercial paving materials but were blended in
the laboratory to be in the midpoint of the viscosity study ranges proposed by the As-
phalt Institute. As indicated in Table 1, all four grades were represented, although
most were either AC-10 or AC-20 grade. Temperature susceptibility was judged by

TABLE 1
ASPHALT CHARACTERISTICS

Asph. Original Viscosity
Asphalt Inst

TFOT Walther
Ratio Slope

(140 F) (140-275F)

; Penetration Sp. Gr, Flash
Study 140 F 275 F at 77 F at60 F COC

No.. Bource Grade Posises Centistokes

1 A 5 530 183 2.9 3.68 108 1,025 500
2 B 10 1,300 3 3.1 3.43 128 1.035 465
3 C 10 1,330 324 2.4 3.57 82 1.017 620
4 D 10 1,400 325 2.7 3.58 85 1.013 595
5 E 10 1,360 304 2.8 3.62 81 1,036 590
6 F 10 1,370 392 2.2 3.41 105 0.999 640
7 G 10 1,420 352 2.7 3.52 83 1.015 615
8 A 20 2,650 339 2.8 3.78 37 1.044 520
9 H 20 2, 020 402 4.6 3.55 82 1.019 620
10 E 20 2,590 432 2.8 3.57 51 1.041 660
11 F 20 2,610 498 2.4 3.49 12 0.998 625
12 B 40 4,440 671 3.5 3.43 56 1.045 480
13 F 40 4,540 645 3.2 3.50 53 0.999 680
TABLE 2

AVERAGE AGGREGATE GRADATION

Passing Sieve (1)

Series
Y% . % In. No.4 No.10 No. 40 No.80 No, 200 Fines

(a) Surface

Design - 0 36 20 22 7 8 0

Phase 2 - 0 33.9 21.2 22.8 10.2 4.7 (B

Phase 3 - 0 32.4 22.6 20.2 7.4 8.6 8.8
(b) Binder

Design 0 25 45 45 30 30 30 30

Phase 2 0 20.7 38.0 10.3 17.5 10.5 1.7 1.3

Phase 3 0 24.1  33.7 10.9 16.5 12.5 1.5 0.8




TABLE 3 TABLE 4
PAVEMENT CHARACTERISTICS, PHASE 2 EXTREMES OF MAJOR VARIABLES IN PAVEMENTS
£ Asphalt . .
Pavement Asphalt 4 Fines,  Mix > Base :
—_—— : Variable Max. (4) Min. (%)
No. No. Surface Binder Surface  Ratio Case (%) #
(a) Pavements Testedat 150 F Asphalt in surface 4.75 6.63 3.81
Asphalt in binder 4,95 6.33 4,317
108 10 4.68 4.87 8.4 4,63 Fines in surface 8.6 1107 6.6
109 5 5.19 4.50 6.5 2.97
110 3 4,82 4.73 7.9 2,56
113 8 4,85 4.76 8.3 4,68
112 4 4.86 4.95 8.4 3.33
113 11 5.16 4.45 7.4 3.06
114 2 4,82 5. 05 6.7 3.31
115 7 4,86 4.70 8.6 3.01
117 6 4.78 4.84 6.7 4.04
118 1 5,25 5.05 7.1 2.51
119 12 4.57 4.82 7.4 3.51 Walther slopes between 140 and 275 F,
120 13 4,61 4,65 6.7 4,21 o .
121 1 507 510 "5 2,00 The TFOT ratio (see Appendix) was less
igg 1§ ; gg 2~ gg gg i ;g than 5 in all cases. Penetration, flash,
124 9 501 474 71 3 02 and gravity relate the asphalts to existing
(b) Pavements Testedat110 F practlce.
125 5 4,97 4,66 8.5 2,44
126 5 5.01 4.72 8.0 2,38 M
127 8 4,96 4.90 6.8 1.97 ; ; ;
128 4 5200 4.90 7 2’08 tI‘he ba.s1c design was by Marshall cri-
129 3 5.20  4.70 8.2 2.53 teria; optimum asphalt content was 4.75
130 7 4,80 4,60 6.6 2,25 ercent
131 2 4.98  4.69 6.4 2.67 p . . .
:gg 11 g 35  4.76 7.3 2,17 The phase 2 series consisted of 32 pave-
10 .04 4,80 7.8 2.74 s 3
134 8 Lo 1760 "4 372 ments made with asphalts repr.'ese‘ntmg all
}gg ig : gg 4.80 6.7 2.86 four grades of the study specification, Aver-
£ i e cn oY e age aggregate gradationis givenin Table 2,
gg g g 73 g 70 6.8 3.27 Asphalt content of the surface course aver-
.0 .07 7.2 2.48
140 1 170 480 o 235 aged 4. 92+ 0. 38 percent, andthatofthe

binder 4. 76 0. 33 percent, asindicatedin
Table 3. The 32 pavements were sub-
jected to several million wheel passes
with 16 pavements at 150 F and 16 at 110 F. Replication was provided in pavements
containing asphalts 1, 5 and 13; asphalt 5 was replicated at both temperatures.

The phase 3 series consisted of 16 pavements made with asphalt 11, To gain pro-
nounced response in performance, asphalt and fines contents of the surface course
were varied above and below the base case, which was the design of phase 2. Because
variable amounts of constituents adhere to the pug mill, composition was determined
by extraction of the pavements. Extremes of the major variables, none of which oc-
curred in the same pavement, are given in Table 4. Aggregate gradation was similar
to phase 2 and is also given in Table 2. Compaction was done at two levels, one normal
and one somewhat below normal.

The number of batches at each level was selected from several statistical designs
based on the experience of phase 2 and was chosen to provide the optimum opportunity
to test the major variables with the 16 track positions available. Replication of the
base case provided an opportunity to check possible technique variations from the
earlier phases.

Testing in the laboratory track was done at three temperatures in three cycles, the ‘
orders being 80, 125, and 100 F; 100, 125, and 80 F; and 80, 125, and 100 F. At each
temperature, rut depth was measured at three or four intervals. Duration of the test
at each temperature depended on attaining a measurable increase in rut depth. Tem-
perature variation in the pavements was +1 F all around the track, as measured with
four dial thermometers in each pavement.

Determination of Viscosity in Pavement

The viscosity of either the original asphalt or the TFOT residue, measured at the
temperature of the track test, was used in R = kn™1, Either viscosity provides useful




TABLE 5

PAVEMENT CHARACTERISTICS, PHASE 3

Pavement i ¢ Fines, Mix Age
No. Surtace Binder Surface Ratio Ratio
147 5.85 4,98 9.7 1.50 1.31
148 5.90 4,58 9.1 1.52 1.29
149 3.81 4,75 10.3 3. 47 4.48
150 5.51 4,45 11:7 1.83 1.65
151 4.6 4,72 .7 2.50 3.17
152 4.79 4,72 7.4 2.58 2.36
153 4.65 4.75 7.5 2.99 2.98
154 4.72 4.69 7.2 2.79 3.38
155 6.63 6.00 9.8 1.16 1.41
156 4.47 6.33 7.4 2.51 3.82
157 4,28 4,37 7.8 3.49 3.30
158 5.80 5.99 7.8 1.58 1.43
159 4.00 4.65 9.4 3.96 5.50
160 5.80 4.58 6.6 1.65 1.51
161 4.11 4, 38 6.8 3.72 3.05
162 6.11 6.19 7.8 1.38 1.27
163 3.94 6.22 8.7 5. 67 2,98
9
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correlations, but that of the asphalt in the pavement at the temperature and time of thé
test should provide the best correlation.

The viscosity of an asphalt increases during mixing by a factor called the mix ratio,
which is determined by the nature of the asphalt, the mixing time and temperature, and
the composition of the pavement. Mix ratios are given in Table 3. Viscosity continues
to increase over that in the fresh pavement by a time-dependent factor known as the age
ratio, The value given in Table 5 reflects the change that occurred near the end of each
test. Some pavements rutted faster than others and were removed from the track before
the end of the experiment.

The method of determining viscosity in the pavement is illustrated in Figure 1 by the
data on pavement 149. The original viscosity of each asphalt was determined at 77, 140,
250, 275, and 300 F and plotted on the viscosity-temperature chart. Viscosities of the
TFOT residues were determined at 77, 140, and 275 F. The plotted data are generally
parallel to the original curves. Asphalts extracted from fresh pavements were meas-
ured at 140 and 275 F and extrapolated parallel to the original and TFOT curves.
Finally, asphalts extracted from tested pavements were measured at 140 and 275 F
and similarly extrapolated. For agiventemperaturelevel, viscosities were interpolated



~ T T 1Tl I lllllli
10 |— —
® i -
o - A 125F =
(T2} —
| s o
z
= O o \ .\
w o a \ \ =
= = = \ Y =
2 3 = \ \ =
& y \ \ T
o.
] [ \ 100F .
z \
2 8
Zz = A =
W =
y < [ =
V « =2 8OF =l
o | | | = . | [
0 1 2 3 4 5 64105 2 o =
WHEEL PASSES 4
Figure 3. Determination of rut rate. 0.01 I— —
linearly between the curves for the fresh I [ I e L 1 Lilti
pavement and the tested pavement, using 0.01 0.1 1.0

the number of wheel passes between the
two pavement conditions as the criterion.
Although phase 3 pavements were

made with the same asphalt, the viscosi-
ties in the pavements differ considerably
as a result of testing conditions and asphalt content (Fig. 2). Low asphalt content de-
creases the asphalt film thickness on the aggregate particles, resulting in higher vis-
cosities and, therefore, higher mix and age ratios.

RUT DEPTH, INCHES

Figure 4. Dependence of rut rate on depth.

Determination of Rut Rate

A detailed description of rut measurement has been given (3). Briefly, the track is
shut down at intervals and a profilometer with 60 places for a dial indicator is located
over each pavement by means of fixed bench marks. The average maximum difference
in transverse profiles is taken as the rut depth. Depth is plotted against wheel passes
and the rate is calculated in inches per million wheel passes.

The phase 2 pavements were tested at two temperatures and the rate of rutting was
determined graphically. Four of the 32 curves obtained are reproduced in Figure 3.
Rutting is relatively rapid during the early passes, probably due to compaction and
reorientation of the surface particles. The rate soon reduces to a nearly constant
level. Correlations between rut rate and viscosity in phase 2 make use of this level.
The rate continues to reduce in tests of longer duration; similar rates have been re-
ported for actual roads (1). High rates ended phase 2 too early to determine the full
shape of the curves. Also, the need for more frequent rut measurements at the initial
stage was indicated.

In phase 3, more attention was given to initial rutting. As in phase 2, plots of rut
depth vs wheel passes were prepared. These were not smooth curves but consisted of
segments of varying slope, a segment for each temperature in each cycle. Plots of log
R vs log D showed a marked dependence of rate on depth as shown in Figure 4 for pave-
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Figure 5. Dependence of rut rate on asphalt content.

ment 149, Similar plots for all pavements showed that the data form a family of parallel
straight lines with temperature as a parameter. The family of plots was used to com-
pare the 16 pavements at fixed rut depths and temperatures. A correlation between rut
depth and wheel passes was developed from the two plots: R = dD/dP from the depth vs
wheel pass plots, and R = h/D8 from the rate vs depth plots.

Equating and integrating these plots yields the following equation:

D=[(g+1)hP]g—+1 (1)

where g an h are constants. This equation can be used to reconstruct continuous rut
depth-wheel pass curves for each pavement and temperature.

The effect of asphalt content and rut depth is emphasized in Figure 5. The upper
curve shows the rate, calculated by the method used in phases 1 and 2, for all pave-
ments during the first cycle on the test track at 80 F. The rates are averages for the
first 20,000 passes, during which time the depths became different for each pavement.
These initial rates are high, and the apparent effect of the 2.8 percent difference in
asphalt content is only tenfold. The lower curve takes cognizance of the effect of rut
depth on rate; rate decreases with rut depth much more rapidly for pavements with low
asphalt content. By the time each pavement had reached a depth of 0.3 in. , the better
pavements rut about 1, 000 times less than the poorest pavement (155). The two curves
show that the most meaningful comparison between pavements must be made at the
same rut depth,



REGRESSION ANALYSIS

Other variables affecting the performance of pavements are fines in the surface,
asphalt content in the binder, and compaction. No single figure can show the effect
of all the variables, much less the interactions between the variables. To resolve
these complex actions and interactions, the data were subjected to regression analysis.
Data from the two phases were separately analyzed by linear least squares regression.
The same model form was used for both phases, but additional terms were used in the
models for phase 3 because of the emphasis on pavement variables.

Phase 2 Regression

The data are most conveniently handled as plots of log R vs log 7. An adequate re-
gression equation includes both asphalt viscosity in the fresh pavement and asphalt
content:

logR = -0.13 - 0.62 log (nx 10™%) + 0.28 A (2)

It applies at the average rut depths encountered in phase 2, i. e., from zero to approx-
imately 0.5 in.

Observations on phase 2 pavements were adjusted to a common value of A = 5 per-
cent by means of Figure 6, which is a graphical solution to Eq. 2. At the intersection
of R and A, for example, R =9 and A = 5.2, one can follow the viscosity parameter to
A=5and read R = 7.8. The figure can also be used to predict R for pavements of
known n and A. For example, if A is 5.4 percent and 7 at some temperature is 4 x 10
R is 2.5 in,/million wheel passes.

Data adjusted in this way for phase 2 are shown in Figure 7. Deviations from the
central line represent minor differences in percent fines, percent asphaltinthebinder,
and residual errors. At each test temperature, separation of the pavements by grade
is evident. Source of the asphalt is of little or no importance except insofar as it de-
termines the viscosity-temperature slope, m. Because 150 F is nearer to the tem-
perature at which the asphalts were graded (140 F) than is 110 F, the data tend to

spread more at the lower temperature.
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Figure 6. Determining rut rate from 1) and A, phase 2.



Phase 3 Regression
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The results can be expressed in several ways:
wheel passes vs selected rut depths (Eq. 4), or rate of rutting vs viscosity (Eq.5):

Ba=
C=

P—DI-B1
T 1-B:
r-9D_

VISCOSITY (FRESH PAVEMENT), POISES

Figure 7.

dp

Effect of viscosity on rut rate.

10Bo DB: (n x 10”

-0.515 + 0,914 (A -5) + 0. 322 (F -8.5)
-1.719 + 0,209 (A -5) + 0. 235(F -8.5)
-1.149 + 0.143 (A -5);

-0.0135 - 0.143 (A -5);

rut depth vs wheel passes (Eq. 3),

1

)Bz + Bz log (1 x 107%)

+1 for normal compaction, -1 for less than normal; and

n = pavement viscosity at the time of measuring D.

1-B
= [(1 - Bl) ]_OBO P(n % 10_5)B2 + Bs log (n % 10_5)} 1

-1
[IOBO (77 % 10_5) Bz + B3 log (7 x 10‘5)]

-0.086 C-0. 1578 (F -8.5) C;
- 0.001C - 0.20 (F -8.5)C;

(3)

(4)

(5)

Eq. 3 is preferred because these measurements are made on actual roads and because

rut depth is a significant factor in the AASHO serviceability index. The equation is

conveniently expressed graphically as plots of log D vs log P with the other variables
as parameters, as shown in Figure 8 for the case of normal compaction at 7.0 per-

cent F,
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For a particular pavement, Eq. 3 reduces to
D = KpN (6)

where K and N are constants; this equation is similar to Eq. 1. Thus, all of the data
may be expressed by this simplified equation and a table relating composition variables
to values of K and N. Table 6 lists such values for whole numbers of A, F and n.

The value of K for any value of A and n may be determined from Figure 9. For ex-
ample, K=0.5atA= 5.2, F=9, and n=6 x 10°. The corresponding value of N (which
does not vary with n) is determined from the equation

N =0.212 + 0.030A + 0.005(F -7) = 0.378 (M)

Observed vs Calculated Rut Rates

The utility of the phase 3 regression equation for predicting plastic deformation from
pavement design was judged by comparing the calculated and observed rut rates from
all three phases. In each case, the observed rates were compared with the rates cal-
culated by means of the phase 3 equation. The comparison for phase 3 is shown in
Figure 10, where the points cluster around the 45° line of perfect correlation through
five decades of rut rate. The fit to the central line is good, considering this wide
range in rates and the difficulties in making precise observations on so complicated
a system.

Comparisons for the earlier phases are shown in Figure 11. The bias in case of
phase 1 may be caused by temperature measurement and control and other track tech-
nique improvements incorporated in phase 3. Individual pavement thermometers were
not used in phases 1 and 2. The comparisons also require considerable extrapolation
of phase 3 data with regard to pavement viscosity. Despite these variations, the phase
3 equations adequately predict plastic deformation.

Relative Effect of Pavement Variables

The relative effect of pavement variables may be judged using Eq. 3. Important
pavement composition variables include A and F. Pavement temperature is a major
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TABLE 6
VALUES OF CONSTANTS FOR NORMAL COMPACTION

Viscosity i 4 5 B

(poises) o K N K N K N
10* 7 1.110 0.335 1.835 0.361 3.285 0.390
9 1.430 0.343 2.441 0.370 4.547 0.401
11 1.866 0.352 3.300 0.380 6.412 0.413
10° 7 0.370 0.335 0.715 0.361 1.532 0.390
9 0.464 0.343 0.928 0.370 2.076 0.401
11 0.589 0.352 1.221 0.380 2.862 0.413
10° 7 0.151 0.335 0.272 0.361 0.540 0.390
9 0.185 0.343 0.344 0.370 0.710 0.401
11 0.230 0.352 0.442 0.380 0.948 0.413
10" 7 0.075 0.335 0.101 0.361 0.143 0.390
9 0.091 0.343 0.125 0.370 0.182 0.401
11 0.110 0.352 0.156 0.380 0.233 0.413
T 1//1/'![//|/I/(/PI// II‘I“,:IIIIII

\ / Y | =°

7

.

///A/ /AT,

10 103 106 107 108
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“
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Figure 9. Determining K from A and 7 (for F = 9, C = +1).

variable in rutting performance. Asphalt properties affecting road viscosity and, con-
sequently, rutting performance include the original viscosity level or grade, a measure
of temperature susceptibility (m), mix ratio, and age ratio. Ruts are not as deep for
pavements using viscosity graded asphalts when (a) A, F, or pavement temperature
are decreased; and (b) compactive effort, mix and age ratios, m, or original asphalt
viscosity level are increased.

Since there is a relation between mix and age ratios and asphalt content, the
effect of asphalt content is magnified by its additional effect on road viscosity.
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For asphalt 11, the experimental rela-
tionship between mix ratio and A is log
(mix ratio) = 1. 345 -0.196 A, as shown
by the solid line in Figure 12. At A =5
the mix ratio is 2.3, which agrees well
with the TFOT ratio of 2.4. It was as-
sumed that for other asphalts the rela-
tionship is parallel, as shown by the dotted
line for an asphalt of mix ratio of 3 at A =
5. Here the equation is log (mix ratio) =
1.455 - 0.196 A, which leads to mix ratios
of4.Tat A=4and 1.9 at A = 6.

Road viscosity for an average AC-10
asphalt (1,250 poises at 140 F) with a mix
ratio of 3.0, age ratio of 3.0, A of 5, and
slope of 3.5 at a pavement temperature
of 100 F would be 5 x 10° poises, as shown
in Figure 13. Lines are also shown for
asphalts with slopes of 3 and 4. Applying
the mix ratios for A = 4 and 6 leads to
viscosities of 16 x 10° and 1.7 x 10°, re-
spectively.

Using viscosities so derived, the rela-
tive effect of the pavement variables may

be judged by the example given in Table 7. The constants for the typical cases, shown
at the top of the variables columns, are K = 0. 465 and N = 0. 370, where K is numer-
ically equal to the rut depth at a million wheel passes. This is equivalent to a rut
depth of % in. at about 1 74 million wheel passes. The values of K and N are the re-
sult of varying each property separately (except for asphalt content of which mix ratio
and age ratio are a function as determined by experiment). For example, if all the
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TABLE 7
RELATIVE EFFECT OF PAVEMENT CHARACTERISTICS

@ Fines Walther  Mix  Age n Pto
Asphalt, ‘éurface’ e 1B} Gritds Slope Ratio Ratio (p‘lgbsless K N 0.5-In. D
Surface X )

52 9a 1002 102 3.52 3a 32 5.0  0.465 0.370 1.25

4 - = - = 4.8 4.8 16.0  0.158 0.344  14.6

5 2 - - = 3.0 3.0 5.0  0.465 0.370 1.25

6 = = - = 1.9 1.9 1.7 1.665 0.401 0.050

- 7 . s 2 = - 5.0  0.365 0.361 2.41

- 9 . : a = & 5.0  0.465 0.370 1.26

z 1 - 2 s - = 5.0 0.601 0.380 0.62

N 80 2 - - - 50.0 0.170 0.370  18.5

= - 100 = = - - 5.0 0.465 0.370 1.25

= z 120 - ~ = - 0.7 1.080 0.370 0.125

- - < 20 - - - 13.0  0.307 0.370 3.70

- > X 10 - » - 5.0 0.465 0.370 1.25

- - 2 5 < = 5 2.0 0.690 0.370 0.43

- p = B 4 5 « 10.0  0.345 0.370 2.74

2 " = = 3.5 - - 5.0  0.465 0.370 1.25

» = 3 - = 3.0 0.580 0.370 0.68

e 5 = = g 45 4.5 15.0  0.291 0.370 4.30

a = = - 3.0 3.0 5.0  0.465 0.370 1.25

= = = - - 1.5 1.5 0.9 0.973 0.370 0.165

4 n = = x 48 4.8 16.0 0.130 0.335  55.8

6 11 = - < 1.9 1.9 1.7 2,200 0.447 0.036

5 - = 20 4 4.5 4.5 80.0 0.140 0.370  31.2

= = = 5 3 1.5 1.5 0.23 1.730 0.370 0.034

20 20
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Figure 14, Effect of variables on performance.
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properties except asphalt content in the surface course are held at the typical value
and A is varied from 4 to 6 percent, K would vary from 0. 158 to 1. 66; or if the tem-
perature for the typical case is varied from 80 to 120 F, K would vary from 0. 17 to
1.08.

The relative effect of the variables can also be expressed as wheel passes to a given
rut depth, as in Figure 14, where the typical case is shown at the top of the centerbars.
Varying one property at a time clearly shows that temperature and asphalt content over-
shadow the effects of asphalt properties.

The effect of simultaneously varying the pavement parameters A and F compared
with simultaneously varying the asphalt parameters is shown at the bottom of Table 7.
Possible variations in pavement job-mix parameters for a single construction project
introduce greater variations in performance than do asphalt parameters, even when
the range is from the center of the AC-5 to the center of the AC-20 grade with values
of m and mix ratio selected to encompass the national range of available paving asphalts.

CONCLUSION

The rut depth equation is of practical significance because it quantitatively relates
the contribution and interactions of pavement properties to performance. These con-
tributions can be calculated as precisely as current measurement techniques permit,
and can make more meaningful mix design feasible. Although the term rut depth has
been used, the general phenomenon studied in these experiments has been plastic de-
formation of pavements. The functional relationships in the rut depth equation should
be applicable to the study of changes in surface profile which originate in actual roads
under traffic.

The results are sufficiently encouraging to justify further studies on the contributions
of aggregate type and gradation and of pavement compaction. Should these also prove
successful, it would be reasonable to extend the study to mix design and possibly to
structural design. Experiments on actual roads should now be made to verify the re-
lationships found on the laboratory test track.
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Appendix

GLOSSARY
Symbols

A = weight percent asphalt in surface course;

B = constant in regression equations;

C = compactive effort;

D = rut depth (in.);

F = weight percent fines, < 200 mesh, in surface course;
K = intercept in log D vs log P plots;

N = slope in log D vs log P plots;
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P = wheel passes (million);

R = rut rate (in./million wheel passes);
g = slope in log R vs log D plots;

h = intercept in log R vs log D plots;

k = intercept in log R vs log n plots;

m = slope in walther plots;

n = slope in log R vs log 7 plots; and

n = asphalt viscosity (poises).

Terms

TFOT ratio—ratio of viscosity of TFOT residue to viscosity of original asphalt, both
at 140 F;

Mix ratio—ratio of asphalt viscosity just after mix plant operation to original viscosity,
both at 140 F; and

Age ratio—ratio of viscosity after aging in track to viscosity after mix plant operation,
both at 140 F.

Discussion

C. R. FOSTER, National Bituminous Concrete Assoc. —This paper has been prepared
in the usual excellent manner that characterizes papers from American Oil Company's
Research and Development Department and I have no comments on the data contained
in the paper or the analysis made of the data. I do think, however, that a comment on
the applicability of these findings to real pavements is in order.

In this paper the variables are evaluated in terms of rut depth under traific. The
manner of presentation and references to the AASHO serviceability index imply that a
small rut depth, or rather a slow rate of development of rut depth, is desirable. Fig-
ure 14 summarizes the effect of the variables in terms of passes required to produce
0.5-in. rut. Applying these findings to real pavements would dictate using: (a) the
hardest grade of asphalt available; (b) the asphalt that hardens most in the mixing
cycle and fastest on the road; (c) the least asphalt content; and (d) the least filler con-
tent. I believe a, b, and ¢ would lead to short lived, raveling pavements.

It hardly seems necessary to remind ourselves that in real performance on the
road, rich pavements flush and lean pavements ravel and that our desire is to "put in
all the asphalt that traffic will bear." I believe the data would be far more meaningful
if information was presented on passes required to produce flushing, and if rut depth
analysis was made only of pavements that were not flushed.

L. C. BRUNSTRUM, L, E. OTT, A. W. SISKO, T. L. SPEER, R. A, WILKE, and J. V.
EVANS, Closure—The authors appreciate Mr. Foster's perceptive comments con-
cerning pavement design and selection of the most meaningful pavement response.
We were exploring the relative effects of variations from optimum Marshall design in
terms of resistance of the pavement to plastic deformation. Certainly, there is no
substitute for good design in producing durable roads. Furthermore, such a design
does not require the hardest grade of asphalt, asphalts that harden rapidly, and low
asphalt content. But optimum design may not always be achieved and our experimental
design was intended to extend the variables beyond the narrow range of optimum design.
Responses other than plastic deformation were observed during the course of the
work, including flushing, densification, aggregate reorientation and asphalt migration.
A general correlation between plastic deformation and flushing was noted. However,
plastic deformation was considered the primary variable because it appears in the
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AASHO equation for serviceability index and because it is measurable. The onset and
progress of plastic deformation can be precisely measured on the test track and on
actual roads. We have not, as yet, developed means to follow flushing or densification
on the track. The rutting vs passes curves (Fig. 3) apparently are determined by two
rates: an initial portion controlled primarily by densification or other realignment of
the aggregate and asphalt, and a straight-line portion controlled by asphalt viscosity.
More detailed studies of the initial portion might be rewarding.

Mr. Foster has alluded to applicability of the findings to real roads. The authors,
too, realize the need to test the applicability of the relationships to real roads and
encouraged such tests in the conclusion.



A Study of Tenacity of Aggregates in
Surface Treatments

H.E. SCHWEYER and WILLIAM GARTNER, JR.
Respectively, Department of Chemical Engineering, University of Florida; and
Division of Research, Florida State Road Department

A study was made to develop a tenacity test for measuring chip
retention in surface treatment. A laboratory procedure is de-
scribed for forming a monolithic structure on the surface of a
simulated roadbed made up on a metal panel. The aggregate
chips were encapsulated on the surface so that the entire mass
could be pulled away from the roadbed and the strength of the
bond between the aggregate and the roadbed determined.

To keep experimental work to a minimum the number of
variables studied have been limited to aggregate and asphalt
spread quantity, the type, size and size distribution of the ag-
gregate, and consistency of the asphalt. Results cover a num-
ber of these variables but are not a complete survey of all of
them. To reduce variability of results, test procedures were
standardized carefully and enough samples were tested so that
statistical methods could be used with confidence. Additional
variables studied by statistical techniques include: (a) effect of
moisture and dust in the aggregate, (b) different operators, and
(c) the effect of aging before testing.

*MINERAL SURFACE TREATMENT of roads for either the construction of new pave-
ments or the repair and improvement of old roads is a relatively simple and effective
operation. However, many variables affect the actual construction of this type of
surface and introduce considerable variability in the final results, for example, by
cauging whip off of the aggregate or chips applied to the surface. Equally important is
the consideration that excessive use of aggregate is uneconomical and adds to the cost
of the treatment.

This research investigates factors that might be most important in determining the
economic and technical utilization of surface treatments with aggregates applied to
asphalts to provide a satisfactory road surface. Only preliminary laboratory research
which can be correlated with field performance is considered.

A considerable amount of work has been reported on mineral surface treatments, and
a review of surface treatments was made by Herrin, Majidzadeh and Marek (4) which
includes an annotated bibliography, an additional supplemental list of references, and
a comprehensive compilation of selected design procedures proposed by other investi-
gators.

Another comprehensive report has been given by McLeod (5); however, much of
this report is concerned with field practices rather than laboratory procedures. The
most extensive work found on laboratory study of surface treatments was that of Ben-
son and Gallaway (3). This report discusses experimental equipment used for and re-
sults of the study of chip retention. Many variables were studied and a selected bib-
liography is included.

Another pertinent reference is a paper by Nevitt (6) which discusses seal coat ag-
gregates generally and, in particular, particle size gradation effects and bitumen

Paper sponsored by Committee on Bituminous Surface Treatments.
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requirements. A bibliography is also included. A number of the variables involved
in chip retention are also considered in a report by Hank and Brown (3).

A review of the material available indicated that it would be desirable to study chip
retention with the particular combinations of asphalt and aggregate components used
in Florida. A design procedure following the proposed procedure of Benson (1) using
the Kearby embedment vs mat thickness diagram was utilized for consideration of the
asphalt and aggregate spread quantities. In addition, the studies also utilized the
standard practice in Florida for these quantities, although they were at the low end of
the specifications.

Herrin et al. (4) point out that there are a number of variables that must be con-
sidered in a test for evaluation of chip retention in surface treatment. Among the most
important aggregate properties are type, size distribution, mean size, percent voids,
surface texture, surface condition (dusty, damp), surface charge, and aggregate spread
quantity. Their list of important asphalt properties includes penetration or consist-
ency, source or type, asphalt cutbacks, asphalt emulsion, bitumen spread quantity,
and embedment.

Because of the range of variables that could be investigated, only a limited number
could be selected for this particular study. Those selected will be discussed in more
detail later. A single slag aggregate and an asphalt cement of about 150 penetration
were primarily used for the study.

The three main objectives in developing a tenacity test for chip retention were (a)
to provide a test section of optimum size for laboratory work that would be useful in
a simple rapid test, yet would be of proper sensitivity and indicative of actual service
conditions; (b) to develop a rapid curing formulation that would adhere to the aggregate
to provide a physical bond so that the aggregate could be pulled from the surface; and
(c) to design a suitable arrangement whereby the force required to separate the ag-
gregate from the asphalt could be measured with the proper degree of sensitivity.

PRELIMINARY EXPLORATORY STUDIES

To attain the objectives listed in the preceding section, considerable exploratory
work was conducted to establish a procedure and an apparatus that would meet the re-
quirements. The two principal goals of the exploratory study were to establish a
technique for preparing a suitable and representative miniature roadbed and to evaluate
various types of bonding agents to determine what types could best be used.

Design of Mineral Surface Roadbed

As a first approach to the selection of a roadbed, a 6.125- by 5.125-in. aluminum
plate was made with shoulders to retain the asphalt applied in the center. The asphalt
was laid on the plate and spread uniformly by maintaining a level surface and warming
the plate, without overheating, in an oven. After cooling, the aggregate was spread
by hand shaking as uniformly as possible on the asphalt surface and the prepared sur-
face was covered with a 1-in. thick rubber mat and subjected to a pressure of 15 psi
in a hydraulic press. The excess aggregate was removed by turning the plate upside
down without jarring. Approximately 85 percent of the spread quantity was retained.
Thus, there was a 15 percent excess above the experimentally observed spread quantity
obtained by hand spreading. This result corresponds approximately with those obtained
by Benson and Gallaway. After pressing the aggregate into the roadbed, a circular
metal form was pressed into the surface by a rotary motion with sideways displacement
of aggregate where necessary to embed the form into the asphalt. This form then con-
stituted a mold into which some type of a bonding agent could be cast to form a mono-
lithic structure with the aggregate after the bonding agent had set. For the first ex-
periments, 3-0z penetration tins were used as molds, as shown in Figure 1.

Figure 1 also demonstrates the manner in which the pulling arrangement for the
first experiments was accomplished. A nail through the tin was attached by a hook to
a chain which was, in turn, attached to the loading head of the testing machine. This
arrangement permitted a vertical pullout of the bonded aggregate, and tests were made
under a variety of conditions.
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Figure 1. TFirst experimental mold arrangements for tenacity tests.

There was great variability in this test arrangement, and, therefore, arrangements
were made to change the designs of the mold and the test plate. As a matter of record,
the experiments reported here used a Scott tensile tester, which consists of a cross-
head moving at a constant speed against an increasing load. This machine was selected
because of its availability and because a rather high sensitivity was desired. However,
this type of test machine causes certain difficulties in analyzing the data, since failures
at different values probably do not occur under similar conditions of deformation. In
general, failure occurred in these tests by a single rapid pullout at some indicated
load where the surface parted, as shown in Figure 2.

To reduce the variability of the test, the design of the mold was changed by in-
creasing its diameter and also by substituting a solid bar for the chain in the linkage
between the mold and the loading head on the Scott testing machine. The new mold,
shown in Figure 3, was used in all studies following preliminary exploration work with
different bonding agents. The mold is essentially 4 in. in diameter. The solid bar
linkage was free to move for proper alignment and is shown in Figure 4. The use of
mold with the test linkage on a small roadbed, similar to that used previously, is shown
in Figure 5. After these experiments, a roadbed surface was used which could ac-
commodate three molds at one time (Fig. 6). Since a number of these test plates was
available, at least 27 test specimens could be sef un when the statistical analysis was



21

Figure 2. Illustration of nature of surface after pullout.

made for variability. However, certain defective tests, either because of improper

preparation or improper assembly of the testing head, made it impossible to have 27
results in every case. The minimum numbker of tests run was 24. For some experi-
ments, 51 samples were used. A few tests with limited quantities of materials were

made.

Selection of a Bonding Agent

The preliminary experiments on this test were made using an epoxy resin formula-
tion which set rapidly through the formation of a solid polymer by a heat-accelerated
process. Since this heat is self-generated in the setting process, its effect on the re-
lationship of the asphalt to the aggregate posed problems. A curing time of less than
2 hr was desired so that the samples could be tested within a reasonable time after
being prepared. However, the exothermic reaction heat was too great and the bonding
agent had too short a pot life, requiring a new batch for each mold poured. Shell
Epon 815 with 5 percent ethylenediamine and 5 and 10 percent curing agent U gave about
the same results but required 4 days to cure sufficiently. Because of these results,
the epoxy type resin bonding agent was discarded.

A second type of polymeric bonding agent made up of polyesters was next considered
for study. These materials set to solid polymers by the use of free radical forming
catalysts, but their curing has a disadvantage where surfaces are exposed to oxygen.
The internal curing occurring below the surface of the tenacity test molds proceeds
independently and is not affected. This resin proved interesting and for a time it was
thought that a satisfactory formulation could be perfected with these materials. After
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Figure 3. Large mold for tenacity test.

making various trials, a Celanese MR-62-CL polyester resin with a 3 percent cobalt
accelerator (Nuodex) and 3 percent MC-1 catalyst paste (benzoyl peroxide) formulation
was developed. This starts to set within 15 min and produces a satisfactory setting
agent within a short time. Accordingly, a considerable amount of experimentation was
carried out using this particular type of formulation. For these experiments, various
spread quantities of asphalt and a slag aggregate and a Miami limestone aggregate
were used. These tests were carried out concomitantly with the studies on the roadbed
and small molds. Figure 1 shows the transparency of the resin and how it covers the
aggregate.

Further experimental work with the polyester resins indicated that they also had
certain disadvantages, principally the displacement of the asphalt from the baseplate
by preferential wetting of the baseplate and a rather high shrinkage factor, resulting
in some cases in the mold pulling from the baseplate without carrying the complete
bonded structure with it. For these reasons, this type of bonding agent was also dis-
carded.
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Following the experiments with the
E r organic-type bonding agents, it was de-

cided to try an inorganic type such as

TO LOAPING pudrocal (U.S. Gypsum Co.). This agent

s PEVICE  gets in a relatively rapid time and is quite

:]_]I;E:I——\ ]O[ [_— simple to handle. Accordingly, after

) satisfactory preliminary experiments,
this material was used throughout the re-
mainder of the work done on the tenacity
test. The details of the preparation of the
Hydrocal are given in the Appendix. The
enlarged test plate, together with three
molds, is shown in Figure 6 after the
Hydrocal has been added and the samples
have set.

\_A On completion of these exploratory ex-

periments, it was thought that the test
had some merit as a measure of the
strength of the bond between the asphalt
and the aggregate as typifying a mineral
. surface roadbed. Accordingly, a more
3 AT 120 elaborate experimental program was un-
dertaken to obtain certain quantitative in-
formation regarding the test data.

EXPERIMENTAL WORK

The test procedure is described in the
Appendix. Essentially, the procedure
consisted of adding an excess of asphalt
to the preheated test plate and then remov-
ing the excess with a doctor blade, leaving
the desired asphalt spread quantity on the
test plate. As mentioned before, the ag-
Figure 4. Linkage for attaching tenacity gregate was then spread on the cooled

test mold to loading head. asphalt by hand as uniformly as possible

and the mixture was compressed in a hy-

draulic press with a rubber mat on top of

the aggregate. The excess aggregate was
removed and molds were pressed in position on the compacted roadbed. During this
step, no attempt was made to move the aggregate; if a large aggregate was in the way,
it was broken since the molds were placed on the roadbed under pressure. The Hy-
drocal slurry was then prepared, poured into the molds, and permitted to harden in a
constant temperature room at 73 F. All tests at ambient temperature ranges were
made at 73 F. However, other tests (reported later) were made with the test machine
placed in a constant temperature room large enough to permit a man to work. These
tests were made at temperatures up to 140 F.

Materials Used

The two asphalt cements used for most of these tests were Florida AC-15 materials,
commercially supplied, which met AASHO specification M20 for the 150 to 200 pene-
tration grade. One (S59-16) had a penetration of 168 and a viscosity at 77 F of 0, 33
megastokes. A second sample (S62-9) of AC-15 was required because the initial sup-
ply was exhausted. This sample had a penetration of 150 and a viscosity at 77 F of
0.32 megastokes. In addition, for one set of results four other asphaltic materials
of differing viscosities were studied. Data on these materials are given in Table 1.




24

=

Figure 5. Assembly of test equipment with 4-in. mold.

Two base aggregates were used in this study, a slag (S62-1) and a Miami limestone
(s59-19), both meeting the specifications of the Florida State Road Department for
grade No. 16 modified aggregate. The gradation of this aggregate is as follows:

Passing Y»-in. sieve, 100 percent;
Passing %-in. sieve, 90 to 100 percent;
Passing No. 4 sieve, 30 to 60 percent;
Passing No. 10 sieve, 0 to 10 percent; and
Passing No. 16 sieve, 0 to 5 percent.

Certain other aggregates were used in the studies of the effect of size distribution,
but these were derived from the slag No. 16 mentioned previously. The aggregate
spread quantity applied to the samples was 20 percent greater than the spread quantity
designated by the Florida State Road Manual. After pressing the aggregate under a
rubber mat at a pressure of 15 psi, excess was removed from the surface by a wrist-
snapping action. The mold was then placed on the roadbed. The plate, asphalt, and
aggregate were weighed separately after each component had been added to record
the amounts. In general, most of the studies reported in this paper refer to an
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Figure 6. Samples on test plate preparatory to measuring tenacity.

asphalt spread quantity of 0. 12 gal/sq yd. However, some studies were made at dif-
ferent spread quantities. Generally, the aggregate quantity was 0. 10 cu ft/sq yd.

Testing Procedures

After the samples had been prepared and the Hydrocal poured, the assembly was
allowed to set for about 1 to 1% hr. These samples were aged at 73 F, as mentioned
before. The Scott tensile tester was employed to measure the pullout force using a
linear speed of 11.3 in./min on the pulling head. The total force is measured on the
instrument and coverted to pounds per square inch, based on the area of the mold.
The results for the experimental program are given in the form of tables and figures,
but many of the details have been omitted to conserve space.

RESULTS

Effect of Asphalt Spread Quantity

The influence of the spread quantity of asphalt when increased from 0. 12 to 0. 30
gal/sq yd is indicated by the frequency polygons shown in Figures 7 and 8. A statisti-
cal analysis of the results for these figures is given in Table 2.

Considering the individual aggregates, the results show an increase in tenacity
of approximately 5 to 10 percent for an increase of 2%, times the spread quantity of
asphalt. This effect is of about the same order of magnitude as has been noted for
certain field tests for Florida asphalt cements of the type used in this study. The sta-
tistical analysis indicated that only once out of 100 times would the larger tenacity
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TABLE 1
ASPHALT PENETRATION AND VISCOSITY DATA
Penetration, Viscosity,
Asphalt T F Mr
(100g/5 sec) (megastokes)
Gulf Coast naphthenic (5119) Soft 0.0027
East Central Texas resid. (S120) 235 0.11
East Texas asphalt (8117) 174 0.27
92 1.0

Florida AC-8 (S60-17)

values for the higher spread quantities be
attributed to chance for both the slag ag-
gregate and the Miami limestone,

Effect of Aggregate Type

Additional study of the data in Table 2
at the same asphalt spread quantities for
the two aggregates when based on asphalt

spread quantities of 0. 12 and 0. 30 gal/sq
yd indicates that there is no appreciable

difference for the results obtained by either aggregate.

Influence of Size Distribution of Aggregate

The slag No. 16 (S62-1) used in these experiments was separated into a coarse and
fine fraction using a No. 4 Tyler sieve (0. 185-in. opening). These two fractions were
compared with the tenacity results for the whole aggregate (Fig. 9, Table 3).

The data for the fine fraction are similar to those for the whole material. The null
hypothesis that they are from the same populations cannot be rejected at the 0.01 prob
ability level. However, a study of the results for the coarse fraction shows a some-
what lower value for the tenacity test. At a spread quantity of 0.12 gal/sq yd, the
tenacity value for the fine and whole fractions are about 21 percent higher than for the
values using the coarse fraction of the slag. As indicated in Table 3, there was an
increase in the tenacity value as the asphalt spread quantity increased. Other data in
Table 3 are given to complete the statistical analysis.

Influence of Moisture Content of Aggregate
A series of experiments werc 1uan in which the aggregate was wet with water to
various degrees. When completely wet, the slag aggregate used in these experiments

was found to carry about 12. 5 percent water. By partially drying some of the wet
aggregate, it was possible to obtain more

or less uniform moisture contents for the
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27

TABLE 2
EFFECT OF ASPHALT SPREAD QUANTITY (AC-15)
Slag No. 16 (S62-1) Miami Limestone No. 16 (859-19)
Measurement
0.12 Gal/Sq Yd 0.30 Gal/Sq Yd 0.12 Gal/Sq Yd 0.30 Gal/Sq Yd
No. of samples 51 52 27 27
Mean tenacity value
at 73 F, psi 13.1 13.9 13.2 14.4
Std. dev., psi 0.88 1.21 0.89 1,27
Coeff. of variation,
percent 6.72 8,71 6.75 8.80
95 percent confidence
limits for mean 12.8 13.5 12.8 13.9
13.4 14.2 13.5 14.9
Mean aggregate weight
per plate, gm? 220 262 269 310

aReported here as a matter of interest to show effect of spread quantity.

aggregate at different levels, as indicated in Table 4. The statistical results, shown
in Figure 10, indicate that a partially wet aggregate did not greatly influence the re-
sults, although when the aggregate was completely wet there was an appreciable change
in the tenacity value.
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Figure 9. Effect of aggregate size distribution.
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EFFECT OF AGGREGATE SIZE DISTRIBUTION?

TABLE 3

S62-1

Mésnreot R62-23 R62-24 R62-24
Whole Fine Coarse  Coarse
No. of samples 51 27 27 17b
Mean tenacity value
at 73 F, psi 13.1 13.3 10.9 12.8
Std. dev., psi 0.88 1.71 2,74 0.97
Coeff. of variation 6.72 12.8 25.1 7.58
95 percent confidence limits
for mean, psi 12.8 12.9 9.8 1243
13.4 13, 12.0 13.3
Mean aggregate weight
per plate, gm 220 165 286 305

®psphalt AC-15 (859-16) at 0.12 gal/sq yd.

bThese data are for an asphalt spread quentity of 0.30 gal/sq yd; the
number of samples is low because the supply of this fraction of the
aggregate was exhausted.

Influence of Dust in Aggregate

It was also considered desirable to test the effect of a high dust content in the slag
on the tenacity value. Some of the slag No. 16 (S62-1) was ground overnight in a ball
mill and that portion of the ground material which passed through a No. 200 sieve was
used as a dusting agent. Certain preliminary experiments using dust without any ag-
gregate gave a very large variability in results with tenacity values ranging from 6. 2
to 16.7 psi. A study of the surfaces indicated that there was a partial and variable
bond with the dust, asphalt, and Hydrocal. This would cause the variance obtained
and would not be similar to the separation of the mineral from the asphalt. Certain
tests were also made in which an aggregate dust combination was used, but here again
there was considerable variation in the results because a uniform dusting of the ag-
gregate could not be obtained with the small quantities involved in the mixing. One
other set of experiments was carried out in which the surface was first covered with
the dust, the excess removed, and the aggregate applied to the surface. This pro-
cedure resulted in a very definite lowering (approximately 33 percent) in the tenacity
value. Here it is expected that the presence of dust interfered with any coherent bond
between the mineral aggregate and the asphalt component.

TABLE 4

EFFECT OF MOISTURE CONTENT OF AGGREGATE ON
TENACITY VALUE2

4,086  8.5% 12.5%
Meamurement OvenDrY  ypist.  Moist.  Moist.
No. of samples 27 27 27 26
Mean tenacity value at
73 F, psi 12.5 11.9 11.7 4.85
Std. dev., psi 1.48 1.22 1,73 1.00
Coeff. of variation, percent 11.8 10.3 14.9 20.6
95 percent confidence limits
for mean, psi 13.1 12.4 12. 4 5.3
11.9 11, 10. 4.4

®pephalt AC-15 (862-9), 0.12 gal/sq yd; sggregate, slag No. 16 (862-1).
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Figure 10. Effect of moisture content of slag aggregate.

Effect of Viscosity of Asphalt

During this investigation, it seemed apparent that the viscosity of the asphalt had
a considerable influence on the value of the tenacity measurement. Accordingly, it
was considered desirable to investigate exactly how this viscosity might influence the
results. Tests were run at temperatures up to 140 F and results showed a rapid de-
crease in the tenacity value (Fig. 11). All tests above 73 F were performed in a
special constant temperature room in which the operater actually aged the samples and
performed the measurements at the test temperature (92, 104, 122, and 140 F). The

1
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Figure 11. Influence of test temperature on tenacity value.
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Figure 12. Relation between tenacity and viscosity for several asphalt-aggregate
systems.

operator was able to remain in the room at 140 F for the time necessary to perform
the test because the humidity in the room was very low. In each of these cases, at
least 24 samples were run at each temperature.

The results indicated that the viscosity of the asphalt greatly influenced the tena-
city value; accordingly, a chart was made up, as shown in Figure 12, in which the
tenacity values at different temperatures are plotted against the viscosity of the asphalt
AC-15 (S62-9) at the same temperatures. In addition, as indicated by the solid dots,
data were also included for some additional asphalt base materials having a different
range of viscosity from the AC-15 used in most of the work reported here. These
different asphaltic materials ranged from a soft fluid Gulf Coast naphthenic residuum
to a Florida AC-8 asphalt cement. The line drawn in Figure 12 represents an esti-
mated smooth curve through all of the data that were available. The viscosity data at
different temperatures for the asphalt cement AC-15 used in most of the experiments
were obtained by plotting experimental data on the standard ASTM viscosity chart and
reading off the values at the temperatures used for the tenacity test measurement.

Influence of Aging

There was some indication that the test
values were affected by the length of time
between the preparation and the testing of

TABLE 5 the samples. This phenomenon was not
EFFECT OF AGING ON TENACITY? totally unexpected since it is well known
that there is an aging effect on asphalt in
iy Raadied Age many physical tests because of the col-
easurement s 3
2Hr 22%Hr 92Hr 170Hr loidal nature of the asphalt which sets
after it has once been melted. Apparently
m-m?ft ::a“clll’tlei : 21 9 9 9 this effect has also shown up in this tena-
TE, psi | 125 163  19.4  20.1 city test. To obtain quantitative data on
Std. dev., psi 1.48 1.7 0.58 1.6 the influence of aging, certain experiments
Coeff. of varia- were run as indicated in Table 5.
Gpn,pevcent ALY 107 S8 101 Samples aged up to 170 hr displayed a
“Asphalt §62-9, 0.12 gal/sq yd; aggregate, slag No. steady increase in the tenacity value which,

16 (g6ecl). when plotted against the log of time,
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Figure 13. Change in tenacity value with aging of samples.

showed essentially a straight line (Fig. 13). For these samples, as indicated in Table
5, the number of samples was somewhat limited because the quantity of materials was
limited. However, the trend is significant and is perhaps one of the most important
results obtained in this study. I the correct relationship between time and tenacity
value is a semilog plot as shown, the tenacity value increases with aging at a rate
which decreases as an inverse function of time.

Variance for Two Operators

A brief survey was made of the effect of using two different operators for perform-
ance of the tenacity test. The results are given in Table 6. The data in the table in-
clude results for a new sample for AC-15 ($62-9) which is compared with the results
obtained on the AC-15 used for the earlier work. As noted earlier, the viscosity of
the asphalt had an appreciable effect on the results and, therefore, any variation in the
viscosity of the asphalt for a given asphalt cement specification would be expected to
affect the tenacity value. The range of data shown for S62-9 with two operators was
from 12.5 to 13.9 psi, which is considered an acceptable agreement. Refinements of
the test procedure probably could reduce this difference, but no further work was done
in this direction.

TABLE 6
COMPARISON OF DATA BY TWO OPERATORS?

Asphalt §59-16, Asphalt 562-9

Measurement
OReTataz & Operator A  Operator B

No. of samples 51 27 50
Viscosity at 77 F, mega-

stokes 0.33 0.32 0.32
Mean tenacity at 73 F, psi 13.1 12.5 13.9
Std. dev., psi 0.88 1.48 2.34
Coeff. of variation, percent 6.7 11.8 16.8
95 percent confidence limits

for mean, psi 12.8 11.9 13,4

13.4 13.1 14,5

®pephalt AC-15, 0.12 gal/sq yd; aggregate, slag No. 16 (S562-1).
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CONCLUSIONS

The studies conducted on the tenacity of aggregate according to the procedures used
in this research have resulted in the following conclusions and inferences. Not all of
the data have been reported here, but the major points are covered and indicate some
of the problems involved in developing a laboratory test suitable for evaluating mineral
surface treatments with respect to the tenacity with which the aggregate is held. In
general, these conclusions confirm the work of Benson and Gallaway (2) whose evalua-
tions were made by a different procedure. -

1. The tenacity test as developed appears to give a quantitative measure of the re-
tention force holding the aggregate, but the data are subject to a relatively high vari-
ance.

2. There is a complex interrelationship among the variables influencing the tena-
city with which the aggregate is held; any of these may be a critical factor in a particu-
lar evaluation. Based on the results for Miami limestone and slag, which are some-
what different in surface characteristics, it appears that the type of aggregate is not
too critical a factor.

3. A moisture content below a certain threshold value of approximately 8 percent
did not appear too critical, but since this was based on slag No. 16, such a generaliza-
tion should be used with caution.

4. A generalized relationship among tenacity and viscosity, where the viscosity is
altered either by changing the temperature or by changing the asphalt, has been shown
based on the results for a single aggregate.

5. The variance for the tenacity test as now run shows a high value with different
operators, although it is believed that this could be reduced by refinements of the
test procedure.

6. A definite relationship between the tenacity value and the aging of the samples
before testing was indicated. It was shown that even for short periods of time there
was an appreciable effect on the tenacity value. This might be one of the most im-
portant considerations in reducing whipoff and one of the most important conclusions
of this research. Thus by prohibiting traffic for somewhat longer periods during
general surface-treatment operation, it might be possible to reduce the whipoff if the
results of this research can be translated into field performance.
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A ppendix
TEST PROCEDURE

This is an abbreviated statement of the test procedure used in obtaining the results
reported in the paper. To conserve space, not all of the details of the procedure have
been included.

Test Equipment

A simulated roadbed of %-in. thick aluminum plate is made, having the dimensions
of 15.5 by 6.23 in. A steel form surrounding the edges of the roadbed has steps cor-
responding to specific spread quantities of asphalt, assuming that the asphalt has a
density of unity. These steps are used as guides for a doctor blade so that the proper
amount of asphalt is retained on the roadbed. The roadbed will take three molds ap-
proximately 4 in. in diameter with an inside cross-sectional area of 12. 8 sq in.

Preparation of Roadbed

The clean tared test plate is heated to about 375 F, and sufficient asphalt to provide
30 percent excess of the desired spread quantity is heated to about 300 F and poured
on the plate. The plate is manipulated to spread the asphalt uniformly over the sur-
face and then the assembly is permitted to cool. When the plate is cooled to about
110 F, a heated doctor blade is used to wipe off the excess quantity of asphalt so that
the desired spread quantity remains on the plate. The plate and asphalt are weighed
and the weight of asphalt is recorded.

While the asphalt is still warm, a properly dried quantity of aggregate sufficient to
give a 20 percent excess over the desired spread quantity is spread over the asphalt
surface. After cooling, a 1-in. thick foam rubber mat is placed on the aggregate and
the entire assembly pressed at about 15 psi. Excess aggregate is shaken off by a
wrist-snapping action and the plate is again weighed to determine the amount of ag-
gregate retained. Four-inch molds are then arranged down the center line of the plate
and pressed into the roadbed by means of a press.

Preparation of Bonding Material

Hydrocal A-11 or B-11 quick-setting cement (U.S. Gypsum Co.) is used as a bond-
ing agent to bind the aggregate to the molds. The material is prepared by thoroughly
mixing 125 gm of cement and 67 ml of water for each mold to be prepared and pouring
the slurry into the mold. The aggregate should be completely covered. The com-
pleted roadbeds are placed at a desired test temperature and allowed to stand for about
1.5 hr.

Test Conditions

The normal testing of the tenacity was carried out at a temperature of 73 F, using
a Scott tensile tester with a pulling head speed of 11. 3 in./min. In most cases, the
tenacity test used an asphalt spread quantity of 0. 12 gal/sq yd and an aggregate spread
quantity of 0. 10 cu ft/sq yd which are the minimum spread quantities specified by the
Florida State Road Department for this type of treatment with the aggregate used.

In general, three plates of nine molds were run in one group and three of these
groups were run in 1 day to give a total of 27 test values, provided none of the mold
and bonding setups were defective. Twenty-seven values were considered sufficient
for a statistical analysis.

Comments

The desired spread quantity of approximately 0. 10 cu ft/sq yd was sought in these
experiments, but it turned out the actual value was about 10 percent less as reported
in some of the tables.

The spread quantity of asphalt, theoretically, is the amount filling the spaces be-
tween the aggregate particles up to a thickness or embedment t. The total voids
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volume, therefore, is A-t, where A is the total area over which the aggregate is
spread.

As shown in Figure 14, the Kearby embedment chart indicates the fraction of total
embedment that should be used for an average mat thickness t in inches. This is a
design chart to determine the amount of asphalt to be used for aggregates of different
sizes, since the size of the aggregate determines the average mat thickness t. The
average mat thickness is computed from Eq. 2, which follows, or from some physical
measurement of the average particle size of the aggregates.

The following information relates the embedment and the amount of asphalt that
should be used for a given operation.

1. Embedment is that fraction of the average mat thickness that should be filled
with asphalt or bitumen. This is determined empirically as a function of the average
mat thickness t using the chart in Figure 14.

2. Spread quantity of aggregate, S:

S = S'/DL, cu ft/sq yd (1)

where S’ is spread quantity (Iby,/sq yd) and Dy, is loose-packed density (Ibp,/cu ft).
3. Average mat thickness, t:

t = 1.338 = 1.338"/Dg, in. (2)

also sometimes givenas t = EGfdf/ 100 in. where Gf is percent of mean size df from
sieve analysis.
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Figure 14. Kearby embedment chart (2).
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4, Spread quantity of bitumen or asphalt B:
B = 5.60etV = 5.60et (1-Dy/Dp), gal/sq yd 3
where V is total void space in the loose-packed aggregate, e is fractional embedment

and Dp is apparent density of aggregate equal to 62. 4 times its specific gravity (Ibpy/cu
ft).

5. Material weight for area A (sq yd):
wt = BppA = lb of bitumen (4)
wt = Sp,A = lbof aggregate (5)

where py is 1b/gal for bitumen and P, is Ib/cu ft for aggregate randomly packed.
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Slurry seal coats have become useful in maintenance operations during
the past few years; however, technology has lagged constructionknowl-
edge. Present specifications for slurry seals generally constitute an
empirical proportioning of components rather than a design. The pri-
mary objectives of this research were (a) to determine the effect of
mineral filler (a common additive) and residual asphalt content on the
slurry seal mixture, (b) to evaluate a new slurry seal testing machine,
and (c) to develop a method of design.

A method was for developed estimating the optimum emulsion con-
tent so that filler effects could be studied at the same level of design.
Operating and testing procedures were carefully evaluated for appli-
cability, and the variables of this testing procedure were standardized
for the ensuing slurry seal research program. The objectives were
evaluated from the test results and from visual inspections of the speci-
mens. The test variables, abrasion, shoving and relative thickness,
were correlated with a visual rating system. The data show that: (a) abra-
sionis the best measure to consider when evaluating a slurry seal mixture;
(b) limestone dust and cement were better fillers for use with Rockdale
slag aggregate; (c) cementand fly ash were more suitable with concrete
sand mixtures; and (d) the design equation for predicting the optimum
residual asphalt content was valid for slurry seal mixtures when tested
in the Young wet track abrasion device.

eA SLURRY SEAL is a mixture of fine aggregate, emulsified asphalt, and water. Ini-
tially, the consistency of the mixture is low so that it can be spread easily in thinlayers
on the surface of an existing pavement or on a prepared base. Slurry seal mixtures of
proper consistency are pourable, free flowing, and self-leveling. After placing, the
water evaporates causing the emulsion to break, and the remaining mixture is a rela-
tively durable, skid-resistant coating resembling asphaltic concrete in appearance.

A slurry seal coat has excellent sealing properties because of its low initial con-
sistency. This sealing property was first utilized extensively for roadway work by the
County of Los Angeles, Calif., in 1955, although the use of slurry seals had beenknown
since the 1930's (1). Since then, a great interest has developed, and slurry seal coats
have become useful in maintenance operations.

However, slurry seal technology has lagged behind construction; hence, the need for
a rational design procedure and evaluation method has become paramount, Present
specifications for slurry seals are based on the experience of the construction engineer
and constitute an empirical proportioning of the components rather than a design. The
current practice among engineers and contractors is to prepare a mixture in accordance
with these specifications, using local materials. In many cases, a mineral filler,
usually portland cement, is added to "improve' the slurry seal mixture.

Since experience has been the basis for the design of slurry seals, a primary pur-
pose of this research was to determine the effect of mineral fillers on the mixture,
and a secondary objective was to evaluate a method of slurry seal design.

Paper sponsored by Committee on Bituminous Surface Treatments.
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The general approach was to develop a method for estimating the optimum emulsion
content so that the filler effect could be studied at the same level of design. Accord-
ingly, a method of testing was adopted. Operating and testing procedures were care-
fully evaluated to determine if the tests were applicable to this study, and the variables
of this testing procedure were standardized for the ensuing slurry seal research
program. The objectives were evaluated from the test results and from visual inspec-
tions of the specimens.

SLURRY SEAL CONSTRUCTION

Purpose

The primary purposes of a slurry seal are to rejuvenate old and weathered asphaltic
pavements, to fill cracks and small depressions, and to prevent moisture and air from
entering the pavement (l). Slurry seal was used as a crack filler in the 1930's, and
this property is still useful. As an illustration of the relative effectiveness of slurry
seal coats, Zube (2) shows that they can reduce the water infiltration of pavements
from 750 to 25 ml/min for a given area.

It has also been observed that a seal coat of this type will completely fill cracks in
the pavement, whereas in a conventional chip seal coat, the aggregate will often bridge
the cracks (3). In the same manner, small depressions and pop-outs will be filled and
leveled.

Applications

Streets and Highways. —Slurry seal coats are used on streets and highways for the
purposes discussed, In general, slurry seals are applied to existing pavements of
asphaltic concrete or to surface treatments. They have also been applied to portland
cement concrete pavements to improve the skid resistance and riding qualities of the
surface. A slurry seal coat does not increase or improve the strength of the pavement
structure.

Slurry seals have been used for street maintenance in Las Vegas, N. M. A con-
tinuous-type mixer was employed for this project, and the slurry seal coat was placed
at the rate of 2,000 sq yd/hr. The slurry seal mixture contained 1 to 2 percent port-
land cement, 10 percent water, and 18 percent emulsion, based on the weight of dry
aggregate (4).

The application rate for slurry seals used for street and highway work usually varies
from 3 to 15 Ib/sq yd depending on the thickness desired and the intented purpose of
the coat.

Airport Runways. —One of the major problems in resurfacing an airport runway or
apron is the time factor. Many large commercial and military installations cannot
make costly shutdowns for normal resurfacing maintenance. Slurry seals have been
used effectively in these instances because large areas can be resurfaced in relatively
short periods of time. Another advantage is that no loose stones remain on the runway
and shoulders to be picked up by jet engines.

The application rate for airports will generally be a little heavier than for streets
and highways, probably about 10 to 14 Ib/sq yd. But here again, the desired thickness
and type of application are the controlling factors. When anionic emulsions are used,
the greater thicknesses will increase the curing time; therefore, cationic emulsions
are recommended for use in airport construction.

Parking Lots. —Slurry seal coats have been widely used on parking lots because of
the speed and economy of the operation. The rate of application for these surfaces
will usually be the same as that for streets and highways.

New Construction. —The slurry seal coat is generally considered to be a maintenance
measure to resurface older pavements; however, it has been applied directly to the
prepared base of new construction projects. A 3-year-old city street of this type was
inspected in Waco, Texas, and was found to be in good condition.

Slurry seals, when used in this manner, are spread in one or more applications
depending on the thickness desired; however, if more than one application is to be made,
the first must be properly cured before any succeeding layer is placed.
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Bridge Decks. —Concrete bridge decks have been paved with slurry seal coats to
protect the concrete from de-icing chemicals used during the winter months, This
covering is usually applied in the northern regions where these chemicals are used
extensively. One of the major advantages of slurry seal for this purpose is that the thin
application will not increase the dead load on the bridge or raise the grade line appre-
ciably; hence, the effective height of the curbs will remain the same. Also, successive
applications can be placed at the required maintenance intervals that will level the
wheelpath without increasing the thickness of cover.

Rumble Strips. —Thicker applications of slurry seal have been used experimentally
in the form of rumble strips and for the protection and delineation of highway transitions
and medians. This is a mixture of coarse aggregate (/2 in.) in a matrix of slurry seal;
it can be formed and placed in a manner similar to that of portland cement concrete.
Experimental strips have been placed with thicknesses up to ¥ in.

Color. —Although they are still in the experimental stage, colored slurry seals have
been successfully placed. These applications have been on small test strips, parking
lots, and driveways. Colored slurry seals have a potential in the field of traffic engi-
neering as a type of lane delineation at interchanges.

These slurry seals are made with emulsified resins instead of asphalt, which ac-
counts for their slower development. At the present time, the cost of a colored slurry
is approximately 5 or 6 times that of a conventional slurry seal coat.

Methods of Placement

Slurry seals are mixed for placement on the roadway by the batch and continuous
feed methods. When processed by the batch method, the mixture is usually made in
transit-mix trucks enroute to the jobsite. After mixing, the slurry seal in placed by
pouring the mixture in a spreader box pulled by the truck.

The spreader box is approximately 10 ft wide and 8 ft long with an adjustable gate
near the end. Placement of the slurry seal proceeds as the spreader box moves for-
ward. The mixture flows under the gate at the predetermined lane width and is struck
off to the specified thickness by a squeegee attached to the box. The consistency of the
slurry seal mixture at the time of placement should be such that it will flow in a wave
approximately 2 ft in front of the strike-off squeegee (1).

The quantities for a typical batch of slurry seal are 25 gal of water and 47 gal of
emulsion for each ton of dry aggregate (1). However, the quantities will vary with the
nature of the aggregate and the desired consistency of the mixture.

The continuous feed mixer may be one of several patented devices. These are usually
self-propelled units with storage bins for the emulsion, water and aggregate. Theraw
materials are fed continuously into the mixer, and the slurry seal mixture is discharged
into an attached spreader box similar to the one already described.

Slurry seals may also be placed manually. In this case, the slurry mixture is spread
by a hand squeegee in areas that are inaccessible to the spreader box. Slurry seal is
also mixed in small mortar mixers and hand placed for patching operations.

Problems in Slurry Seal Construction

The problems associated with slurry seal coat construction lie in the general areas
of mixing and placing. In mixing the slurry seal, the aggregates may ball or the emul-
sion may break. Segregation, streaking, and surface preparation are the primary
considerations when placing the slurry seal.

° Mixing Problems. —The mixing time of the slurry seal mixture is important because,
during mixing, the emulsion must coat the aggregate particles and the desired consis-
tency must be achieved. However, if the mixing time is too long, the excessive rolling
and tumbling of the mixture will cause an early break of the emulsion (_1_). When this
happens, the mixture will retain the brown emulsion color but will have a consistency
similar to that of stiff concrete. The slurry seal mixture cannot be placed in this
condition, and the addition of more water will not improve the consistency.

Other factors causing the emulsion to break in the mixer are the amount of fines or
mineral fillers and the chemical activity of these powders. Large amounts of mineral
powders and particularly powders with high chemical activity should be avoided.
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A different problem related to mixing of slurry seals occurs when dry fines or
mineral powders come into contact with the emulsion. Occasionally, there is a tend-
ency for these powders to form balls or lumps, which may reach the size of baseballs.
These balls are coated with emulsion on the outside, but when broken open consist of
dry uncoated aggregate. Balling can be eliminated by blending the dust and mineral
fillers with the aggregate before it is introduced into the mixer (5). Another preventive
measure is to wet the aggregates before they are mixed with the emulsion; however,
if too much water is added initially, the resulting slurry seal will have a very low con-
sistency and cannot be properly placed and manipulated.

Placing Problems. —The surface of the existing pavement must be carefully pre-
pared before the slurry seal is placed. This is done by thoroughly cleaning and wetting
the old surface, thus assuring a good bond of the slurry seal coat. The existing surface
is wet immediately ahead of the sealing operation with a fog spray of water, or a diluted
emulsion tack coat may be used if the old surface is particularly absorptlve 3, 5).

Another problem is placing the slurry mixture is segregation of the aggregate, which
will result in loss of adhesion. If the mixture is too fluid, the larger, heavier aggre-
gate will segregate or settle, leaving the smaller particles and emulsion in the upper
levels of the exposed surface. Since the larger aggregate will not have enough binder,
the seal coat will lose its adhesion and will fail. Segregation of the aggregate and
emulsion can be controlled by using a well-graded aggregate and controlling the water
and, thereby, the consistency (1). Usually the gradation can be improved by the addi-
tion of a mineral filler to the aggregate; however, this will vary with local aggregates
and conditions.

Still another problem in the placement of slurry seal mixtures is the streaking of
the seal coat surface by oversized aggregates. If the diameter of any aggregate is
larger than the depth of the seal coat, it will be caught under the strike-off squeegee
and leave a long streak in the surface. This can be prevented by screening the aggre-
gate before it enters the mixer (1).

PREVIOUS DESIGN METHODS
Existing Specifications

In general, the design of slurry seal mixtures is an art. The present design methods
are based on the experience of engineers and contractors and on the performance of ex-
isting slurry seal coats. -Since conditions and materials vary with time and locality, a
number of general specifications have resulted from these experience methods.

The Asphalt Institute enumerates the design requirements as aggregate gradation,
emulsion content, and consistency of the mixture; however, the design is regulated to
comply with the consistency requirement
(6). For example, this specificationgives
a range of emulsion content of 20 to 25
percent by weight of the dry aggregate and
a water content of 10 to 15 percent. The
SPECIFICATIONS FOR AGGREGATE water content of the mixture should include

TABLE 1

GHADETION the water in the emulsion and in the aggre-
4 Passing gates. The specification also recommends
U. S. Std. that trial batches of the slurry seal mix-
Sieve Sizes  Asphalt Amer, T ture be made with the materials to be used
Inst, Bitumuls on the job to insure that the proper propor-
o tions and consistency have been maintained.
I{IB — 10 100 100 The aggregate gradation recommended in
o. 4 100 100 85-100 ¢ . < . p .
No. 8 100 80-100 65-90 this specification is given in Table 1.
No. 16 55-85 50-90 45-170
No. 30 35-60 30-60 30-50 Field Adjustments
Eg: ggo %g_gg %g_gg }g:gg The final emulsion content of the slurry
No. 200 5-15 5-15 5-15 seal mixture is selected from the trial

= mixtures; however, since this selection is
Gereral, applications generally the result of limited tests, the
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mixture may be adjusted by the project engineer for unusual conditions encountered in
the field, The emulsion content may be increased if the mixture appears to be dry and
porous, that is, if the slurry seal contains an insufficient quantity of residual asphalt.

The consistency of a slurry seal mixture is estimated in the laboratory, but it is
controlled by field adjustments. The basic method of controlling the consistency is the
addition of water to the mixture, but if too much water is added the consistency will be
low and segregation may occur. The consistency of a slurry mixture is difficult to
measure because the available methods seem inadequate. Some of the methods con-
sidered for possible use were slump test, penetration test, and flow devices. Subse-
quently, the consistency of the slurry seal mixture is not determined, but the work-
ability of the mixture is controlled in the field by experienced operators and in the
laboratory by the feel of the mixture.

Workability is controlled in the field by regulating the water content of the mixture.
The workability may be improved in some cases by the addition of 1 or 2 percent min-
eral filler. Normally, portland cement is used for this purpose because of its avail-
ability. However, caution should be observed when adding these fillers because they
may cause the emulsion to break in the mixer or produce a dry mixture.

Difficulties Resulting from Improper Design

The most important factor in the design or proportioning of a slurry seal mixture
is the selection of the proper emulsion content for the particular aggregate involved.

If too much emulsion is used, the resulting seal coat will be sticky and will bleed; if
too little emulsion is provided, the pavement will ravel and wear excessively. These
same difficulties arise in some cases where the correct amount of emulsion was used
initially, but the existing surface absorbed the asphalt, resulting in a low residual
asphalt content in the slurry seal.

Another design factor to consider in preventing difficulties is that of gradation.
Mixtures low in fines or material passing the No. 200 sieve will generally segregate
and result in raveling and excessive wear, whereas those with excessive material
passing the No. 200 sieve will be brittle and develop shrinkage cracks as the water
evaporates from the mixture (5). The aggregates used for slurry seal mixtures must
be free of clay and other deleterious materials. Most specifications require a minimum
value of 40 for the sand equivalent test. The aggregate should consist of sharp angular
particles to provide a skid-resistant surface.

Objectives of Proposed Research

The development of a rational design procedure for the optimum emulsion content
of a slurry seal mixture is an important need in slurry seal technology. This research
will attempt to develop such a design method so that the results of this study, including
abrasion, shoving, and relative thickness of the specimen, can be examined at the same
level of design.

Once the design method for optimum emulsion content had been established, the
evaluation of the type and amount of mineral filler was made for each of the two aggre-
gates used in this study. These aggregates were Rockdale slag aggregate and a con-
crete sand; the mineral fillers studied were Rockdale fly ash, portland cement, and
limestone dust.

NEW DESIGN METHOD
Basis of Design

The design procedure developed in this thesis was conceived by Jimenez and is known
as the Surface Area Method for Design of Slurry Seal Mixtures. This method is based
on the amount of asphalt cement required to coat the aggregate particles to a specified
film thickness, and the amount of asphalt necessary to satisfy the absorptive charac-
teristics of the aggregate. (The asphalt cement in the voids of the mixture was not
considered, except indirectly by use of the film thickness.) Absorption of asphalt by
the existing pavement is another factor influencing the asphalt content, but it does not
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enter into these calculations. The pavement absorption is corrected in the field as
previously described.

The amount of asphalt to meet the film thickness requirement was calculated from
the surface area of the aggregate which was determined in accordance with the Cali-
fornia centrifuge kerosene equivalent (CKE) (7). The correct gradation was computed
from a combination of the aggregate and the amount of the mineral filler under con-
sideration. Using this gradation and the factors from the CKE test, the surface area
was computed in units of square feet per pound of dry aggregate. The surface area
thus determined was corrected for the specific gravity of the material in much the same
manner as in the original CKE test. For the purpose of this design method, the cal-
culated surface area was corrected by the ratio of the apparent specific gravity of the
material in question to 2. 65 as follows:

SG

Corr. SA = SA X 5= (1)

where

Corr. SA
SA
SG

corrected surface area, sq ft/Ib;
computed surface area, sq ft/lb; and
apparent specific gravity of the aggregate.

The value of 2. 65 was chosen as a basis for correction because it represents a good
average for most fine aggregates.

The asphalt film thickness used in this procedure is one of the principal design
variables. The design equation is presented so that the user may substitute into the
equation a film thickness based on his own experience. A film thickness of 8y was
chosen for use in this research because it resulted in computed asphalt contents that
correlated very closely to asphalt contents used with good results in field mixtures of
nearly the same aggregate combination. The selection of this value for film thickness
was also influenced by the fact that slurry seals may be considered as a form of asphal-
tic concrete, and data (8) have shown that 8y is a reasonable film thickness for asphal-
tic concrete.

Another important design consideration is the absorptive characteristics of the
aggregate. The absorption of the aggregate may be determined by the CKE test, the
ASTM test for water absorption, or in any other suitable manner, but the absorption
for the liquid used must be correlated to the absorption of asphalt by the same type of
aggregate. The CKE test (7) was used to determine the aggregate absorption in this
research, and the procedure is outlined in that test method. The amount of asphalt
absorbed is assumed to be the same amount as the kerosene retained by the aggregate.

Since the design factors have been established, the residual asphalt content can be
computed. The residual asphalt is the amount of asphalt cement remaining after the
emulsion has broken and the water has evaporated. The equation for predicting the
optimum residual asphalt content is as follows:

B KA
RA = 0.0002047 x SGp x t x Corr. SA + 100 (2)
where
RA = residual asphalt, Ib/lb dry aggregate;
SGA = specific gravity of residual asphalt;
t = film thickness, pu;

Corr, SA = corrected surface area, sq ft/lb dry aggregate; and

KA = Kkerosene absorption, percent.

An example of this computation and a typical data sheet are shown in the Appendix.
The equation coefficient consists of the conversion factors for the units of the com-
ponents of the equation. The coefficient used in this research was 0. 000209, based on
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a specific gravity of the residual asphalt of 1.02. The value of specific gravity was
assumed at the beginning of the project, and all of the emulsion contents were calcu-
lated using this assumption. At the conclusion of the slurry seal testing program, the
actual specific gravity of the residual asphalt was found to be 1.03. It was determined
that this variation in specific gravity would not significantly affect the optimum emul-
sion content.

The equation will yield an estimate of the designed optimum residual asphalt content
in pounds per pound of dry aggregate, or this may be taken on a percentage basis as
the percent residual asphalt of the dry aggregate. If the amount of residual asphalt in
the emulsion to be used is known, 67.0 percent in this case, the emulsion content in
percent can be easily calculated as a percent of the dry weight of the aggregate.

Testing Device

After the design of the slurry seal mixture has been completed, specimens must be
made and tested so that the design can be evaluated and compared to others that have
been field proven. The purpose of the testing device for this research was to compare
the optimum emulsion content with other amounts and to compare the type and amount
of mineral fillers at these emulsion contents.

The testing device for slurry seals was developed by Young Brothers of Waco,
Texas, and is called the Young wet track abrasion device (Fig. 1). The apparatus is
constructed so that the testing head is mounted on an inclined axis. When the machine
is in operation, the testing head rotates and imparts a gyratory shearing action to the
surface of the specimen. In addition, it creates a sucking or lifting effect similar to
that of a tire rolling on the surface of the pavement.

The testing head is a hard rubber (durometer value of 50) annulus agproximately 2
in. high with an outside diameter of 37; in. and an inside diameter of 1% in. The head
ir held by a steel positioning jacket so that it may be raised or lowered on the inclined
shaft. For the purpose of this research, the head was located so that its speed of
rotation was 6.6 rpm.

Testing Procedure

Operating and testing procedures for
the Young wet track abrasion device,
developed by Slurry Seal, Inc., were ana-
lyzed todetermine their applicability to
this research and the extent to which they
should be adopted. The test variables
examined were time, temperature, pres-
sure, and specimen thickness. The study
of these variables was conducted before
the method for numerical evaluation of the
tested specimens was finalized; therefore,
the evaluation was made from a visual
examination of the specimens on comple-
tion of these tests, and this rating of
specimens was based on the experience of
the operator.

Condition of Test. —To establish a
standard condition of testing, the speci-
mens were soaked in water and then tested
under water. It was believed that testing
under water would be the worst condition
imposed on a slurry seal and would also
help keep the surface of the specimen
free of any abraded material. Since the
specimens were tested in a water bath,
the temperature could be more easily
Figure 1. Young wet track abrasion device. controlled.
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Temperature. —The temperature at which the test is conducted has a very definite
influence on the results of the experiment. A series of tests was conducted at various
temperatures using a slurry seal mixture field proven by 4 years of good performance.
The effects of temperature were determined by testing 6-in. diameter specimens at
56, 75, 100, and 135 F while holding the other test variables constant, The slurry
seal mixture used for these experiments was a combination of 70 percent Rockdale slag
aggregate and 30 percent field sand at an estimated optimum residual asphalt content
of 10.7 percent. In fact, this slurry seal mixture was used as a standard for the test
procedure study.

The test specimens at 100 and 135 F were slightly abraded, and a considerable
amount of material was displaced from under the testing head and shoved outward and
upward at the outer edge of the tested surface. This behavior will hereafter be termed
shoving. At the lower temperatures, there was no evidence of shoving or abrasion in
the tested area. Since the two lower temperatures were considered reasonable choices
for test controls, the 75 F temperature was selected because of the ease with which it
could be maintained and because it agrees closely with temperatures used in other
asphalt testing procedures.

Pressure. —The wet track abrasion device is constructed so that a hydraulic jacking
system holds the specimen against the testing head during the test, and a pressure
gage is used to determine the pressure on the jack. This gage pressure was used to
control the pressure on the specimen. Tests performed at gage pressures of 150 and
200 psi revealed that there was essentially no difference in the resistance of the speci-
men to pressure. Since the procedure recommended by Slurry Seal, Inc., uses a gage
pressure of 150 psi, this value was used for the research.

The average pressure on the specimen was calculated by the basic principles of
fluid mechanics in which

Pp x A = P» x A @)
where
P; = pressure on jack, psi;
A, = area of ram, sq in.;
P, = pressure on specimen, psi; and
A; = contact area of the specimen, sq in.

The gage pressure was a known value of 150 psi and the diameter of the hydraulic

jacking ram was 1 in. The contact area of the specimen was calculated as a sector
of an annulus after the central angle had been determined. Thus, substituting these
known quantities into Eq. 3 yields an average pressure on the specimen of 25. 6 psi.

If a triangular pressure distribution is assumed, the maximum pressure will occur
at the outer edge of the tested area. Such a pressure distribution did not exist, but
the assumption was made to determine the relative magnitude of the maximum pres-
sure. Hence, the pressure at the outer edge of the tested area was calculated to be
approximately 38 psi.

Time. —The duration of the test was similarly studied with the emphasis placed on
the length of time required to test the specimen., Time trials of 5, 10, and 15 min were
employed using the standard mixture and at the temperature and pressure determined.
A profile of the specimen surface was determined before and after the test, and the
decrease in height and amount of shoving were obtained from these measurements.
These calculations indicated that the thickness of the tested area decreased with time.
An appreciable amount of shoving was not detected in the 5- and 10-min specimens,
but was evident in the 15-min determinations. The greatest decrease in thickness and
shoving occurred in the 15-min specimen, and it was concluded that the time should be
shorter. The only difference in the 5- and 10-min specimens was the thickness of the
tested area. It was felt that the 5-min duration was too short; consequently, the 10-
min test period was selected.

Specimen Thickness., —The thickness of slurry seals commonly used in the field
varies with the intended purpose, but the maximum is approximately Y4 in. The thick-
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nesses considered in this study were 7,, 71s, and %4 in. Thickness experiments were
conducted using the standard mixture with varying conditions of time, temperature and
pressure. When these test variables were evaluated and compared at the proposed
thicknesses, it was felt that the %6-in. specimen would be more suitable as a basis of
evaluation than either the 7s- or 7s-in. specimens. Moreover, the ¥1-in. thickness is
representative of the thicknesses currently used in construction.

Selection of Test Procedure. —The result of the foregoing studies was that the basic
procedure outlined by the developers was found applicable to this research. The only
additional test control included in the final testing procedure was temperature.

The original specimen size was modified to eliminate the edge effects of the testing
head on the slurry seal sample. The specimens used in this study were 6 in. in diam-
eter, whereas the original specimens were 4 in. in diameter. The specimen thickness
was increased from % to %16 in. as previously described.

The testing procedures and specimen size adopted for this research are believed to
insure adequate and efficient testing of the slurry seal mixture. Summarizing, the
slurry seal specimens were 6 in. in diameter and % in. thick. They were tested in
a water bath at 75 + 5 F at a gage pressure of 150 psi for 10 min in the Young wet
track abrasion device.

Another factor influencing the selection of these variables was the possibility of
future field correlation. Since the developers have field data on slurry seals tested in
a similar manner by this machine, these data may be used for comparison with this
research.

MATERIALS

Aggregate

The aggregates used for slurry seal mixtures are usually controlled by specifications
based on good field performance. The aggregate gradation recommended by the Asphalt
Institute Specification ST-3 (previously discussed) and the gradation limits proposed by
American Bitumuls and Asphalt Co. as reported by Kari and Coyne (5) are indicated in
Table 1 (6). The gradation suggested by Kari is based on the results obtained from
actual construction projects. The gradation recommended by the Texas Transportation
Institute (TTI) is based onthe maximum density curves derived by Fuller and Thompson (9).
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Figure 2, Aggregate gradation.



45

The maximum density curve was modified in consideration of workability by Jimenez,
in accordance with experience gained from field studies.

The aggregates used in this study were Rockdale slag aggregate and a concrete
sand. The Rockdale slag aggregate, produced at Sandow near Rockdale, Texas, is a
by-product of the lignite burned at the plant as a power source. The specific gravity
of this aggregate is 2. 90, and the gradation is shown in Figure 2. The concrete sand
was from the vicinity of Hearne, Texas. The specific gravity of this material was
found to be 2. 67, and its gradation is also shown in Figure 2. It appears from these
graphs that the Rockdale slag aggregate, for all practical purposes, is within the
previously recommended gradation limits, whereas the concrete sand is not. The
Rockdale slag aggregate has not been used in the field as a complete aggregate for
slurry seal mixtures; however, it appears to be satisfactory for this purpose.

The concrete sand requires an alteration of the particle size distribution before it
will meet the recommended gradation. For the purpose of this research, the gradation
of the concrete sand was changed to make it identical to the gradation of the slag aggre-
gate. This was done so that the mixtures made from these aggregates could be com-
pared on the basis of particle shape and surface texture, and the effect of asphalt con-
tent on these mixtures could be determined when the particle size distribution was
held constant.

Mineral Fillers

A primary objective of this study was to evaluate the effect of three mineral fillers
in slurry seal mixtures. A specification for mineral fillers, designated by the Ameri-
can Society for Testing Materials (ASTM) as D242-57T, was followed:

Passing No. 30 (590 y) sieve, 100 percent;
Passing No. 50 (297 u) sieve, 95-100 percent;
Passing No. 100 (149 y) sieve, 90-100 percent; and
Passing No. 200 (74 yu) sieve, 70-100 percent.

The three mineral fillers used in this study were Rockdale fly ash, portland cement,
and limestone dust with apparent specific gravities of 2. 57, 3.03, and 2. 74, respec-
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Figure 3. Mineral filler gradation.
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TABLE 2
EMULSION CHARACTERISTICS2

Test Type

Laboratory Manu. Spec.

Test Min.  Max.

Emulsion:

Viscosity, Saybolt Furol
50 ml at 25 C (77 F) (sec)
Residual asphalt (%)
Settlement, 5 days

3.0
Demulsibility in 50 ml of 0. 10N CaClz (%) — — 1.0
Sieve test (%) 0.1

Miscibility in water, appreciable
coagulation in 2 hr
Cement mixing test (%)

Residual asphalt:
Specific gravity, 25/25 C (77/77 F)

1.034 — —

Penetration, 100 g, 5 sec, 25 C (77 F) 80 - —
Ductility, 5 cm/min, 25 C (77 F)
Viscosity, 25 C (77 F), megapoises at
SR = 5 % 10¥/sec
Soluble in CCls

Ash

150+ — —

1.8 o —

8pmerican Petrofina SS-1h.

TABLE 3

EMULSION VISCOSITY BY THE
BROOKFIELD VISCOMETER

Spindle No. 2

Brookfield Viscosity

Speed (rpm) (centipoises)?
2 2,500
4 1, 590
10 828
20 596

8t 25 C or 77 F.

tively. The Rockdale fly ash was also a
by-product of the burned lignite described
previously. The portland cement was a
Type I cement obtained locally, and the
limestone dust from Pontiac, Il1l., was
used in the rehabilitation of the AASHO
test road in Ottawa. The grain size dis-
tribution of each filler is shown in Figure 3.
The particle size distribution for thefiller
passing the No. 200 sieve was determined
by a hydrometer analysis. The fly ash is
slightly outside the specification limits,
whereas the portland cement and limestone
dust are well within the specifications.
Portland cement and limestone dustare
commonly used in field mixtures as mineral

fillers, and it is believed that fly ash can also be used effectively when locally avail-
able. The cement and limestone dust are commercially available inalmostany locality.

Emulsion

Slurry seal mixtures are commonly made with anionic emulsions, either Type SS-1
or SS-1h. The emulsion used in this research was American Petrofina Type SS-1h

produced from a Talco, Texas, field crude.

The physical characteristics of the emul-

sion and residual asphalt are indicated in Table 2. The viscosity of the emulsion was
also determined by the Brookfield viscometer using spindle No. 2, The values of vis-
cosity and viscometer speed are given in Table 3.
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PREPARATION AND TESTING OF SPECIMENS

Experimental Design

This investigation was conducted with slurry seal mixtures containing combinations
of the two aggregates and three mineral fillers at five different emulsion contents.
Duplicate test specimens were made for each mixture. A total of 140 specimens were
prepared. Mixtures were first prepared using each of the two aggregates with no min-
eral filler and at the selected emulsion contents. Similarly, mixtures were made con-
taining 2 and 4 percent (by total weight of dry aggregate) mineral filler, These filler
contents were selected because 1 or 2 percent is commonly used in the field whereas
4 percent is probably the maximum amount that can be used economically.

The emulsion content of each mixture was based on a specified residual asphalt con-
tent. After the optimum residual asphalt content was estimated, the others were chosen
at 2 and 4 percent above and below the estimated optimum. These values were selected
because this range would include most of the values currently in use, and it was also
felt that the sensitivity of the testing device might not detect differences much smaller
than 2 percent.

Blending Procedure

Once the number of specimens and the emulsion and filler contents had been selected,
the constituents of the mixture were proportioned. A 1,000-gm batch of dry aggregate
and mineral filler was prepared for each set of specimens. This mixture was then
wetted with a small portion of the mixing water to prevent balling of the fines andbreak-
ing of the emulsion. The water added to the aggregate was measured so that it could be
included in the total water content of the slurry seal mixture.

The emulsion for one batch was weighed into the mixing bowl which was then trans-
ferred to the mixer. The aggregate was added to the emulsion along with enough water
to give the mixture the proper consistency. The total mixing time was 2 min, and the
constituents were added during the first minute of operation. The total amount of water
required was controlled by the operator who judged the consistency of the mixture by
experience. Normally, the water content of the slurry seal mixture was about 10 per-
cent by weight of the dry aggregate.

The mixer used for this study was a Hobart C-10 food mixer. A mechanical mixer
was preferred over manual methods because it was believed that more uniform results
could be obtained and it approached field mixing conditions.

Some difficulty was occasionally encountered. The emulsion would break in the
mixer, and the resulting slurry seal mixture had a very stiff consistency. This was
particularly evident in the mixtures of concrete sand with fly ash and cement. No
trouble was encountered in any of the mixtures containing Rockdale slag aggregate.

Molding Procedure

After the constituents were mixed, they were cast as circular specimens on 7 sq in.
steel plates. These plates were thin (approximately 0. 05 in.) and were primarily used
to facilitate the handling, testing, and removal of the slurry seal specimens.

The specimens were cast using thin steel rings as molds. These molds had an in-
side diameter of 6 in, and a depth of % in. The slurry seal mixture was placed in the
mold, and the top was struck off flush to obtain the desired thickness. The molding
ring was then removed, and the finished specimen was cured in an oven at 140 F for
24 hr until it reached a constant weight.

Testing Procedure

The cured specimens were tested in the Young wet track abrasion device within 48 hr
after removal from the oven. The normal procedure requires the specimens to be tested
within 24 hr, but the time was extended to 48 hr because of the large number of specimens.

The testing procedure included compacting the specimens in the abrasion device at
normal room temperature, about.75 F. The compaction was accomplished using the
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TABLE 4 standard procedures described previously;

COMPACTION OF SLURRY SEAL BY TRAFFIC however, the surface of the specimen was
Peralty (e cur) Voids? (4) protected from the testing head hy a steel
Time plate during the compaction process, and

el =3 = =3 s
t=VaIn.  t=Yeln. t=/lIn. t=wl.  the gpecimen was not compacted under

Tnit. 1.48 1.46 36.8 37.6 water. Compaction is necessary because
i iaxl(y 2: }3 3;3 2ji gg a newly placed slurry sealhas an extremely
1 mo 2.22 2.25 5.1 3.8 high void content. Traffic will compact

2 mo 2.23 2.26 4.7 8.4 the mixture in most instances as indicated

®Baged on computed maximum theoretical specific gravity in Table 4, but areas Subjected to hlgh
ds surface shears, such as turning move-
ments, are likely to be torn before ade-
quate traffic compaction can be achieved.

After compaction, the specimens were measured for density and soaked in a water
bath at the test temperature for at least 30 min. The testing sequence was such that
the maximum soaking period was approximately 1 hr.

On completion of the minimum soaking period, the specimens were tested in the
abrasion device under the standard conditions. Observations were made throughout
the test to determine if excessive abrasive action occurred. When this was the case,
the time that disintegration began was noted as well as the time the specimen had
abraded to its full depth.

At the conclusion of the test, the specimen was dried in a 140 F oven to a constant
weight, and the unit weight and final surface profile were determined. At this time,
the specimens were also rated visually for abrasion, shoving, and relative thickness.
From these and other measurements described in the next section, the necessary
factors were obtained to evaluate the slurry seal mixture.

MEASUREMENTS AND CALCULATIONS
Measurements

Presently, the most common method of determining the quality of a slurry seal coat
is by field inspection or by visual examination of a specimen. Kari and Coyne (5) de-
veloped a method whereby slurry seal specimens are tested and a wear value is ob-

9Qained. This is currently the only method available for numerically rating a slurry
seal mixture; however, one of the objectives of this research is to establish a better
method for rating a slurry seal mixture. The necessary measurements and calcula-
tions to rate the slurry seal mixture are presented in the following paragraphs.

Density. —The density of the test specimens was determined initially after compac-
tion and finally at the conclusion of the test. Both the initial and final densities are
required to compute the density of the material in the abraded portion of the specimen.
This computation is based on the fact that the density after testing is calculated from
the final weight divided by the volume after test. This volume has two components:
the volume of the unabraded portion and that of the abraded portion. The volume of the
unabraded portion may be calculated from the initial conditions if it is assumed that
this volume was unchanged by the test. Thus, all of the conditions are known except
the volume of the abraded portion of the specimen. Since the volume of the abraded
portion can be calculated, the only other factor needed to compute the density of this
portion of the specimen is the weight of the material in the tested section. This weight
was calculated from the initial condition of thickness, area, and density; however, it
was assumed that the only weight change was due to the abrasion of the machine,
Hence, the weight of material in the abraded portion is the initial weight of this portion
less the abrasion. With these factors known, the bulk specific gravity (SGi) of the
tested portion of the specimen was computed.

Thickness. —The thickness of the test specimen was determined initially when the
compaction process was completed. The measurements were made with a dial gage
mounted on a stand so that the gage could be positioned horizontally and vertically over
the specimen. The measurements were made from a fixed reference, and the thickness
was obtained by subtracting the thickness of the steel plate. The initial measurements
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were made on a diameter of the specimen
with the thickness determined at the center
and 1 in. from each edge. These are
shown in Figures 4a and 4b as measure-
ments A, B, and C. The average of these
depths was taken as the initial thickness,t;.

The final measurements were made on
the same diameter at locations numbered
1to 7, and these are shown in Figures 4a
and 4c. Measurements at locations 1 and 7
were made at the outer rim of the abraded
portion of the specimen where the great-
est amount of shoving was present. The
average of these measurements was the
final thickness, tf. The measurement at
location 4 was not used in this study.
Measurements at locations 2, 3, 5, and 6
(a) PLAN VIEW were taken inside the tested portion as
indicated in the figure. The average depth
of the specimen at these locations was in-
dicated by the distance, d.

3 g § " All of these thickness measurements
| ﬂ' were made at locations that were, in the
(b) PROFILE BEFORE TEST opinion of the operator, representative of

the surface of the specimen. The thickness
at each location was the average of several
readings taken in the immediate vicinity

3
o o
M_M % of that location.

(c) PROFILE AFTER TEST

Calculations

Figure 4. Sketch of typical specimen. . > .
8 — & Shoving. —The shoving behavior has

been described previously. This charac-

teristic is measured by the increase in
thickness at the outer edge of the tested surface as a percentage of the original thick-
ness. The computation of the shoving characteristic is

ey
£ y 100 @)

where

S = shoving, percent,
ty = final thickness, average of 1 and 7, in., and
ti = initial thickness, average of A, B, and C, in.

Shoving was observed in nearly all of the specimens tested, although it was significantly
greater in some of the specimens. The shoving feature is discussed in the following
chapter.

Relative Thickness. —The relative thickness, TR, of a slurry seal specimen is
defined as the ratio of final to initial thickness of the test specimen caused by the action
of the abrasion device. The volume of the portion of the specimen under abrasion will
usually be reduced, and a depressed area of the general shape shown in Figure 4c will
be formed. However, this not always the situation because the depressed section did
not occur on all specimens. In some samples the abrasive action of the testing head
was so great that all of the material in the tested area was worn away, and in other
samples there was no compaction or wear at all. Hence, evaluation of the relative
thickness must consider the wear on the specimen.
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The relative thickness was determined considering the average final depth as a
percentage of the initial thickness. This calculation is shown by

Tg = (/t;) x 100 (5)
where
TR = relative thickness, percent;
d = final thickness, average of 2, 3, 5, and 6, in.; and
tj = initial thickness, average of A, B, and C, in.

Abrasion, —The wear or material loss of the slurry seal specimen will be termed
the abrasion. This feature is measured as the percent weight loss of the material in
the tested portion of the specimen. The weight loss was found by the difference in dry
weights as determined in the density measurements made before and after testing. The
weight of the material in the abraded portion of the specimen is a function of the area
of the annulus (tested area), the initial thickness, and the initial density. The calcula-
tion is

Wp = 168.8 x t; x SGj (6)
where
WA = weight of mixture in area to be abraded, gm; and
SG; = initial specific gravity of specimen.

This calculation is based on the assumption that the area under the testing head re-
mains constant throughout the test. Using this value, the abrasion computation is

A omz ¥,
= ~Wi 00 (m
where
A = abrasion, percent;
W; = initial weight of specimen, gm;
Wg = final weight of specimen, gm; and
Wa = weight of mixture in area to be abraded, gm.

It is believed that this characteristic is the most important for the purpose of evalu-
ating any slurry seal mixture. The range of abrasion values for this study was from 0
to more than 100 percent. The values greater than 100 arose from the fact that for
cases where abrasion was appreciable, the testing head vigorously attacked the outer
edge of the abraded area. When this was the case, the previous assumption is nolonger
valid, but a slurry seal mixture in this condition would not be considered for field use.
Therefore, the slurry seal may be rated visually as unacceptable.

ANALYSIS OF DATA
Effects of Filler Content

As outlined previously, slurry seal specimens were made and tested using Rockdale
slag aggregate and a concrete sand with 0, 2, and 4 percent Rockdale fly ash, portland
cement, and limestone dust. The effects considered were abrasion, shoving, and re-
lative thickness as discussed in the section on the preparation and testing of specimens.
The density of the specimens was also studied to obtain a better understanding of the
specimens and their behavior during the test; however, the density was not considered
a test variable.

A statistical evaluation in the form of an analysis of variance (AOV) was made for
each of the test variables including density. The analysis of variance was arranged as
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a two-way classification with two observations per combination. All tests were eval-
uated at the 5 percent significance level, and the two classifications were filler content
as columns and residual asphalt content as rows. The AOV disclosed that in many
cases there was interaction between the filler content and asphalt content. This indi-
cates that the effects cannot be separated because they are not independent. In addition,
the AOV often showed no effects of filler or residual asphalt content on the results;
however, the data revealed that there were effects. Further examination of the data
showed the variance within the combinations was greater than the variance between the
groups; therefore, no effects were indicated by the AOV. Additional information ob-
tained from the statistical analysis was the indication of filler and/or residual asphalt
content effects.

The computations of the test measurements and the analysis of variance were made
using the IBM 709 computer.

In addition to the statistical analysis, a visual rating system was established so that
the slurry seal specimens could be rated as they were tested. Typical specimens were
photographed and are included here to provide a basis of comparison for the potential
users of this system, The slurry seal specimen with less than 1 percent abrasion,
little or no shoving, and a high relative thickness (85 to 100 percent) was rated as ex-
cellent (Fig. 5). Specimens with 2 to 5 percent abrasion, little shoving and a medium
relative thickness (60 to 85 percent) were classified as good (Fig. 6). If the specimen

Figure 5. Slurry seal test specimen——ex- Figure 6. Slurry seal test specimen—good:
cellent: A = < 1 percent, S = < 10 per- A = 2-5 percent, 8 = 10-15 percent, TR =
cent, Tg = 85-100 percent. 70-85 percent.

Figure 7. Slurry seal test specimen—fair: Figure 8, Slurry seal test specimen—un-
A = 5-10 percent, S = 10-15 percent, TR = satisfactory: A = > 10 percent, S = > 15
65- 80 percent. percent, TR cannot be determined.
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was fair (Fig. 7), the abrasion was less than 10 percent, some shoving was noticed,
and the relative thickness ranged from 65 to 80 percent, Specimens with more than 10
percent abrasion were rated as unsatisfactory (Fig. 8). This rating system was used
as the best judge of the slurry seal specimen at the time of testing, and it could pos-
sibly be correlated to field performance. An abrasion value of 10 percent is approxi-
mately the same as a wear value of 70 gm/sq ft as reported by Kari (5).

The shoving of specimens was termed noticeable if a slight hump could be felt by
passing the hand over the outer rim of the abraded annulus. Shoving values of less
than 10 percent could not be detected by the hand, whereas values above 10 percent
could be felt. For the purpose of this rating system, shoving values up to 15 percent
are not considered excessive. When abrasion was not excessive, the relative thickness
was estimated by the observer for the visual rating of the specimens. The range of
values for the classification has been discussed previously.

Rockdale Slag Aggregate. —The data indicated that the abrasion was slightly increased
in the Rockdale slag aggregate mixtures with the addition of mineral filler even though
the asphalt content was adjusted for the addition of filler. Mixtures containing fly ash
abraded more than those with cement or limestone dust; however, the abrasion did not
increase to the extent that the samples were unacceptable by the visual rating system.
The maximum abrasion, with the exception of one set of fly ash specimens, was ap-
proximately 5 percent which was rated as good to fair by the visual method. In most
cases, the weight loss was not increased above the 1 percent abrasion level by the
addition of mineral filler. Also, the density of specimens containing filler was gen-
erally less than that of specimens with no filler. This reduction in density might have
been caused by a fluffing effect of the filler. The data indicate that abrasion was slightly
greater in the less dense samples.

Summarizing, the weight loss increased as the filler content increased; however, the
abrasion of the cement specimens seemed to reach a maximum value at the 2 percent
level and to decrease slightly as the filler content was increased to 4 percent.

The shoving of Rockdale slag aggregate mixtures was improved by the addition of
mineral filler in all cases tested, although higher percentages of filler were usually
required to accomplish this result. Fly ash was the only filler used that appreciably
reduced the shoving at 2 percent filler content. However, the shoving for all these
mixtures was not considered excessive when rated by visual methods. The maximum
shoving was approximately 16 percent in the Rockdale slag aggregate specimens with
no filler, and the minimum amount was about 1 percent in the specimens containing
fly ash and cement,

The relative thickness of the specimens tested was slightly decreased by the addition
of mineral filler, but this reduction was generally less than 5 percent. Therefore, for
all practical purposes, the relative thickness of the specimens was unaltered. The
relative thickness ranged from 69. 8 to 74.9 percent, with the lowest value occuring in
the cement specimens and the highest in the specimens containing no filler. All of
these were rated as fair by the visual rating system as shown in Figure 7.

Concrete Sand, —The data show that abrasion of the sand mixtures was not signifi-
cantly improved by the addition of mineral filler if the proper amount of asphalt was
used. The AOV showed that interaction between the filler content and residual asphalt
content was present for all filler types. The only case where the addition of filler ap-
peared to improve the abrasion characteristics was in the +2 percent of optimum re-
sidual asphalt mixtures; however, this apparent improvement was created by an ex-
cessive amount of abrasion in one of the specimens of the sand mixture with no filler.
The abrasion of specimens made with limestone dust seemed to increase with larger
amounts of filler as was the case in the slag mixtures, but again, this increase was
relatively small. All of the specimens prepared at the optimum asphalt content were
rated as fair to excellent by the visual rating system; however, those prepared at
asphalt contents below optimum were abraded excessively and were rated unsuitable
for use in slurry seal coats.

The effect of mineral filler on abrasion for specimens at optimum residual asphalt
content can be seen in Figure 9. The abrasion of the specimens in these tests ranged
from almost 0 to 125 percent.
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Figure 10. Effect of asphalt content on
abrasion.

Shoving of the test specimens general-
ly increased with the addition of fly ash
and cement, but there was essentially no effect on the specimens with the addition of
limestone dust. In the fly ash specimens, an increase from 2 to 4 percent filler did
not affect the shoving for any particular residual asphalt content, whereas increasing
the cement content by the same amount generally increased the shoving. The range of
shoving values was from approximately 0 to 29 percent in the case of specimens pre-
pared with fly ash.

The relative thickness of the specimens could not be evaluated for the sand mixtures
because there was excessive abrasion of the samples. The reduction in thickness due
to the action of the testing device cannot be separated from the reduction caused by
excessive wear on the specimen; therefore, when the abrasion is high, for instance in
excess of 10 percent, the relative thickness is meaningless.

Effects of Asphalt Content

The residual asphalt content was an important factor in the behavior of the test
specimens. In every case, the residual asphalt content had an effect on the variable
under consideration. In the following paragraphs, these effects are discussed for each
of the aggregates tested.

Rockdale Slag Aggregate. —The data indicate the abrasion of the test specimens
decreases as the residual asphalt content increases from -4 percent of optimum to
optimum, If the residual asphalt contentis increasedto +2 percent of optimum, the
abrasion also increases; however, further increases in asphalt content will not neces-
sarily increase the abrasion. In the specimens containing cement and limestone dust,
the abrasion at +4 percent of optimum residual asphalt content was approximately the
same as the +2 percent value; however, the fly ash specimens indicated a slight de-
crease in abrasion at the +4 percent asphalt level. The effect of asphalt content on
abrasion is shown in Figure 10 for Rockdale slag aggregate with no filler and with 2
percent Rockdale fly ash.
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The shoving of the test specimens followed the same trend as the abrasion. The
maximum amount of shoving occurred at -4 percent of optimum residual asphalt con-
tent, and the minimum values were at the optimum. The shoving then increased with
increasing asphalt content to the +2 percent level with a slight drop at +4 percent re-
sidual asphalt content.

The relative thickness of the specimens generally increased with increasing residual
asphalt content with the greatest thickness occurring at -2 percent of the optimum as-
phalt content; however, the peak value of relative thickness for the specimens contain-
ing fly ash occurred at optimum residual asphalt content. The relative thickness then
decreased with increasing amounts of asphalt.

Concrete Sand. —The residual asphalt content was the primary factor in determining
the suitability of the concrete sand for use in slurry seal mixtures. When the proper
amount of asphalt was used, excessive abrasion was minimized, and the mixtures were
usually acceptable. The data revealed that the abrasion was substantially decreased
as the residual asphalt content was increased to the optimum amount; however, the
abrasion was also affected by the type and amount of filler in the mixture. The speci-
mens prepared with fly ash did not exhibit abrasion values in excess of 5 percent at
asphalt contents below optimum, and the abrasion was decreased as the asphalt content
was increased to optimum and above. As the residual asphalt was increased to +2 and
+4 percent of the optimum amount, the abrasion for all practical purposes remained
about the same; however, there was some fluctuation in the values with various types
and amounts of filler. The specimens containing no filler were abraded excessively
at +2 percent of optimum asphalt content, but the wear was back to an acceptable level
when this asphalt content was increased to +4 percent of optimum. These observations
were confirmed by the AOV which indicated that interaction was present between the
filler content and the residual asphalt content, An example of the effect of asphalt con-
tent on abrasion is shown in Figure 10. The data indicate a range of abrasion values
from 0. 2 percent at +4 percent of optimum asphalt content to 125. 6 percent at the -4
percent level. These specimens were
classified as excellent to poor by the
visual rating system.

The shoving of the test specimens varied
considerably but the data seemed to indi-
ik = cate that shoving was high at the lower
asphalt contents and decreased as the
nk amount of asphalt was increased. Con-
sequently, the lower asphalt contents
should be avoided when preparing slurry
9p seal mixtures with this aggregate.

The relative thickness could not be
evaluated because of the excessive abra-
sion of the specimens at the lower asphalt
contents.

Effects of Filler Type

Au analysis of variance was made for
each of the aggregates at fixed filler con-
tents to determine the effects of the filler
type. The comparison was made at 2 and
4 percent filler contents for Rockdale slag
ik aggregate and concrete sand with the filler

= ﬂ n e type (fly ash, cement and limestone dust)

ROGKDALE SLAG AGGREGATE  CONGRETE SAND as the columns and residual asphalt con-
FILLER TYPE tent as the rows.
Figure 11. Effect of filler type on abra- Rockdale Slag Aggregate and 2 Percent
sion at optimum residuel asphalt content Filler, —The AOV indicates that abrasion
and 2 percent filler content. was less for limestone dust mixtures than

ROCKDALE FLY ASH
PORTLAND GEMENT
LIMESTONE DUST

ABRASION, PERCENT
L
1
NO FILLER

NO FILLER
ROGKDALE FLY ASH
PORTLAND CEMENT
LIMESTONE DUST
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for the other fillers, and that cement was generally more effective than fly ash in re-
ducing the abrasion. An example of the effect of filler type on abrasion for 2 percent
filler content and at the optimum residual asphalt content is shown in Figure 11. The
abrasion for these mixtures ranged from 0 to 5 percent, and all were classified as
good to excellent by the visual rating system.

Rockdale Slag Aggregate and 4 Percent Filler. —The data showed that as the filler
content was increased to 4 percent, the cement tended to become the more effective
filler in reducing abrasion, and the limestone dust continued to give good performance.
Although the specimens containing fly ash showed the most abrasion, they were still
acceptable by the visual rating system. The abrasion for this group of specimens
ranged from 0 to 12.3 percent. This maximum abrasion value occurred in the fly ash
specimens at the +2 percent of optimum residual asphalt content. These specimens
received a rating of excellent in the visual classification, and there appeared to have
been very little material loss. However, even if these high values were disregarded
in the analysis, the results would not change significantly.

Concrete Sand and 2 Percent Filler. —The data indicate that specimens made with
fly ash will reduce the abrasion considerably more than either cement of limestone
dust for lower (less than optimum) residual asphalt contents; however, the cement be-
comes more effective at optimum asphalt content and above. The limestone dust ap-
peared to be the least effective in reducing abrasion for this particular aggregate. The
abrasion ranged from 0. 8 percent to 75. 3 percent.

Concrete Sand and 4 Percent Filler. —When the filler content is increased to the 4
percent level, the indication is that cement is foremost in producing a low abrasion
level. The fly ash was also effective in reducing the weight loss; however, the speci-
mens made with limestone dust showed a greater amount of wear. The range of abra-
sion values for these specimens was from 0.2 to 107. 6 percent.

Effect of Particle Shape and Texture

The original gradation of the concrete sand was changed by separation and recom-
bination so that it would be the same as the gradation of the Rockdale slag aggregate.
This was done so that the aggregates could be compared to determine the effect of
particle shape and texture. The Rockdale slag aggregate has an angular particle shape
and is rough textured, whereas the concrete sand has rounded smooth-textured
particles.

The comparison was made by rearranging the data so that an analysis of variance
could be made to test for differences in the aggregates. This was accomplished by
using a two-way classification with the aggregate type as the columns and residual as-
phalt content as the rows. The AOV was made for the aggregates with no mineral
filler, for the aggregates of each filler content, and for each type of filler.

The data revealed that for all types and amounts of mineral filler and for all except
two of the 70 asphalt contents tested, the abrasion in the Rockdale slag aggregate speci-
mens was less than that of the concrete sand. This seems to indicate that the more
angular and textured particles make better slurry seals than the rounded smooth-
textured particles.

SUMMARY AND CONCLUSIONS
Mixture Design

The results of the test conducted with the Young wet track abrasion device seem to
verify the design equation (Eq. 2). The predicted optimum residual asphalt contents
occurred, for the most part, at or near the minimum values of specimen abrasion.
The predicted optimum asphalt content nearly always resulted in a good mixture (by
visual rating system) suitable for use in slurry seal coat construction. However, the
proper aggregate gradation is essential in obtaining good mixtures.

Test Variables

The data indicated that abrasion was the best measure of the slurry seal performance
in the laboratory. The relative thickness and, to some extent, the density of the tested
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portion of the specimens are dependent on the amount of abrasion; when this weight
loss is excessively high, these effects cannot be separated. The shoving did not seem
to follow any particular trend or pattern that would influence the suitability of a slurry
mixture. However, these effects should be measured and reviewed to obtain a better
understanding of the mixtures.

Type and Amount of Mineral Filler

Mineral fillers are used in slurry seal mixtures to improve the gradation and work-
ability of the mixture. This research indicated that when mineral fillers are used for
this purpose in Rockdale slag aggregate or concrete sand slurry seals, the effective-
ness of the mixture may be reduced by an increase in the abrasion of the slurry seal
coat. However, this increase in abrasion may be very slight, and the qualities gained
may offset the increased wear. It was also found that some fillers will produce less
wear than others, and the data show that limestone dust and cement are the best of the
fillers tested for use with Rockdale slag aggregate in slurry seal mixtures, whereas
cement and fly ash are better suited for mixtures of concrete sand. In addition, the
amount of filler did not significantly affect the abrasion values of properly designed
slurry seal; therefore, the amount of filler will be governed by economy and the in-
tended purpose.

Asphalt Content

As pointed out in discussing the design method, if the residual asphalt content is
estimated by Eq. 2, the slurry seal mixture will give good performance when tested in
the Young wet track abrasion device. It may be generally stated that a properly de-
signed slurry seal will give good service irrespective of the amount and type of mineral
filler.
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Appendix
EXAMPLE DATA SHEETS AND CALCULATIONS

Surface Area

Surface Area

Total %/100

Sieve Size Factor Passing Surface Area
Max. 2 1.00 2.00
#4 2 0.991 1.98
#8 4 0.893 3.57
#16 8 0.568 4.54
#30 14 0.275 _3.85
#50 30 0.177 5.31
#100 60 0.103 6.18
#200 160 0.059 9.44

Total Area = 36.87 sq ft/1b

Absorption
A B AVG._
Tare + dry sample, gm. 407.0 407.1
Tare, gm. 307.0 307.1
‘ Tare + wet sample, gm. 411.6 411.8
Kerogene Ret, K.E,) 4.6 4.7 4.65

Note: See California test method #3038
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8 DATA T

Kerogene abgorption _4.65 % Film thickness,t _8 microns
Surface Area _36.87 ftZ/1b App. Specific Gravity _ 2.90
Corrected Surface Area = SA x —.2:65

app. SG

= _36.87 y 2.65 » _33.8 ¢¢2/1p
- 2.90

Asphalt for Surface Area/lb Aggr.
= 0.0002047 x SG, x t x corr. SA

= 0.0002047 x .03 x 8 x 33.8 . 0.0570 1p

Asphalt for absorption/lb Aggr. = Kerosene Absorption # 100

= 4.6 ¢ 100 _0.0465 1b
Total Residual Asphalt/lb Aggr. __0i1035 1b

Amount of asphalt in given emulsion = _ 67 7% by wt.

Emulsion/1lb r. = total Residual Asphalt , Q.J.%jj-. = 0134 1p
mulsion/lb Aggr. = Asphalt in Emulsion 0.67

Remarks (evaluation):

Discussion

W. H. CAMPEN, Omaha Testing Laboratories, Omaha, Neb. —On the whole, this
paper is very good. It enumerates many good points relative to the use, design and
construction of slurry seals.

The use of the surface area as a criterion for design is sound. However, the as-
sumption that slurry seal mixtures should have the same film thickness as similar
hot-mixed hot-laid mixtures is questionable. In my opinion, slurry seal mixtures
should be much richer in asphalt than hot ones. More specifically, slurry seal mix-
tures should have film thicknesses about 50 percent greater than hot ones. Based on
many years of experience in both the laboratory and the field, I have come to the con-
clusion that a film thickness of about 6y is adequate for hot asphaltic concrete mixtures
having maximum sizes of about 0.2 in. and higher. Therefore, I would recommend a
minimum of 9y for slurry seal mixtures.
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My experience has shown that lean slurry seal mixtures are brittle and either fail
to adhere to the treated surfaces or abrade easily. For this reason, I prefer the richer
ones, even if they tend to shove a little.

WILLIAM J. HARPER, RUDOLF A, JIMENEZ, and BOB M. GALLAWAY, Closure—
The authors thank Mr. Campen for his discussion of this paper. However, we would
like to remind Mr. Campen that the film thickness in the design equation is not speci-
fied; hence, the user of this method may substitute a film thickness based on his own
experience or use our value of 8u.

The computed residual asphalt content is based on both film thickness and absorp-
tion requirements. For example, in the illustration in the Appendix of the paper, the
amount of asphalt required for absorption is 0.0465 Ib/lb of aggregate and that for ef-
fective film thickness is 0. 0570 Ib/lb of aggregate. The total amount of residual as-
phalt for this example is 0.1035 Ib/lb of aggregate. Using this amount and a corrected
surface area of 33. 8 sq ft/lb of aggregate, the ratio of asphalt to aggregate surface
area obtained is 14.5y. Although this value may appear to be high, it is necessary for
coating the usual existing pavement surface. In view of this, it appears that we are in
accord with Mr., Campen in that slurry seals should be richer in asphalt than asphaltic
concrete.

The film thickness of 8y used in this study was based on experience, substantiated
by field performance of existing slurry seals in Texas.



Voids in One-Size Surface Treatment Aggregates

JOHN L. SANER and MORELAND HERRIN
Respectively, Graduate Research Assistant and Professor of
Civil Engineering, University of Illinois

A fundamental concept used in the design of surface treatments
is that the quantity of bituminous material needed is determined
as the amount required to fill the voids between the aggregates
to an optimum depth. This study was performed to determine
the influence of aggregate characteristics on the void space in
a one-size surface treatment aggregate. The laboratory in-
vestigation was conducted by spreading the aggregate one layer
thick in a flat bottom pan and pouring known volumes of water
into the container between the aggregate. By measuring the
depth of the water andthe volume of the voids, the percentvoids
could be computed.

The volume of the voids did not vary in direct proportion
with the depth within the aggregate, as is assumed in current
design methods. In general, the more rounded aggregates,
such as the gravels, had a smaller volume of voids than the
more angular crushed stone. Insome instances, the difference
in the percent voids produced by a change in shape of the aggre-
gate was quite large. Regardless ofthe shape of the aggregate,
the smaller aggregates hadgreater percent voids thanthe larger
aggregates. The aggregate particles, when placed with their
least dimension in a vertical direction, had less voids than
when in random arrangement.

oIN DESIGNING surface treatments, perhaps the most important quantity to be com-
puted is the amount of bituminous material that must be sprayed on the roadbed. In

m i i i thic Arna itw ic A r»minad aoc tha amaint naanninad
most of the existing design methods, this guantity is determined as the amount required

to fill the voids between the aggregates to an optimum depth (Fig. 1). This fundamental

concept was first stated by Hanson in 1935 (2). It is so simple and logical that it is

used by most of the other design methods. Since there is a direct relationship between

the voids space and the amount of bituminous material needed, this investigation has

been performed to determine the influence of various aggregate characteristics on the
void space in one-size surface treatment
aggregates. Indirectly, this study should
indicate which aggregate factors influence
the amount of bitumen needed in a surface

BITUMINOUS AGGREGATE treatment construction.
BINDER PARTICLES

| VOIDS AS USED IN EXISTING

. ; METHODS OF DESIGNING
In his early investigations, Hanson (2)
observed that the aggregate particles,

Figure 1., Cross-section of surface treat- when first dropped on the asphalt Surface,
ment. are oriented in random directions; i. e.,

Paper sponsored by Committee on Bituminous Surface Treatments.
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some are on edge, some are vertical, and others lie on their largest side. Hanson
reported that the aggregates in this state had approximately 50 percent voids. After
rolling and even under traffic loads, the aggregates tended to reorient themselves so
that they presented their least dimension in the vartical direction. Under these con-
ditions, Hanson reported, the voids between the aggregates were approximately 20
percent Hanson and McLeod (6) 1nd1cate that this void volume is independent of the
size of the cover aggregate, e.g., Vi, /2, or /4 in. Thus, it is thought by some in-
vestigators that the volume of voids in the surface treatment aggregate is only related
to the position or orientation of the aggregate and is not influenced by the size or type
of the aggregate.

Other investigators believe that the percentage of voids between the aggregate varies
with the character or shape and surface texture of the aggregate. McLeod and engineers
in Australia indirectly consider the shape by varying the amount of bituminous material
neededto fill the aggregate voids to an optimum amount according to the type of aggregate
(6). Otherinvestigators, (1, 4, 5), indirectly consider the shape by determining the
volume of the voids to be filled with bituminous materials directly by first placing
aggregate in a large cylinder. Benson (1) and Kearby (4) weighed the aggregates and
computed the percent voids by using the specific gravity of the aggregate. Mackintosh
(5), on the other hand, measured the volume between the aggregate particles in the
cylinder by determining the quantity of water needed to fill the voids. In both cases,
the assumption is made that the aggregate in the one-stone thick layer will have the
same arrangement and voids on the road surface as it will have in the cylinder. This
assumption is probably not true. Benson (1) even acknowledges that this assumption
is incorrect, but he uses it nevertheless.

No design method considers that the volume of voids may vary other than linearly
with depth. For example, it is considered that, if a ¥ -in. aggregate (with 24 percent
voids) is to be filled with bituminous material to one-half its depth, the volume of the
voids to be filled would be 7% x 24 = 12 percent. In other words, in design, it has
always been assumed that the voids vary directly with the depth in the aggregate.

In summary, some investigators think that the percent voids in a layer of aggregate
one stone thick is a constant value for all aggregates and is only related to the orienta-
tion of the aggregate. Other investigators think that the percent voids is related to the
shape and, possibly, to the size of the aggregate. No design method, however, con-
siders that the voids may vary with depth within the aggregate.

A number of aggregate characteristics, therefore, could possibly influence the
volume of voids, but only the following factors were investigated in this study: (a)
depth in the aggregate layer, (b) maximum size of the aggregate, (c) particle arrange-
ment, and (d) shape of the aggregate. In addition, it should be noted that the investiga-
tion is limited only to one-size surface treatment aggregates.

PROCEDURE

The procedure used to determine the volume of the voids in the aggregate layer was
relatively simple. After the aggregate was washed, it was allowed to soak completely
immersed in water for at least 12 hr. Just before testing, the aggregate was dried
until it was in a saturated surface dry condition. This soaking and drying was done
to account for the absorbent powers of the aggregate. The aggregate was then spread
one layer thick in a flat bottom container. Care was taken to place the aggregate, by
hand, in the desired particle orientation.

Measured volumes of water were then poured into the container and allowed to flow
into the void spaces between the aggregate particles. The depth of this known volume
of water was measured. Depth measurements were made at regular intervals of water
volume, starting at the lowest possible depth of water up to the point at which the
aggregate layer was completely immersed. Data were verified by repeating this proce-
dure, including a resoaking and drying of the aggregate,

With the depth, the volume of water in the pan at that depth, and the surface area
of the bottom of the pan known, the percentage voids could be calculated by the fol-
lowing simple computation:
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3 = Volume of water at depth d
~ Area of bottom of pan x depth d

Percent void x 100

This method of computing percentage voids should not be confused with other methods.
It is the percentage voids in the aggregate layer below the surface of the water, not a
percentage of the total voids in the aggregate layer nor a percentage of the total volume
of the whole aggregate layer. This particular method of defining percent voids was
chosen because of its simplicity and because the total volume or the total depth of the
aggregate layer cannot be defined exactly due to variations in aggregate particle size.

Not only are the data presented in terms of percent voids, but also as volume of
voids in gallons per square yard. This was done in specific instances to present the
data in a manner that is more useful for illustrating points.

EQUIPMENT

The equipment used for testing was very simple in design. The pan was constructed
of %-in. thick aluminum and was approximately 5 in. deep and 3 ft square. The bottom
of the pan was flat and so rigid that no deflection took place. The instrument used for
depth measurement was a standard penetrometer normally used in bituminous material
testing. The penetrometer was removed from its base and the vertical rod on which
it is raised and lowered was clamped with a C-clamp into one corner of the pan at a
location where a few particles of aggregate had been removed. (Because of the large
size of the test pan, the removal of the few aggregate particles had little effect on the
results.) First the needle was gently lowered until it was just touching the bottom of
the pan. After the dial was set at zero, the needle was raised and relowered until the
point was just touching the surface of the water. This point could be seen relatively
easily by looking at a light reflection on the surface of the water. The dial was then
adjusted and measurements of the depth were taken and recordedin 0. 1-mm increments.
Each depth measurement was repeated to insure against errors.

CALIBRATION OF TEST EQUIPMENT

A micrometer was used to check the penetrometer's accuracy in measuring dis-
tances. The needle movement was measured by the dial and with the micrometer
through various distances all starting with zero, as in the testing procedure. The
penetrometer was found very accurate in its readings.

Proof was needed that this method of investigation did measure the volume of the
voids and that some unknown factor did not create a significant error. A procedure
was needed by which the percentage of voids could not only be measured, but also
computed by simple geometry. For this purpose, polished aluminum spheres of 8 -in.
diameter were used as aggregate. The spheres were placed in the pan in a single
layer with a close-packed arrangement. Void data given in Table 1 were then obtained
by the procedure previously outlined. A plot of the theoretical and experimental data
is shown in Figure 2, This figure reveals that the measured values of percent voids,
at depths below that at which the minimum percentage of voids occurs, were about 3 to
4 percent greater than the theoretical values. At depths above the minimum, the
measured values were about 3 percent lower than the theoretical ones. At the depth
of minimum percent voids and above the depth of the spheres themselves (i.e., when
the spheres were completely covered with water), the experimental data agreed very
closely with the theoretical calculations.

A definite phenomenon caused the deviation of the experimental from the theoretical
results at some depths, although there was a close agreement at others. At depths
below which the minimum percent voids occurred, ¥a of the diameter of the perfect
spheres, the water was clearly observed to be drawn up around the spheres by means
of surface tension, causing a concave upward surface on the water between adjoining
spheres. Since the depth measurements were taken at a location where one sphere
had been removed and the water was not drawn up as much, the measured depth was
less than the average water depth in the pan. This lower depth, caused by a smaller
drawing up where the sphere was missing, is produced in much the same way that
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water rises in a tube due to capillary action. The smaller the diameter of tube, the
higher the capillary rise will be. The percentage voids computed was therefore too
large. Above the depth at which the minimum voids occurred, an opposite effect was
clearly observed. The water was held down around the spheres by surface tension,
causing a concave downward surface on the water between spheres. This caused the
depth at the location where the depth measurement was taken to be slightly greater
than the average water depth in the pan. This larger measured depth caused the com-
puted percentage of voids to be smaller than the theoretical. At the depth at which the
minimum percent voids occurred, the
effect of the surface tension was negligible
and there was essentially no drawing up
nor holding down of the water between
adjacent spheres. Therefore, exact

Trial 1 Trial 2 Trial 3 readings of depth were taken and the
Depth Depth  yosae (4) computed'percent voids_compared very
(in.) (in.) closely with the theoretical. Also, at
depths of water abovethetop ofthe spheres,

TABLE 1
CALIBRATION OF EQUIPMENT?

Depth

Voids ($) (in.)

Voids (%)

0.197  64.2  0.206  60.8 0.181 8.8 ;

0.327  40.5 0.331  40.3 0.323  41.4 when the spheres were completely im-

S ml  or  ahI BT AT mersed, the surface tension did not have

0.535  30.4 0.563  31.3 0.547  32.1 any effect between the adjacent spheres,

ey ot e She bW Tha and the experimental data compared

0.508 32,9  0.638  37.7  0.650 7.3 closely with the theoretical.

g- gig ggg gggg ﬁg g ggg 222 The data taken on the aggregate sam-

0.650  40.8  0.689  45.5  0.689 455 ples might be assumed to be similarly in-

0.661  43.6 0.709  47.7 0.728  46.2 correct. This is not believed to be true,

2 = 3 r = because the effect caused by the surface ten-
sion of the water was not observed when

8Using 5/a - in. diameter spheres in close-packed arrangement. the aggregates were tested This phe_
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Figure 2. Calibration of equipment, ?e—in. diameter spheres, close-packed arrangement.
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nomenon of drawing up and holding down of the water by the polished aluminum spheres
did not take place with the aggregate because the latter does not have the uniformity of
shape nor the exceptional smoothness of surface usually necessary for this type of effect
to take place. The measurements of depth taken with the various samples of aggre-
gates should be very close to the average depth in the pan. Therefore, the computed
values of percent voids in this investigation should compare very well with the actual
percent voids in the aggregate layer.

AGGREGATES USED

In the investigation it was desired to determine what effect aggregate types and sizes
had on the volume of the voids in an aggregate layer. A wide variety of types and sizes
of aggregates were obtained. Seven different shapes of aggregates, ranging from
crushed stone to rounded gravel, were used and are listed in Table 2. All of these
aggregate samples were one size; i. e., they were materials retamed between two
sieves m a standard arr angement of sieves The sizes used were % to Y% in., % to
Yo in., Y to % in., and No. 4 to % in. Because sieving does not allow a perfect sizing
of aggrega.tes of equal size, one size, as used here, does not mean a perfect uniformity
of size. There was some variation in size within these aggregate samples. Table 2
gives other data pertaining to the aggregate, which are explained in the next section.

VARIATION IN PERCENT VOIDS WITH DEPTH WITHIN AGGREGATE LAYER

When the test procedure was being developed, questions arose as to what depth in
the aggregate layer the percent voids measurement should be made, and if the percent
voids at some particular depth would give an adequate parameter for describing the
aggregate sample. To answer these questions, measurements were taken in intervals
from the smallest possible depth to a point up to and a little beyond where the aggre-
gate layer was completely immersed.

Figures 3 and 4 show how the percent voids and volume of voids varied with depth
in the aggregate layer Although the aggregate used in this example was a crushed
limestone of Y2 - to Ya-in. size, the results presented here are typical of those obtained
from other sizes and types of a.ggregates

The data presented in Figure 3 indicate that the percent voids varies with depth and
has a minimum value that occurs at a depth slightly above one-half the maximum size
of the a.ggrega.te ( A, in.). Figure 4 shows that the plot of volume of voids vs depth is a
smooih curve with the iop and bottom parts of the curves approaching straight lines.

If the volume of voids varies linearly with the depth within the aggregate layer, this
curve should be a straight line. However, the relationship is not linear and, thus, the

TABLE 2
AGGREGATE TYPES AND PARAMETERS

Parameters
Syanbol Type fizg Intersection Intersection Min.
Depth (in. ) Vol (gal/sq ft) Void (%)

No. 61 Gravel [z-Yain. 0,443 0.972 41.6
No. 178 Crushed stone /: /4 in, 0.479 1.076 48.3
75-25% Mixture Nos. 61 and 178 {: 4 in 0. 457 0.881 36.0
50-502 Mixture Nos, 61 and 178 / — fy in. 0. 440 0.880 42.8
No. 178 (a)b Crushed stoneP {: (" in. 0.428 1.030 47.4
75-25 Mixture Nos. 61 and 178 ’A g in. 0.311 0.684 49,2
50-50 Mixture Nos. 61 and 178 /. {‘a 5 0.313 0.693 45.4
No. 61 Gravel {. {a in. 0. 376 0.827 45.2
No. 178 Crushed stone h - {'n in. 0.343 0,750 50.8
MC(a)¢ Mine chat® Ve {zin. 0.354 0.861 50.2
Cr. Gr. Crushed gravel Jo - /2 in. 0.317 0.817 50.8
No. 61 Gravel No. 4-% in. - - 48.0
No. 178 Crushed stone Y1-% in. - - 54,3

Mixture (by weight) 75 percen;: No. 61 and 25 percent No. 178.

Crushed stone No. 178 is stone as received from plant; No. 178 (a) is stone No. 178 sorted to contain
Jhore cubical particles.,
Mine chat sorted to contain more cubical particles.
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Figure 3. Variation in percent voids with depth, crushed stone No. 178, ¥, - to 7,-in.
size.

volume of voids does not vary in direct proportion with depth. This is a major dif-
ference from what has been assumed in many current methods for designing surface
treatments.

The variations in percent voids and volume of voids with depth were studied to de-
termine if some value could be used as a parameter in describing the aggregate. Three
aggregate parameters were investigated. From the curve of percent voids vs depth,
the minimum value of percent voids was used as one parameter. From the curve of
volume of voids vs depth, two other parameters were determined by the following
method. The straight portions of the curve were extended until they intersected as
shown in Figure 4. The coordinates of this intersection were then used separately as
parameters; i.e., one parameter is the volume of voids at this intersection and the
other is the corresponding depth. The values of these parameters for the various
aggregates are given in Table 2. The use of these parameters is more fully explained
in the discussion of the variation in percent voids with shape.
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VARIATION IN PERCENT VOIDS WITH SIZE OF AGGREGATE

Tests were performed on two types of ag§regates at three different sizes of each
type: Y2to % in., % to % in., and No. 4 to 7; in. The aggregate types used were an
angular crushed stone and a rounded gravel. The results of this series of tests are
shown in Figures 5 and 6.

Regardless of the type, the smallest size aggregates had greater minimum percent
voids than the largest sizes. This difference is quite significant, in some instances
as great as 8 percent. Also, a comparison of Figures 5 and 6 indicates that the shapes
of these curves are similar. A difference in aggregate type does not seem to have any
effect on this phenomenon of increasing voids with decreasing size of aggregate, except
perhaps on the magnitude of the increase.

VARIATION IN PERCENT VOIDS WITH PARTICLE ARRANGEMENT

We should first define aggregate particle arrangement. Hanson (2) observed that
aggregate particles, when first spread on the asphalt surface in a surface treatment
construction, will be oriented in various directions. In other words, there will be a
random arrangement of the particles. Hanson also observed that after the surface
treatment had been compacted by rolling and by traffic, the aggregate particles were
all oriented with their least dimension in a vertical direction. These two particle
arrangements, the random arrangement and the least dimension arrangement, were
used in this study.

To study the effect of arrangement, tests were performed onthree aggregate samples.
The samples were a Yo- to ¥-in. crushedstone(typea), a %- to 7-in., andaNo. 4to %-in.
gravel, Each sample was tested with the aggregate inboth arrangements. The least di-
mension arrangement was carefully prepared by hand placing and orientating every aggre-
gate particleinthe pan sothe least dimension was inthe vertical direction. The random
arrangement was prepared by sprinkling handfuls of the aggregate from a small
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Figure 5. Variation in percent voids with depth for three sizes of gravel No. 61.

height onto the surface of the pan. In both arrangements, care was taken to keep the
layer of the aggregate one particle thick.

The results obtained from these series of tests, shown in Figures 7, 8 and 9, in-
dicate that arrangement has some effect on the percentage voids, but regardless of the
type or size of aggregate, this effect is relatively small. In the random arrangement,
the minimum percent voids is only approximately 4 percent greater than the minimum
voids in the aggregate with the least dimension arrangement.

The decrease in the percentage of voids is considerably less than the percentage
decrease often attributed to particle reorientation in actual construction. The decrease
in percent voids that takes place when a surface treatment is compacted by rolling in
the field may not be caused primarily by particle reorientation, but by some unknown
factor, possibly resulting from a breakdown or degradation of the aggregate. This
investigation was limited, however, to one-size aggregate and no definite statement
can be made concerning the effect of aggregate gradation on the percentage voids.

This is an area needing further investigation and study.
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VARIATION IN PERCENT VOIDS WITH SHAPE

Two questions need to be answered: Is the shape of the aggregate a significant
factor in determining the quantity of voids for surface treatment design? If it is sig-
nificant, how can the shape be accounted for in determining the amount of void space?

Some believe that differences in shape have little effect on the amount of void space
in an aggregate layer. The data collected in this experiment indicated that this is not

TABLE 3
AGGREGATE SHAPE FACTORS

Aggregate Shape Factor
Syribol Size  Compacted Loose Particle Flakiness
y (in.) Voids (§) Voids ($) Index  Index (%)
75-25 Ys-:/a 39.5 48.0 12.4 6.42
50-50 {"g/“ 40.7 50.1 14.0 7.75
No. 61 /2-(4 37.9 46.5 12.2 7.60
No. 178 {z-!q 43.4 52.3 17.4 5.97
No. 178(a) !2-/4 42.8 50.8 13.4 -
75-25 3/3-/2 - - 13.6 10.10
50-50 d/,;-{a 42.0 51.2 15.0 10. 04
No. 61 é-/g 40.6 47.8 13.7 7.67
No. 178 /5-[2 43.8 52.6 18.4 8.64
MC (a) f,-/z 41.8 48.2 - =
Cr Gr(M) o=/ 10.6 48.4 - =
50 5 50
® L
8 8
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2 ) 2
= o = =%
2 40 2 40
z z
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Figure 1h. Variation of shape factors with minimum percent voids, :/2_ to ‘74-in. size.
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true because a significant difference was found., This difference is illustrated in Fig-
ures 10 and 11 which show the variation of the volume of voids, in ga.llons per square
yard, with depth, in inches, for aggregate samples of %- to /2 -in. and Y- to Ya-in.
size, respectively. The var1ous curves in each figure represent aggregates of dif-
ferent shapes. Inthe %- to Y%-in. aggregate (Fig. 10), the difference between the
greatest and the smallest value of volume of voids for the different aggregate samples
was about 0. 27 gal/sq yd. Inthe %- to Jz-in. aggregate, the difference was about

0.12 gal/sq yd. These are very significant differences in the amount of void space in
a.n aggregate layer and, therefore, the shape of the aggregate should be considered in
determining the quantity of voids.

In examining Figures 10 and 11, the range of values for the volume of voids may
seem to be high when compared to values used in actual construction. The volume of
voids ranges from values of 0. 50 gal/sq yd to 2.10 gal/sq yd. These data are for a
one-size aggregate and would most likely not be as high if the aggregate were a less
uniform size or a graded aggregate. Also, the upper limit of the values of volume of
voids may appear to be extremely high. Again, it must be realized that these data
were obtained when the aggregate layer was completely immersed, and that by this
method of investigation, when depths used are greater than the maximum size of the
aggregate, there will be large values of volume of voids measured.

The data presented in Figures 10 and 11 are also presented in Figures 12 and 13 in
terms of percent voids. A definite difference in the percentage of voids for the dif-
ferent aggregate shapes can be noted. The dlfference between the upper and lower
values of minimum percent voids for the Y- to ¥%-in. aggregate samples was about 12
percent, whereas for the %- to %-in. aggregate samples the difference was about 6
percent,

Figures 10, 11, 12 and 13 show a general trend of the variation in voids with shape.
The percentage voids in the crushed stone was approximately 6 percent greater than
in the gravel. In other words, the more rounded aggregates, such as the gravels,
have a smaller percentage of volume of voids than the more angular crushed stone
aggregate.
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Figure 15. Variation of shape factors with intersection volume, Y, - to 7,-in. size.
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An attempt was made in this investigation to determine a method that would com-
pensate for aggregate shape in determining the volume of voids in an aggregate layer.
This was done by attempting to correlate aggregate parameters with some shape faccor.
The parameters are the minimum percent voids and the intersection coordinates pre-
viously defined in the section on variation in percent voids with depth within th:; aggre-
gate layer. The intention was to correlate the parameters with some easily vbtainable
shape factors so that these shape factors could be used in degign to account for the
differences in the volume of voids produced by various aggregate shapes.

The shape factors used were particle index, flakiness index, compacted percent
voids and loose percent voids. The particle index of an aggregate is determined by a
test developed by Huang (3). The test to determine the particle index is fairly time
consuming and tedious, but has been used with fairly good results for soil-aggregate
mixtures. The flakiness index is a British standard test developed by the County
Roads Board of Victoria, Australia (British Standards Institution 812). It is a numer-
ical index used primarily to determine the average least dimension of an aggregate,
but it does take shape somewhat into account. The compacted and loose percent voids
are simply the percent voids in the aggregate when it is placed in a %i0-cu ft cylinder
in its densest and loosest state. The numerical values of these four shape factors for
the various types of aggregate are given in Table 3.

The relationships between these four shape factors and the three aggregate param-
eters of minimum percent voids, intersection volume, and intersection depth are shown
in Figures 14, 15 and 16, respectively, for %- to %-in. aggregates. Data for aggre-
gate of other sizes are similar to the data presented in these figures. None of these
plots indicate that a logical relationship exists between the aggregate parameters and
shape factors which could be used in a design method. Apparently none of these aggre-
gate shape factors can adequately differentiate between the change in voids produced
by different aggregate shapes.

Although no relationship was found in this investigation that would account for the
variation in shape in determining the volume of voids, it is believed that the shape of
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the aggregate must be considered in surface treatment design. If no significant rela-
tionship can be found utilizing aggregate shape factors, it may be desirable to utilize

a direct measurement of the void space. Some design methods already utilize a direct
measurement of void space by measuring the voids in the aggregate when placed in a
hollow cylinder (1, 5). These methods do not give a true measurement of the void space
because the aggregate in a surface treatment is in a single layer and not in a closely
packed arrangement as it is when placed in the cylinder. Procedures similar to the

one developed in this study could possibly be used to measure directly the volume of

the voids in a single layer with some adaptation of the equipment for field use. Direct
measurement could then possibly account for shape and differences in aggregates.

SUMMARY AND CONCLUSIONS

From the analysis of the data the following conclusions can be drawn concerning
the influence of various factors on the void space in a one-size, one-particle thick,
aggregate layer.

1. Contrary to the assumption made in many current procedures for designing sur-
face treatments, the volume of voids does not vary linearly with depth within the aggre-
gate layer. The relationship is curvilinear and varies with different aggregates.

2. The percent voids vary with aggregate size; as the aggregate size is decreased,
the percent voids are increased.

3. The volume of voids tends to decrease as the particles are reoriented from a
random placement to a position with their least dimension in a vertical direction. The
decrease in volume is relatively small,

4, Aggregate samples of different shapes have significant differences in percent
voids. This difference can be as much as 6 percent if the aggregate shape is changed
from a rounded gravel to an angular crushed stone.

5. There is apparently no relationship between the aggregate parameters developed
and used in this study and any of the following aggregate shape factors: particle index,
flakiness index, voids in the compacted state or voids in the loose state. It seems
that none of these aggregate shape factors can adequately differentiate between the
change in voids produced by different aggregate shapes.

6. A suitable shape factor needs to be developed for design purposes that will tend
to relate the volume of the voids to the shape of the aggregate. If this development is
not possible, a direct measurement of the void space may be necessary.
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Discussion

RICHARD L. DAVIS, Technical Representative, Koppers Co., Inc., Tar and Chemical
Div. —The authors are to be congratulated on writing a paper about voids in surface treat-
ment aggregates. Although atremendous amount of surface treatment work is done each
year, the principles of good design for surface treatment construction are not very well
understood. The measurement of the voids or space in surface treatment aggregates avail -
able for binder deserves study. The authors' finding that aggregate shape factors nowin
use cannot adequately differentiate between the change in voids produced by different aggre-
gate shapesis very interesting.

The authors point out that the volume of voids does not vary linearly with depth
within the aggregate layer for one-size aggregate, and they mention that it is usually
assumed that the voids vary linearly with depth in most surface treatment design
methods. Most surface treatment design methods, and specifically Hanson's design
method, are concerned with the estimation of the voids or space in the mineral aggre-
gate which will be available for bituminous material when the surface treatment has
reached equilibrium under the compaction of traffic, rather than with the original void
space. The voids in the mineral aggregate at equilibrium with traffic, although related
to the original voids in the mineral aggregate, also depend on several other variables.
Two of these are (a) the extent to which the aggregate voids are reduced whenthe aggre-
gate particles are forced down into the old surface, and (b) the extent to which the
aggregate voids are reduced when the aggregate particles are broken or degraded
under the action of traffic.

Inasmuch as these two variables usually reduce the voids in a one-size aggregate to
less than half the original value, and the contribution of each variable depends on a
number of factors such as the resistance of the underlying surface to indentation and
the resistance of the stone to degradation, the originators of surface treatment design
methods have used a linear relationship in their design methods as is often done in
complex situations when the true relationship is not very well understood.

The authors also state that voids increase as the aggregate sizeis decreased. Having
had some experience with the method used by the authors to determine voids in the
aggregate and being aware of the increasing difficulty of keeping the aggregate particles
close together as the size of the particles become smaller, Icanunderstandthatgz-eater
void space was found with decrease in particle size. However, since the findings of
many other investigators indicate that there is no change in void space with size of
aggregate particles, it would appear desirable that the authors check their findings
carefully for some explanation of the difference between their results and those of others.

This writer hopes that the authors will continue their work and that a practical,
effective method of designing surface treatments will result.

JOHN L. SANER and MORELAND HERRIN, Closure—The discussion by R. L. Davis
is sincerely appreciated. The authors will attempt to clarify the questions arising
from this discussion. Mr. Davis points out that Hanson's design method is concerned
with the void space in the mineral aggregate which will be available for bituminous
material when the surface treatment has reached equilibrium under the compaction of
traffic, rather than with the original void space. The authors agree that this concept
is correct. The authors further agree that the reduction in voids is also due to other
variables such as aggregate particle embedment and aggregate degradation. All that
the authors were trying to point out in the paper is that only a small part of the reduc-
tion is due to particle reorientation from a random arrangement to a least dimension
arrangement.

Mr. Davis also doubts the evidence obtained by the authors that the percent voids
increases with decreasing aggregate size. He attributes this to the increasing difficulty
of keeping the aggregate particles closer together as the size of the aggregate particles
becomes smaller. The authors, in testing, did not notice this increasing difficulty.
Even if this were true, would this. not take place in the actual surface treatment?
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Another factor that may have influenced test results, and one that had bothered the
authors, was the effect of the surface tension of the water. It had been assumed from
observing the water during testing that this effect was negligible because the of the
random shape, random size, and surface texture of the aggregate particles. It was
decided to check this assumption by testing an aggregate sample with a solution con-
taining a wetting agent. The wetting agent used for this purpose was a 0.1 percent
solution of detergent which reduced the surface tension to approximately one-tenth of
its original value. The results obtained in testing the aggregate with the solution dif-
fer little from those obtained when testing with the water. This serves to prove
that the authors' assumption of the negligible effect of surface tension is correct.



Analysis of Flexible Paving Mixtures by
Theoretical Design Procedure Based on
Shear Strength

WILLIAM L. HEWITT, Associate Professor of Civil Engineering, Cornell University

Instrumentation for the preparation and testing of flexible paving
mixtures in flexure, tension, and triaxial compression is de-
scribed. Theinfluence of test temperature and rate of loading on
asphalt concrete is developed. Mixture variables in the investi-
gation include aggregate gradation, asphalt content, penetration
and viscosity of asphalt, binder blend using flake asphalt and
polyethylene, Viadon binder content, and asbestos fibers inmix-
ture. Mixtures are analyzed for suitabilityto resist compress-
sive stresses in the pavement surface course. The practical
application of this procedure to design is shown.

oTHE ANALYSIS or design of a mixture for the surface course of a flexible pavement
should consider the shear strength properties of the mixture under critical service
conditions. Present standard test procedures for the strength of mixtures are empir-
ical and, as such, preclude theoretical analysis. The surface of a flexible pavement
structure in service is subjected to flexural, tensile, and compressive stresses. The
determination of the resistance of paving mixtures to these stresses for purposes of
design necessitates the development of suitable instrumentation for the preparation
and testing of test specimens. During the past 2 years, the author designed equipment
for the testing of mixtures in flexure, tension, and compression, including the tri-
axial cell. It is the purpose of this paper to present the instrumentation and test re-
sults obtained for various mixtures under varying conditions of test. An analysis of
these mixtures by an equation (1, 2) based on shear strength is included. The appli-
cation to design practice is introduced.

FACTORS IN DESIGN OF FLEXIBLE PAVING MIXTURES

Shear Strength

The resistance which a flexible pavement component offers to plastic displacement
from the application of wheel loads depends on the shear strength of the component.
Shear strength is developed through intergranular friction as measured by the angle of
internal friction, ¢, and through the internal resistance of the binder to shear as meas-
ured by cohesion, ¢c. These stress constants have been determined graphically from
Mohr diagrams for this presentation, following an established procedure.

Internal Friction.~—This factor is influenced by the density of the mix and by the
properties of the aggregate such as hardness, surface texture and shape. Density of
mix is a function of (a) aggregate gradation, (b) amount and viscosity of asphalt and
(c) compactive effort. For a given gradation of aggregate there is an optimum asphalt
content at which the mix will produce maximum density for a given compactive effort.
An increase in compactive effort tends to reduce the optimum asphalt content. For a
given aggregate and binder content the internal friction, ¢, varies with density of min-
eral aggregate. Of primary importance in the design of asphalt mixes is the gradation
of the mineral aggregate.

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.
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Figure 1. Gradation curves for aggregate used in paving mixtures.

Soon after the beginning of the present century, Fuller showed that aggregate will
have a relatively high density when its particle size distribution follows the equation

P = 100(%)n (1)

where
P = percent of total aggregate passing any particular sieve,
S = size along side of sieve opening,
M = size of largest piece of aggregate, and
n = a constant.

Since that time Fuller's findings have been widely accepted, with most authorities
agreeing that the value of n is approximately 0.5 for both soils and aggregates. The
value of 0.5 has become popular, mainly because of the ease with which it may be
used. When plotted on a semilogarithmic graph having a vertical arithmetic scale
representing P and a horizontal logarithmic scale representing S, Fuller's equation
becomes a sagging curve. Figure 1 gives two such curves, along with gradations A
and B as used in this investigation.

Fuller's equation becomes a straight line when drawn on a graph having logarithmic
scales along both axes. To show how this is possible, we take the logarithms of both
sides of Eq. 1, which gives

logP = log100 + nlogS - nlogM = K + nlog$ (2)

where K is some constant which depends only on the size of the largest piece of aggre-
gate. Eq. 2 is in the form of the equation for a straight line having customary x and y
axes (y = ax + b)ify = logP,a = n, x = logS, andb = K.

Mixes which plot with a straight-line slope of 0.5 on the log-log graph are very
tight and optimum asphalt content is on the low side (4.0 to 5.0 percent for Yo-in.
maximum size aggregate). Such mixes are difficult to work and would probably pre-
sent problems in construction. This agrees with work by McLeod (3) in his analysis
of void requirements for dense-graded paving mixtures. The plot for gradation B
approaches a straight line but has a slope of about 0.65.
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Cohesion. —This mix property is dependent on the asphalt binder and is developed
through the adhesion of the binder to the aggregate and through the internal resistance
of the asphalt to deformation. The amount of cohesion developed in an asphalt mix is
influenced by: (a) amount of asphalt cement in the mix, (b) thickness of asphalt film,
(c) rate of load application, and (d) temperature of the mix. Viscous resistance is
influenced by the rate of deformation; i. e., the higher the rate of application the
greater the resistance. The AASHO Road Test showed that static load deflections were
about twice those at 50 mph (4). Asphalt is also more viscous at low than at high tem-
peratures. On the basis of shear strength, high summer temperatures are critical
and it would be at this time that surface-originated deformations develop.

Voids in Mix

The voids in an asphalt paving mixture are controlled by specifying the range of
air voids in the mixture (referred to as voids in total mix), prescribing the range for
voids in mineral aggregate which is to be filled with asphalt, and controlling the voids
in the mineral aggregate. McLeod (3) has stated that a minimum of 15 percent voids
should be provided in the mineral aggregate to assure adequate space for the asphalt
binder. This is controlled by aggregate gradation and normally requires some devia-
tion from the Fuller curve (n = 0.5). The requirement for air voids in total mix is
about 3 to 5 percent with 75 to 85 percent of the aggregate voids filled with asphalt.

It is generally a stipulation that voids be determined on the basis of apparent specific
gravity of aggregate; however, some procedures require the bulk specific gravity and
McLeod (3) suggests that an effective specific gravity should be employed which gives
values between apparent and bulk. The problem of selection of the appropriate specific
gravity relates to permeable voids in the surface of the aggregate and would be a
serious problem only for rather porous aggregates. The purpose of establishing a
minimum of air voids in the mix is to provide some space for in-service compaction
and to prevent loss of internal friction, ¢, through lubrication, thus causing excessive
surface deformation and possible bleeding of the surface. A maximum permissible
air voids content is stipulated to insure a mix of low permeability and to reduce har-
dening of the asphalt binder by oxidation and loss of volatiles.

Flexibility
Flexibility is a measure of the magnitude of flexural deflection which a component
of a flexible pavement structure can withstand without fracturc. For more permanent

flexible pavements, the deflections should be small. The best flexible pavement is
one which produces the least flexural strains. A flexible pavement is designed to
resist shear stresses; a rigid pavement is designed to resist flexural stresses. The
term flexible should not be taken too literally in the design of asphalt mixtures. The
difference in the magnitude of deflection for properly designed rigid and flexible pave-
ments is small.

The requirement for flexibility in an asphalt surface mixture is influenced by the
total pavement structure. Flexure failures are normally related to low temperatures
of the surface and high moisture content in the subgrade or road base structure. Some
flexure cracking may develop through fatigue failure, which is influenced by the magni-
tude of deflection and the viscosity and amount of binder. It has been shown (6) that
for high deflection a thin pavement section can withstand flexural fatigue better than
thick sections. Consequently, if a pavement structure is to permit high surface
deflections, it might be advisable to provide a thin surface course in design.

Surface Texture

The design of a surface mixture would not be complete without consideration of the
non-skid properties and abrasion resistance of the surface. It may be possible to
design a mixture satisfying the requirements for shear strength, voids, and flexibility
with aggregate of %-in. maximum size; however, this mixture probably would not
provide the skid resistance required on heavy-duty rural roads. The maximum size of
aggregate specified for a mixture, and to some extent the gradation, serve to provide
desired surface texture.
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MIXTURE DESIGN BASED ON SHEAR STRENGTH
Design Equation

The design of flexible pavements should give primary consideration to the shear
strength of the various components of the pavement structure. The author has devel-
oped a design procedure based on strength theories of soilmechanics (1), whichisbriefly
described here. The design equation is as follows:

2

3 1
/2 3 . 2
B 1 n 1 + sin ¢ 4c 1 + sin ¢ (3)
vz + P |1 a\2 _yz[l—sinQ)] +1-sin¢[1-sin¢]
Z

surface contact pressure,

radius of equivalent circular contact area,
thickness of flexible pavement structure,

bulk density (unit weight) of surcharge material,
angle of internal friction of bearing material, and
cohesion of bearing material.

in which
P

hon

O NP

Eq. 3 is applicable to any layer of the flexible pavement structure. For instance, if
z = 0, the equation could be applied to surface mixtures, and would be reduced to

. e
_ 4 1 ¢
P =7 c [1 + sin ] (4)

- sin ¢ - sin ¢

The left side of Eq. 3 contains the familiar Boussinesq expression for the vertical
intensity of stress along the axis below a circular loaded area, plus the intensity of
stress due to the weight of the pavement. The right side of the equation gives the re-
sistance which must be developed in the pavement at depth z if failure of an element
from vertical stress is prevented. Lateral confinement is provided by the passive
lateral pressure of a wedge of the pavement component subjected to a vertical load
equal to the weight of the overlying pavement. Eq. 4 is identical to the McLeod (2)
stability equation developed from the Mohr diagram for bituminous paving mixtures.

Because of the various assumptions made in the development of a design procedure
based on the strength of materials, such a procedure must be substantiated by engi-
neering practice. This should not detract from the soundness of the procedure but
will help explain the reaction of materials to service conditions. Pavement loading
and environmental conditions are difficult to simulate in the laboratory, and for this
reason a correlation with either service performance or an established design pro-
cedure is essential.

Traffic Factor

The design equation for surface mixtures should include a traffic factor, T, to
provide for variations in traffic volume and loading. The effect of this factor is to
require a thicker and stronger pavement component for a heavy-duty pavement as com-
pared with the requirement for a roadway having light to moderate traffic. The design
equation for surface mixtures may then be written:

1
pT = 4c 1 4+ sing /2
1 - sing [1 - sing (5

Suggested traffic factors for design are as follows:

Highway, light traffic, short life—1.0;
Highway, moderate traffic, medium life—1.5;
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Highway, heavy-duty—2.0; and
Airport taxiways, aprons, hardstands, runway ends—2.0.

INSTRUMENTATION

Two current standard testing procedures for the determination of the strength of
bituminous mixtures (7) are the Marshall method (ASTM Designation: D 1559) and the
Hveem method (ASTM Designation: D 1560). These are both empirical tests and be-
cause of specimen dimensions and test procedure, the data obtained cannot be subject-
ed realistically to a theoretical analysis of stresses for purposes of pavement design.
There exists at present no standard procedure for the testing of paving mixtures in
flexure, tension, or triaxial compression. The standard procedure for the testing of
paving mixtures in compression (ASTM Designation: D 1074-60) uses a specimen of
low height-to-diameter ratio which would be unacceptable in a rational approach to
the design of paving mixtures.

For a number of years there appeared in the mix design manual of the Asphalt
Institute (8) the Smith triaxial method for the design of asphalt paving mixtures. The
procedure is not included in the current issue of this manual. The basis for design
by the Smith triaxial method (9) was the shearing resistance of the paving mixture.
Correlating studies with pavements in service indicated that the procedure could be
used to determine the suitability of mixtures.

For some reason the Smith triaxial method has not been widely accepted, even
though desirable test specimen dimensions are used and values of the angle of internal
friction and cohesion are obtained. The fact that the closed-system rather than the

open-system triaxial test is used should

not be a practical deterrent because fewer

specimens are required in a testing pro-

~ | gram even though the data may not be the-

oretically correct. The primary reasons
for the failure of the Smith triaxial method
to receive wide acceptance seem to be
specimen preparation procedure and
specimen size.

Specimen Preparation

A practical procedure, which may be
applicable to both field and laboratory use,
is desirable for the preparation of test
specimens for flexure, tension, and tri-
axial compression. Triaxial specimens
should have a ratio of height to minimum
cross-section of 2.0. The same compac-
tion procedure should be used for speci-
mens for the flexure, tension and triaxial
compression tests. Provision for dynamic
compaction of the type used in the pre-
paration of Marshall specimens would be
desirable when considering possible field
use because of portability.

The author has designed equipment
providing specimens of desired dimensions
which will require the same compactive
effort as the standard Marshall test. All
molds were designed to have the same sur-
face area as a Marshall specimen, In this
Wigere 2. Gompsetion mold snd hmmey for O the same compactive ef.fort should
(a) tension specimen and (b) compression produce about the same density as the

and flexure specimen. Marshall specimens. Thetension specimen
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7— TEST CLAMPS

———— SPECIMEN

'

THICKNESS
2 112" ¢

Figure 4. Principal dimensions for tension
specimen and tension test clamps.

Figure 3. Tension apparatus with specimen
in position for test.

Figure 5. Specimens in position for test: (a) flexure, and (b) trisxial compression.
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has a minimum cross-sectional area of 2% in. by the height of the specimen, which
may vary slightly from 2% in. Tension specimens are molded with flat top and bottom
surfaces and with a shoulder at the ends for tension clamps. The unconfined compres-
sion, flexure, and triaxial specimens are made in the same molds and differ fron one
another only in the manner in which they are tested. These specimens are 5 in. long,
2% in. wide, and approximately 2% in. high. All specimens are compacted in the
same manner as the Marshall specimens— 50 blows on each side of the specimen by a
10-1b weight dropping 18 in. The only differences among the compaction hammers are
the shapes of the hammer ends necessitated by the different shapes of the molds. The
equipment for specimen preparation is shown in Figure 2.

Both the Marshall and Hveem specimens have a minimum dimension of 2% in.,
which is the same as the minimum dimension for flexure, tension, and triaxial com-
pression specimens prepared in this investigation. The molds used gave satisfactory
performance for mixtures having a maximum size aggregate of % in. They are
considered adequate for mixtures having aggregate as large as % in.

Strength Test Instruments

The tension apparatus used in this investigation is shown in Figures 3 and 4. The
tensiometer was adapted to a Universal testing machine. This apparatus was designed
with a grooved baseplate and grooved cover plates with the idea that these would be
required to hold the specimen in position during the test. It was discovered, however,
that the shoulder clamps were adequate. A thermostatically controlled box is pro-
vided for temperature control.

Figure 5 shows flexure and triaxial specimens in position for testing. The beam-
shaped flexure specimen is tested under simple midspan bending conditions. The
specimen is supported on unrestrained 1-in. diameter steel rollers spaced 4 in. apart,
and the load is applied vertically through a restrained 1-in. diameter steel bar placed
midway between the roller supports. The vertical dimension of the flexure specimen
in test position was always 2 7z in. for the data reported in this paper. A sketch of
the flexure test apparatus is shown in Figure 6.

The triaxial cell was designed for testing of a specimen having a square cross-sec-
tion, as shown in Figure 7, using compressed air for lateral confinement. A rubber
membrane surrounds the test specimen and is held in place by rubber bands. An air
bleeder valve is provided for drainage from the specimen during the test. The tri-
axial cell is set in the thermostatically controlled box during test at temperatures
other than 80 F. A water bath is used for temperature control before testing.

MATERIALS

Aggregate

The limestone aggregate used in mixtures in this investigation was obtained from
the Cayuga Crushed Stone Co., a source approved by the State of New York Depart-
ment of Public Works for bituminous mixtures.

Aggregate was obtained from stockpiles and was oven-dried before separation into
desired fractions with the Gilson machine. The fractions retained on the No. 20
sieve and larger were then washed and oven-dried before batching. This washing
operation was considered essential to provide desired control on aggregate composition.

The mixtures were prepared using either gradation A or B, as shown in Figure 1.
Actual values for gradation and the apparent specific gravity for each aggregate com-
bination are given in Table 1.

Binder

A number of materials were used in various combinations and at different binder
contents. The investigation was designed to show the effect of type of binder on the
strength characteristics of paving mixtures. In this connection polyethylene from two
sources was used as a part of the binder in some mixtures. The material most widely
used, however, was 85-100 penetration grade asphalt cement.
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TABLE 1 TABLE 2
AGGREGATE PROPERTIES PHYSICAL PROPERTIES OF
ATLANTITE 2 FLAKE ASPHALT
Value
Property Property Value
Gradation A Gradation B
= Sp. gr. at 60 F 1.06
Passing sieve, % Wt/gal 8.89
[21n. 100 100.0 Flash pt. (C. O. C.), °F 560
[z in. 70 78.6 Softening pt. (R & B), °F 300
/s in. 95 47.1 Penetration:
No. 20 31 21.4 At TTF, 100 g, 5 sec,
No. 80 12 7.5 0.01 mm 2
No. 200 6 4.3 At 150 F, 200 g, 60 sec,
Apparent sp. gr. 2.7723 2.1708 0.01 mm 38
Saybolt Furol viscosity at
450 F, sec 810
bl Asphalt cement was obtained at the
TENITE POLYETHYLENE 840A Three Rivers plant of the Atlantic Refin-
PHYSICAL PROPERTY DATA ing Co. Flake asphalt (Atlantite 2), having
physical properties as presented in Table
Property Value 2, was provided by the Atlantic Refining
Co. from their Philadelphia plant. Asphalt
Melt Index 20+3 cement of 85-100 penetration was blended
g@;ity ; c ?igzs at 450 F with 20 percent flake asphalt
= ORCHS LeW Dy & (Atlantite 5) to obtain a binder having a
ensile strength, psi: z

At fracture 1,760 e _

At upper yield 1,840 The Allied Chemical Corp. provided
Elongation, % 50 A-C polyethylene 629 and A-C polyethylene
Thermal coef. of expansion, 680. The 680 grade is slightly harder

in./in./°F 11 x 10°7° than the 629 grade. Some of its typical
Melt temp., F 230 physical properties are as follows:

Water absorption, % 0.01

Softening point, 229 F;
Density, 0.94;

Acid number, 16;
Hardness, 2.

Eastman Chemical Products, Inc., supplied Tenite polyethylene which is a rather
tough material of high tensile strength. A melt temperature of 230 F required ele-
vated temperatures for mixture preparation. Typical physical property data for
Tenite polyethylene 840 A are given in Table 3.

Both types of polyethylene were of low to medium molecular weight having density
slightly below that for asphalt cement. A precaution was taken to prevent prolonged
heating of this material at elevated temperatures.

Indopol polybutene (H-300) was provided by the Amoco Chemical Corp. and was
used as a blending agent with A-C polyethylene 629. Parallel tests by the Marshall
method were conducted to determine the effect of replacing 10 percent A-C polyethylene
629 with polybutene, and there was no significant difference between the Marshall
stability and flow values for mixtures having binder contents of 3, 4, 5, 6, and 7,
percent.

Viadon, a petrochemical binder, was provided by the Humble Oil and Refining Co.
Physical properties are not included in this paper.

Asbestos fibers (TM) were used in one series of tests to show their effect on the
strength characteristics of asphalt concrete. These fibers were used at a rate of
application of 2 percent of the total mix with gradation B mixture which has 4.3
percent passing the No. 200 sieve.
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TEST SPECIMEN PREPARATION

Binder Content

The binder content used for most of the mixtures was determined by the Marshall
method of mix design. Duplicate specimens were prepared at various binder contents
with the ultimate selection of binder content for various strength specimens based on
air voids in total mix and stability. In most instances voids fell within the range of
3 to 5 percent.

Asphalt Concrete

In the preparation of paving mixtures using 85-100 penetration grade asphalt, both
the aggregate and asphalt were heated to 300 F. Aggregate had been batched for
single specimens and was allowed to remain in an electric oven for a minimum of 12
hr before mixing. The asphalt was brought to temperature in an electric pot from
which it was weighed directly into a mixing bowl containing the aggregate for a single
specimen. The material was mixed with an electric mixer for 1 min. The mix was
then placed in a heated mold, rodded 25 times, and compacted with a dynamic hand-
operated compactor. The molds were placed under running water to cool before
extrusion. Water was permitted to fall directly on the mold rather than on the speci-
men to reduce water absorption into the specimen before dry weight for density de-
termination could be made. In most instances, specimens were tested the day after
they had been prepared.

The temperature of both aggregate and asphalt was raised to 350 F for mixtures
using asphalt cement having a penetration of 12,

Asphalt Cement— Flake Asphalt Binder

Mixtures in which flake asphalt was included in the binder with 85-100 penetration
grade were prepared by heating the aggregate to 450 ¥, adding the flake asphalt in
dry form, and mixing until the asphalt was melted and distributed. The desired
amount of penetration grade asphalt was then weighed in at 300 F followed by 1 min
of mechanical mixing.

A-C Polyethylene

In the preparation of mixtures containing A-C polyethylene 629 or 680 blended with
85-100 penetration grade asphalt, both the stone and asphalt were heated to 300 F, the
desired amount of asphalt was added to the aggregate followed by mechanical mixing
to obtain uniform distribution, and the polyethylene was added in dry form with
additional mechanical mixing.

For the mixture having a binder blend of A-C polyethylene 629, Indopol polybutene
H-300, flake asphalt, and 85-100 penetration grade asphalt, the asphalt cement was
heated to 450 F and the aggregate to 550 F. Flake asphalt was added first to the
heated aggregate, followed by penetration grade asphalt and mechanical mixing. After
blending and distribution of the asphalt binder with the aggregate, the A-C polyethylene
629 was added in dry form with continued mixing.

Tenite Polyethylene

Two series of test specimens were made using a blend of Tenite polyethylene and
85-100 penetration grade asphalt. The binder was prepared by heating the asphalt to
500 F and blending Tenite with the asphalt in an asphalt pot. The blend was held at
this temperature for application to the stone, also heated to 500 F. The material was
then mixed mechanically until thorough distribution was obtained. Compaction
temperatures were normally about 350 F.

Mixtures having a blend of flake asphalt (Atlantite 2) and Tenite as binder were
prepared by first applying the dry asphalt to stone at 550 F, followed by mechanical
mixing, the addition of dry polyethylene, and continued mixing.
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Viadon
The procedure recommended by the Humble Oil and Refining Co. for the preparation
of laboratory specimens using Viadon binder was followed. This congisted of heating
the total aggregate to 425 + 10 F and placing it in a heated mixing bowl. The dry resin
was added while mixing, followed by the addition of the plasticizer and colored paste.
The colored paste was weighed on a small piece of polyethylene film, and the film and
paste were added to the mix.

TABLE 4

OF ASPHALT CONCRETE?2

INFLUENCE OF TEST TEMPERATURE ON STRENGTH

Triaxial Compression (psi)

Temperature Flexure (MR) Tension
CE) (psi) psl) 0-Psilat. 15-PsiLat. 30-Psi Lat.
40 526 120 426 511 641
80 71 14 107 169 221
110 25 6 63 118 179
140 14 1.5 33 83 174

8Average of duplicate specimens using gradation A, 6 percent asphalt (85-100 penetra-
tion), 0.05~in./min loading.

STRENGTH, PSI
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Asbestos Fibers in Mixture

Both the stone and 85-100 penetration grade asphalt were heated to 300 F. The
asbestos fibers were added to the dry stone and dry mixed as would be thé case in the
addition of a mineral filler at the plant. The asphalt was then added with mechanical
mixing.

TEST RESULTS AND DISCUSSION

Test Temperature

The influence of test temperature on the strength of asphalt concrete with aggre-
gate gradation A and 6 percent 85-100 penetration grade asphalt, tested at a rate of
loading of 0.05 in./min, is indicated in Table 4 and Figure 8. Flexure, tension,
unconfined compression and triaxial tests were run. The significant observation
from this series of tests is the tremendous influence of temperature on the tensile
strength of asphalt concrete. As the temperature is lowered from 140 to 40 F, the
tensile strength increases more than 50 times. Lateral confinement of a test speci-
men tends to reduce the effect of temperature on shear strength.

The Mohr diagram using the unconfined compression and triaxial data was drawn
on sheets of 11- by 17-in. graph paper from which the angle of internal friction and
cohesion were obtained. A part of this investigation was a determination of whether
or not the tension test along with the unconfined compression test could be used to
determine the shear strength parameters of friction and cohesion. In Figure 9 the
dashed line is made tangent to the tension and unconfined compression curves, giving
a visual indication of the difference which may be expected by the two methods. The
influence of test temperature on the angle of internal friction and cohesion is indicated
in Figure 10and Table 5. Cohesion increases with a decrease in temperature; how-
ever, the angle of internal friction as determined in this test decreases with a de-
crease in temperature from 140 F to about 95 F, at which point the friction angle as

GRADATION : "A"

BINDER = 85/ 100 PENETRATION ASPHALT

RATE OF LOADING =0.05 INCHES PER MINUTE

TEST TEMPERATURE = 80 °F qg,\
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Figure 9. Mohr diagram for asphalt concrete; angle of internal friction and cohesion

determined from triaxial compression circles.
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TABLE 5
SHEAR STRENGTH PROPERTIES OF ASPHALT CONCRETE2
Temperature Rate of Load Triaxial Data Tension-Comp. Data

&y (in. /min) @ ¢ pP [3 c p?
(deg) (psi) (psi) (deg) (psi) (psi)

140 0.002 43 1 29 B - -
140 0.05 40 6 145 61 3 372
140 0.5 39 14 310 53 10 600
140 2.0 38 18 390 50 14 653
40 0.05 50 5 3,500 34 115 2,070
80 0.05 36 28 560 51 20 512
110 0.05 36 16 300 55 10 706

“Baged on duplicate specimens of gradation A, 6 percent asphalt (85-100 penetration).
bFrom Eq. 4.

100 o
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Figure 10. Influence of test temperature on angle of internal friction and cohesion
for asphalt concrete,

determined from the Mohr diagram increases rapidly with a further decrease in tem-
perature. Doyle (10) states that, at low temperatures, asphalt reacts somewhat as a
solid, so this may be the explanation for the friction curve as shown in Figure 10.
The values of the angle of internal friction and cohesion as shown in Figure 10 were
used to compute pavement resistance to vertical contact pressure using Eq. 4. When
plotted on a log-log graph (Fig. 11), the relationship between pavement resistance
and temperature gives a straight line. In making a determination of the influence of
temperature on pavement resistance for purposes of design, it is found that pavement
resistance as computed by Eq. 4 is four times greater at 80 F than at 140 F.
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10,000 Rate of Loading

ASPHALT CONGRETE: The influence of rate of loading on
GRADATION "A

6% 85/100 PEN, ASPHALT, strength of asphalt concrete is indicated
w0os i B L o e B in Table 6 and in Figure 12. It is again

apparent that the tensile strength of asphalt
concreteis very sensitive totest conditions.
The tensile strength at 2.0 in./minis more

I
|
i
P \ i than 50 times the tensile strength at 0.002
|
|
i

specimen tends to reduce the effect of

in./min. Lateral confinement of test
1oao \ rate of loading on strength.

The influence of rate of loading on the

angle of internal friction and cohesionfor

500

asphalt concrete tested at 140 Fisindicated

|

}

|

\ : in Table 5and Figure 13. Alsogiven in

Pl [1238¢ = : Table 5 are values of the angle of internal

!

1

|

friction and of cohesion as determined
% from the tension-unconfined compression

RESISTANCE TO PRESSURE ON PAVEMENT SURFACE,PSI

data at various test temperatures and rates
of loading. It is significant that there is
= T Tt not a consistent relationship between these
TEMPERATURE,, °F data and those determinedfrom triaxial
compression tests. It was concludedthat
Plamwe 11, Tofluence of ‘tempersbure on tr@axial tests should be used for the deter-
pavement resistance to vertical contact  Mination of shear strength data.
pressure. The influence of rate of loading on
pavement resistance to vertical contact
pressure as computed using Eq. 4 is

B—

oo

indicated in Table 5 and Figure 14.

Table 7 presents data on the influence of test temperature and rate of loading onthe
flexural strength and magnitude of deflection at failure for asphalt concrete. These
data show that the magnitude of deflection at failure increases with an increase inrate
of loading and with a decrease in test temperature. The influence of rate of loading
on deflection for the flexure test is shown in Figure 15.

Asphalt Content

The influence of asphalt content on unconfined and triaxial compression for asphalt
concrete having aggregate gradation B and tested at 80 F and 0.05-in./min rate of
loading is shown in Table 8 and in Figure 16. The Mohr diagram for a binder content
of 6 percent is shown in Figure 17. This may be compared with the Mohr diagram

TABLE 6
INFLUENCE OF RATE OF LOADING ON STRENGTH OF ASPHALT CONCRETE?2

Loading Rate  Flexure (MR) Tension Triaxial Compression (psi)

(in. /min) (psi) (psi) 0-Psi Lat. 15-Psi Lat. 30-PsiLat.
0.002 1.6 0.16 4.2 - .
0.05 14 1.5 33 83 174
0.5 13 6.8 55 94 181
2.0 30 9.8 74 131 199

8ayerage of duplicate specimens of gradation A, 6 percent asphalt (85-100 penetration),
1ho F.
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presented in Figure 9 for the same con-
ditions of test in which aggregate gradation
A was used. Gradation A, whichhasmore
fines and is a slightly tighter mix, produces
slightly higher cohesion but a lower angle
of internal friction than gradation B. The
influence of asphalt content on angle of
internal friction, cohesion, andpavement
resistance to vertical content pressure

is shown in Figure 18. Maximum cohesion
occurs at 4.5 percent asphalt, whereas
the maximum angle of internal friction
occurs at 6.5 percent asphalt, and asthe

TABLE 7

INFLUENCE OF TEMPERATURE AND RATE OF LOADING
ON FLEXURAL STRENGTH AND DEFLECTION2

300
GRADATION: "B "
BINDER = 82 PENETRATION ASPHALT
RATE OF LOADING = 0.05 INCHES PER MINUTE
TEST TEMPERATURE = 80 °F
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Figure 16. Influence of asphalt content on
strength of asphalt concrete in triaxial

compression.

Temperature Rate of Load Mod. of Rupture Deflection

(°F) (in./min) (psi) (in.)
140 0.002 1.6 0.035
140 0.05 14 0.050
140 0.5 13 0.076
140 2.0 30 0.095
110 0.05 25 0.080

80 0.05 T 0.089

40 0.05 526 0.105

aIi:verage of duplicate specimens for gradation A, 6percent
asphalt (85-100 penetration).

TABLE 8
INFLUENCE OF ASPHALT CONTENT ON STRENGTH OF ASPHALT CONCRETE?Z

Asphaltb Unconf, Triaxial Comp. (psi) ¢ (deg) ¢ (psi) Pave.
(#  Comp. ®s)) 5 pgirar.  30-Psi Lat. Resist. (psi)
4 102 163 224 37.8 25 508
) i07 187 232 39 25 bLIib)
6 98 161 230 40 23 553
T 84 151 221 40 20 482
8 80 142 216 38.5 19 418

aAverage of triplicate specimens for gradation B, 0.05-in./min rate of loading, 80 F,

bg2 penetration.

GRADATION: "B"

TEST TEMPERATURE + B0 °F

BINDER = 82 PENETRATION ASPHALT
RATE OF LOADING = 005 INCHES PER MINUTE

SHEAR STRESS, PSI

100

NORMAL STRESS, PSI

150 200 200

Figure 17. Mohr diagram for asphalt concrete.
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asphalt content increases beyond this point the effect of lubrication is pronounced as
friction drops rapidly. The effect of film thickness on cohesion at this test tempera-
ture is apparent, showing that thick films of asphalt have less resistance to internal
shear than thin films. The curve for pavement resistance is similar to curves devel-
oped by the standard Marshall method of test and has maximum resistance at anasphalt
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Figure 18. Influence of asphalt content on

angle of intermal friction, cohesion, and

pavement resistance +to vertical contact
pressure for asphalt concrete.

content of about 5.5 percent.

Figure 19 shows the Mohr diagram for
a mixture having 5. 75 percent asphalt,
with the same mix composition as those
mixtures with properties given in Figure
18. The difference in test temperature
of 140 F shows the much lower value for
cohesion and a higher value for the angle

TABLE 9

STRENGTH OF ASPHALT CONCRETE
AT OPTIMUM BINDER CONTENT
FOR GRADATION B AGGREGATE2

Property Strength
Marshall stability, 1bP 1,740
Marshall flow value 12.5
Tension, psi 0.15
Unconfined compression, psi 19
Triaxial, 15-psi lateral, psi 119
¢, deg 47.5
c, psi 4.0
Pavement resistance, psi 157

2pverage of duplicate specimens, 5.75 percent
asphalt (85-100 penetration), 0.05-in./min
rate of loading, 14O F.

PMarshall test at 2.0 in./min.

GRADATION : "8"

BINDER = 85/ 100 PENETRATION ASPHALT
RATE OF LOADING = 005 INCHES PER MINUTE
TEST TEMPERATURE = 140 °F

5
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Figure 19.

Mohr diagram for asphalt concrete.
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Figure 20. Influence of asphalt penetra- Figure 21, Influence of asphalt penetra-
tion on strength of asphalt concrete; tion on angle of internal friction, cohe-
Marshall test at 140 F and 2.0 in./min. sion, and pavement resistance to vertical
contact pressure.
TABLE: 10 of internal friction. Test values are
INFLUENCE OF ASPHALT PENETRATION AND VISCOSITY 7 "
ON STRENGTH OF ASPHALT CONCRETE? given in Table 9.
Strength
REOReLLY s e i Asphalt Penetration and Viscosity
Viscosity, 10° poises i.gggb . The influence of asphalt penetration on
M hall stability, 1b' R » » :
Marehall flow, 0,01 in. 2 1 24 the strength of asphalt concrete is shown
Flexure (MR), psi 4817 1 0 . .

oo s, gl =4 1 100 in Figure 20. The standard Marshalltest
Trila;i:;c;’;mrr:lssion. psi: - - s was performed at 140 F and 2.0-in./min
o €. . : . .
30-psi lateral 17 264 240 rate of loading with unconfined and tri-

3: Sif 140 52 24 axial compression tests run at 80 F and
Ehvemoid:oulsluiion; net sl 2 380 0.05 in./min. Figure 21 shows the in-
o " tom4,3.5 percent axpislly fluence of asphalt penetration on angle of
PEgtimated, internal friction, cohesion, and pavement

CMarshall test at 140 F and 2.0 in./min, - ‘
resistance to vertical contact pressure.

The curve for friction follows the trend

developed in the series of tests which
showed the influence of test temperature on strength properties (Fig. 10). This shows
that at 80 F, asphalt having a penetration below 30 begins to show properties of a
solid. The apparent close correlation between Marshall stability and pavement resist-
ance determined from triaxial test data is evident in Figure 20.

It was intended in the design of this experiment that the relationship between absolute
viscosity as determined by the sliding plate microviscometer and strength properties
be developed. At 77 F, however, it was discovered that the microviscometer did not
have the load capacity for the 12 penetration asphalt. Table 10 gives data to show the
influence of asphalt penetration and absolute viscosity on the strength of asphalt
concrete.
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TABLE 11 .

STRENGTH PROPERTIES OF ASPHALT CEMENT-FLAKE ASPHALT MIXTURES? Flake ASDhalt_Asphalt Cement Blnder
e .. » — LT The viscosity of an asphalt binder can
® W o i ST ol be increased at the asphalt mix plant by

o 1.8 L3 128 - 1—7 addmg dry asphalt to the pug mill t.hrough
i ue 3¢ 288 e 1 the mineral filler attachment. This has
% s 5o 254 51272 i been done to a limited extent. In this

30 - - - 3,627 12 x v < 5
: - . investigation the total binder content re-
‘Based on duplicated specimens [or gradalion A, 5.5 percent asphalt (85-100 penelra- 2
lee), A0S it et of oo, 140,84 mained constant at 5.5 percent and the

amount of flake asphalt was increased
from 0 to 30 percent of the binder. The influence of flake asphalt in the binder onthe
strength of mixture is shown in Figure 22 with the influence on the angle of internal
friction, cohesion, and pavement resistance given in Table 11. These data show a
slight increase in strength with an increase in flake asphalt. It is possible that there
was not complete blending of the flake asphalt with the asphalt cement during the
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Figure 22. Influence of flake asphalt in binder on strength of asphalt concrete.
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Figure 23. Influence of flake asphalt in binder on flexural deflection at failure for
asphalt concrete.
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laboratory mixing operation. On the basis of the data relating asphalt penetration and
viscosity to the strength of asphalt concrete, it would appear that the effect of flake

asphalt would be more pronounced.

Figure 23 shows that the addition of flake asphalt to the binder increases deflection

at failure in the flexure test.

TABLE 12

STRENGTH OF MIXTURE HAVING BLEND
OF ASPHALT CEMENT, FLAKE ASPHALT
AND A-C POLYETHYLENE 629 AS

BINDER2
Property Strength
Flexure (MR), psi 60
Tension, psi 8.3
Unconfined compression, psi 119
Triaxial compression, psi:
15-psi lateral 175
30-psi lateral 245
¢, deg 39
c, psi 29
Pavement resistance, psi 660
Marshall stability, 1b° 3,600
Marshall flow value 11

2Average of duplicate specimens for gradation

A, 5.5 sent binder (18 percent A-C poly-
ethylens 029, 2 percent Indopol polybutene
(H-300), 15 percent flske asphalt, and 65

percent 85-100 pen, asphalt), 0.05-in./min
_rate of leading, 140 F.
“Mnrshall test at 2.0 in./min.

2000

Polyethylene in Binder

An investigation was made to determine
the feasibility of using polyethylene in the
binder of paving mixtures. A-C poly-
ethylene 629 blended with polybutene, flake
asphalt, and 85-100 penetration grade
asphalt provided a binder which gave de-
sirable strength characteristics to the
mixture. Pavement resistance at 140 F
was high as a result of high cohesion in
the mixture. Strength data are given in
Table 12. The influence of test tempera-
ture on the flexural strength of this mix-
ture is shown in Figure 24.

The Marshall test was used to deter-
mine the influence of the amount of A-C
polyethylene 629 blended with 85-100
penetration asphalt on the strength of mix-
tures. The results of this series are
given in Table 13. The addition of A-C
polyethylene 629 did permit a lowerbinder
content for the mixtures.

The influence of A-C polyethylene 680
blended with 85-100 penetration asphalt
on the strength of a mixture is indicated
in Table 14. Marshall, unconfined com-
pression and triaxial compression tests

3
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BLEND COMPOSITION:
18% POLYETHYLENE (AC 629)
2% INDOPOL POLYBUTENE (H-300)
15% FLAKE ASPHALT (ATLANTITE #2)
65% B85/100 PENETRATION ASPHALT
GRADATION "A"
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Figure 24. Influence of test temperature on modulus of rupture for mixture having binder

composition of A-C polyethylene 629,

Indopol,

flake asphalt and penetration grade

asphalt.



TABLE 13

STANDARD MARSHALL STABILITY FOR
MIXTURES HAVING A-C POLYETHYLENE
629 IN BINDER WITH 85-100
PENETRATION ASPHALT2

Polyethylene Binder Marshall Stability
in Binder (%) (%) (Ib)
0 6.0 2,075
20 4.0 2,455
50 4.0 3,250
100 4.0 5,400

apverage of triplicate specimens.

TABLE 15

STRENGTH AT OPTIMUM BINDER CONTENT OF
MIXTURES HAVING ASPHALT CEMENT-TENITE
POLYETHYLENE BINDER?

Strength
Property
20% Tenite 35% Tenite
Binder content, % 6.0 7.0
Flexure (MR), psi 72 86
Tension, psi 21 -=
Unconfined compression, psi 94 162
Marshall stability, 1bP 3,590 3,975
Marshall flow, 0.01 in. 9 8.5

8pverage of duplicate specimens for gradation A, 85-100
penetration asphalt, 0.05-in./min loading, 140 F.
OMarshall test at 2.0 in./min.
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TABLE 14

STRENGTH OF MIXTURE HAVING BLEND
OF ASPHALT CEMENT AND A-C
POLYETHYLENE 680 AS BINDER2

Property Strength
Marshall stability, 1bP 2,510
Marshall flow, 0.01 in. 9
Flexure (MR), psi 135
Unconfined compression 168
Triaxial compression, psi:

15-psi lateral 212
30-psi lateral 250
¢, deg 28
c, psi 51
Pavement resistance, psi 640

8Average of triplicate specimens for gradation
B, 5 percent binder (80 percent 85-100 pene-
tration asphalt, 20 percent A-C polyethylene
680), 0.05-in./min rate of loading, 80 F.
PMarshall test at 140 F and 2.0 in./min.

were run. A comparison with Tables 8
and 9 shows that 20 percent A-C poly-
ethylene 680 in the binder tested at 80 F
and 0.05 in./min produces an increase in
the strength of the mixture of only about
15 percent. However, in testing by the
Marshall method at 140 F and 2.0 in./min,
there is an increase in strength of about
50 percent with the addition of 20 percent
A-C polyethylene 680. The significance

of this is that A-C polyethylene 629 or 680 could be used to advantage where it was
desirable to increase strength characteristics at high temperatures.

Tenite polyethylene was used in mixtures in two ways. In one case a previously
blended binder of Tenite and asphalt cement was used in the preparation of mixtures
for the Marshall, flexure, tension, unconfined compression, and triaxial tests. The
results of these tests are given in Table 15. In the second series of tests, Tenite
polyethylene and flake asphalt were both added in dry form to the hot stone to provide
the binder. The asphalt was added first. Various combinations of the binder were
used, with the results presented in Table 16 and Figure 25. This binder was very
strong as is shown by a modulus of rupture of 592 psi at 140 F where the binder con-
sists of 80 percent Tenite. It produces a relatively rigid mixture which has low
flexural deflections at failure. This was also observed when there was not a great
difference in strength between the unconfined and triaxial compression tests.

Viadon

Mixtures were prepared using 5.5 and 7.4 percent Viadon as binder. The effect
of binder content appears to be influenced by rate of loading as is indicated in Table
17. All tests-were at 140 F. For the Marshall test which has a rate of loading of
2.0 in./min, the stability was greater at a binder content of 7.4 percent. However,
on the basis of triaxial compression data as shown in Figure 26 in which the rate of
loading was 0.05 in./min, the strength at 5.5 percent binder was more than twice
that at 7.4 percent binder.
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TABLE 16 TABLE 17
STRENGTH AT OPTIMUM BINDER CONTENT OF MIXTURES
HAVING FLAKE ASPHALT-TFNITE POLYETHYLENE BINDER? STRENGTH OF VIADON?2
Strength st i
Property 204 08 60t 07 rengt
Tenit Tenit Tenlte  Tenit P t
; ) enite enite enlte enite roperty 5'5% 7.4%
ind tent, 10.0 8.5 9.0 i i
F‘lre]xi:ec?l\’;l;;‘, psi 66 165 240 P Binder Binder
Tension, psl 29 45 6 121 S
Unconfined compression, psi 299 125 . 1,096 Marshall stability, Ib 5 185 3690
Triaxial, 30-psi lateral, psi 366 453 665 - 4 e 2 2
Marshall stability, 15 6,865 7,035 8,860 13,200 Marshall flow, 0.01 in. 18 35
Marshall flow, 0.01 in, 13 10.5 10 9.5 Tension, psi s B
:ﬁverageofdupl.icates_pecim_ensmrgradation A, 0.05-in. /min rate of loading, 140 F Unconfined compression, psi 99 50
arshall test at 2.0 in./min. Triaxial compression, psi:
15-psi lateral 159 101
30-psi lateral 218 148
Asbestos Fibers in Binder 9, deg 27 82.5
<, poi 25 i4
Asbestos fibers were added to a mix- eiprmEnt reetattee, el oh 220
ture using aggregate gradation Batarate aAverage of triplicate specimens for gradation A, 0.05-
4 i in./min rate of loading, 140 F.,
of 2 percent of the weight of the mixture. biaraKal] test ab 2.0 in.Jfen.

Test results are presented in Table 18.

A comparison with Tables 8, 9, and 10

indicates that the addition of 2 percent

asbestos fibers has about the same effect on strength as a 2 percent increase in the
fines content in the aggregate. Cohesion is increased but there is some reduction in
the angle of internal friction. The triaxial data show a greater effect of asbestos{fibers
on the strength of the mixture than do the Marshall stability data. It is possible that
this strength variation with test procedure is also related to the rate of load application,

DESIGN APPLICATION

The design of flexible paving surfaces must provide shearing resistance in the
pavement to excessive compression deformation under critical service conditions.
The most critical condition of the pavement, with respect to shearing resistance,
occurs when the pavement is at the maximum temperature and loads on the pavement
are moving at a slow rate. A realistic design temperature is considered to be 140 F.
The selection of a rate of load application to simulate actual loading of the pavement
in service is not as easy. Although static loading would be most critical, as in the
case of parked vehicles, this would not be practical for use in the design of pavements
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for highways, airport runways or streets. Also, it would not be practical to design

a pavement for the shear stresses which would develop for vehicles moving at the
design speed of the roadway. Another factor to be considered is the magnitude of
compressive deformation in the surface and the relationship of this deformation to

the total deformation of a pavement surface with loading, a part of which would be

due to flexure resulting from the total deformation of the flexible pavement structure.
A rate of loading of 0.05 in./min would be realistic for laboratory testing of specimens

in unconfined and triaxial compression. Data obtained under these conditions of tem-

perature and loading should be evaluated on the basis of pavement performance to

determine a correlation.

On the basis of data obtained in this investigation of asphalt concrete and as pro-
vided in Tables 4 through 6 and Figures 8 and 10 through 14, mixtures tested at a
rate of loading of 0.05 in./min are 4 times as strong at 80 F as at 140 F. Also, spec-

TABLE 18

STRENGTH OF ASPHALT CONCRETE
CONTAINING TWO PERCENT
ASBESTOS FIBERS2

Property Strength
Marshall stability, 1oP 1,895
Marshall flow, 0.01 in. 17
Flexure (MR), psi 122
Unconfined compression, psi 158
Triaxial compression, psi:

15-psi lateral 208

30-psi lateral 257
¢, deg 32.5
c, psi 44
Pavement resistance, psi 690

8Average of triplicate specimens for gradation
B, 6.0 percent asphalt (85-100 penetration),
0.05-11. /min rate of loading, 80 F.
bMarshall test at 140 F and 2.0 in./min.

imens tested at 140 F are twice as strong
when tested at a rate of loading of 0.5
in./min as when tested at 0.05 in./min.
These and other established relationships
developed for asphalt concrete were used
to convert computed values for pavement
resistance to vertical contact pressure
for various materials tested in this in-
vestigation to a design bearing capacity
at 140 F and 0.05~in./min rate of load-
ing for purposes of comparison. This
also shows the feasibility and practica-
bility of testing at 0.05-in./min rate of
loading and at a temperature of 80 F and
reducing the computed pavement resist-
ance by a factor of 4 to determine bearing
values for design. Table 19 gives the bear-
ing capacity of various mixturesastestedin
this investigation, and as adjusted if
necessary to 140 F and 0.05 in./min.
The values of bearing capacity as
shown in Table 19 may be considered
ultimate bearing capacity and have not
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Mohr diagram for Viadon at two binder contents.
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TABLE 19
DESIGN BEARING CAPACITY FOR VARIOUS MIXTURES

P Binder Test Bearing Capacity
Gradation Type % Temp Load Rate Test Test Design?
(°F) (in./min) (psi) Factor (psi)
A A-C 629,
A.C., flake 5.8 140 0.05 660 1 660
A Viadon 5.5 140 0.05 505 1 505
A Viadon 7.4 140 0,05 220 1 220
A 154 flake 5.5 140 0.05 200 1 200
A 25% flake 5.9 140 0.05 255 1 255
A 85-100 pen. 6.0 140 0.05 145 1 145
A 85-100 pen. 6.0 140 0.5 310 2 155
A 85-100 pen. 6.0 80 0.5 560 4 140
A 85-100 pen. 6.0 110 0.5 300 2 150
A 154 pen. 5.8 80 0.05 580 4 145
A 58 pen, 5.5 80 0.05 720 4 180
A 12 pen. 5.5 80 0.05 2,270 4 568
B 85-100 pen, 5.%5 140 0.05 157 1 157
B 82 pen. 4.0 80 0.05 508 4 125
B 82 pen, 5.0 80 0.05 565 4 140
B 82 pen. 6.0 80 0.05 553 4 138
B 82 pen. 720 80 0.05 482 4 120
B 82 pen. 8.0 80 0.05 418 4 105
B 2% asbestos
85-100 pen. 6.0 80 0.05 690 4 173
8For 140 F and 0.05-in./min unadjusted for traffic factor,
TABLE 20 —
PERFORMANCE RATING OF PAVING FLEXURAL STRENGTH OF VARIOUS MIXTURES?
MIXTURES FOR HEAVY-DUTY Binder T Binder Flexure (MR) Deflection
HIGHWAYS e # (psi) (in.)
85;100 penetx;ation asphalt 6.0 14 0.050
4 i 15% flake, B5¢ asphalt t 5.5 8 0.055
Traffic Bea.trmg . Performance 25% flak:, 75% ::Ehalt 2::2& 5.5 14 0.067
Factor, T Capacity (psi) Rating 184 A-C polyethylene 629,
_— _ 24 polybutene, 15% flake
asphalt, 65% asphalt cement 5.5 60 0,055
1.0 %) Poor ;gg% A-C poly;thylene 629 4.5 122 0,049
¢ Tenite, 80% asphalt t 6.0 72 0.028
1.5 115 Fair 20% T:rn]itz 80% flake asf)lel:ifn 10.0 66 0,019
2.0 150 Good ;O%t’{‘endite, 604 flake asphalt 8.5 165 0.025
2 .5 190 Excellent ortland cement - 955 0,024

AGradation A, 0.05-in./min rate of loading, 140 F,

been subjected to a safety factor or traffic factor. To determine the suitability of
these various mixtures to roadway requirements, it would be necessary to consider
design loads and pavement category. For instance, if a pavement is for a heavy-duty
highway where contact pressures are 75 psi, it would be essential that the design
bearing capacity be 150 psi, as computed in Table 19, if the pavement is to have a
traffic factor of 2.0. Similarly, it might be expected that a paving mixture having a
bearing capacity of 75 psi would show early surface deformations if placed on a
heavy-duty highway. A means of rating the expected performance of paving mixtures
for heavy-duty highways on the basis of bearing capacity is given in Table 20.

There are problems in the design of flexible paving mixtures other than those re-
lating to shear strength. Of considerable importance are the flexibility of the pave-
ment layer (its ability to deform in flexure without cracking) and the ability of the
pavement to resist tensile stresses with changes in environmental conditions without
cracking. A flexible paving mixture cannot be designed to resist flexural stresses
without reinforcement if excessive flexural deflections are permitted. The problems
related to the flexural and tensile stresses and deformations of flexible paving mixtures
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should be the subject of an intensive investigation. Most of the research relating to
pavement strength as applied to design practice has been in the area of shear strength.
Research on the flexural or tensile strength of paving mixtures has not been extended
to a consideration of design and it is in this area that work needs to be done (11, 12,
13, 14).

Table 21 gives a comparison of the flexural strength and deflection at failure for
various mixtures. This is probably of more interest for a comparison of the flexibil-
ity of these mixtures as measured by deflection than by modulus of rupture.

CONCLUSION

Instrumentation has been developed for specimen preparation and the testing of
flexible paving mixtures in flexure, tension, and triaxial shear. The influence of test
temperature and rate of loading on asphalt concrete tested by these procedures was
shown. Various mixtures were tested and analyzed for suitability to resist compres-
sive stresses in the pavement. The practical application of this procedure to design
is shown.
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Discussion

W. H. CAMPEN, Manager, Omaha Testing Laboratories — Asphalt paving mixtures
must resist displacement to prevent shoving and rutting when subjected to the appli-
cation »of loaded tires. It may be possible to measure this resistance by shear but it
should be pointed out emphatically that stability tests such as the Marshall and the
Hveem do measure this resistance fairly accurately. For instance, it is well known
that a Marshall stability of about 2, 000 lb does prevent shoving and rutting under
heavy truck traffic.

I might add that in my part of the country, shoving and rutting are a thing of the
past. The change has been brought about by using stability tests as the principal
criteria for design. Furthermore, stability has been correlated with type of traffic
for economic reasons. Marshall stabilities of about 1, 000 1b for light traffic, 1,500
1b for medium traffic, and 2,000 1Ib for heavy traffic are sufficient.

WILLIAM L. HEWITT, Closure—Flexible paving mixtures provide resistance to
plastic deformation through intergranular friction and through the internal resistance
of the binder to shear stresses. Shearing and rutting are forms of plastic failure in
the pavement. The pavement component fails in compression while laterally supported.
The triaxial test provides a good measure of the resistance offered by paving mixtures
under these conditions. Marshall and Hveem stability values give some measure of
the combined effect of intergranular friction and internal resistance of the binder,
though Marshall stability may be influenced primarily by the internal resistance of
the binder and Hveem stability may be influenced primarily by intergranular friction.
Therefore, they too provide an indication of the resistance offered by paving mixtures
to displacement when subjected to the application of loaded tires. The author is of
the opinion that the triaxial test as described in this paper provides a better measure
of resistance to the plastic deformation of paving mixtures than either Marshall
stability or Hveem stability.

Pavement resistance values computed from triaxial data may be adjusted by a
traffic factor to provide design values for various traffic conditions (Tables 19 and
20). This would serve the same purpose as varying Marshall stability for traffic
category as suggested by M. Campen.



Effect of Degree of Aging on Creep and

Relaxation Behavior of Sand-Asphalt Mixtures
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Previous work on the study of aging is reviewed. The creep
parameters of mixture viscosity and modulus of recovery de-
velaped by Wood and Goetz were selected for use in comparing
the creep characteristics of the aged and unaged mixes.

A 60-70 penetration asphalt was used. Ottawa sand of max-
imum size No. 16 was used as aggregate. The gradation was
within the limits of ASTM Designation: D 1663-59T. Three
different mixes were made with 9, 12, and 15 percent asphalt
content by weight of aggregate. Three degrees of aging were
used: 77 F (unaged), 140 F, and 2256 F for 1 wk. Specimens,
3.5 cm in diameter and 7 ¢cm high, were made and tested in
creep and relaxation, Maximum creep strain was limited to
1. 2 percent and the relaxation strain was 1, 4 percent.

The rate of creep generally decreased with increase in the
degree of aging. With the higher asphalt content mixes, the
difference in the creep rates was less marked. The maxi-
mum relaxation load increased with aging.

For the particular results obtained, a semilog relation was
developed showing the variation of mixture viscosity with the
degree of aging. A similar expression was developed relating
the maximum relaxation load to the degree of aging.

osWORK ON the aging of bituminous materials with time has continued since the first
paper on the subject was presented by Hubbard (7) in 1913. Hubbard showed that the
hardening of asphaltic materials on exposure was due to both volatilization and oxida-
tion. Reeve (20) next showed that polymerization and intermolecular reactions induced
by heat, in addition to volatilization, were responsible for hardening. Sabbrow (22),
after undertakmg research on the aging of road tar in France, concluded that the effect
of evaporation was far greater than that of oxidation.

Most recent researchers have agreed that the main causes of age hardening of bitu-
minous materials are oxidation, photooxidation, volatilization, polymerization, thix-
otropy, syneresis and separation (27). The main effect of these processes, in varying
degrees, is to cause asphalt to become less ductile, lose its penetration, and gradually
develop a structure, thereby causing brittleness a.nd failure of pavements. The most
important causes of hardening are oxidation, volatilization and polymerization.

To study these effects, asphalts are usually artificially aged in the laboratory by
the technique of accelerated weathering. Ovens are to reproduce various conditions
representing long periods of aging in actual practice. High-temperature weathering
is used in the study of volatilization and oxidation. Artificial light is used to study
the effects of photooxidation, and infrared and ultraviolet weathering are used to study
the effects of the sun's radiant energy. Selection of an aging method depends on the
effect being studied.

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.
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Because the problem of aging is an important factor in the life of a bituminou pave-
ment, investigators have directed their research to its effects on particular properties
of bituminous materials and mixtures. Aging is not a physical property which can be
measured in numerical terms. There is, therefore, as yet no scale for it. The main
problem has been to find some way of measuring the rate of change due to aging of any
particular property of bituminous materials with time and thereby to deduce a method
of measuring the durability of an asphaltic pavement.

Of historical interest is the work of Sabbrow and Renausie (23) who put forward a
method of measuring the aging effects of road binders by means of an aging coefficient,
He used the following equation to measure the likelihood of a binder softening during
the summer months:

v p
ot =5 (1)
where
Cy Jt = aging coefficient at temperature t;
Vy = viscosity after artificial aging at temperature t;
Vp = viscosity of original binder; and

Ap = loss in weight during aging.

This, theretore, used change in viscosity as a measure of aging. They in fact carried
out field studies to correlate the aging coefficient with the development of cracks in
pavements.

Some investigators measured clanges in the penetration of the asphalt, for they
felt that this was a very important property. Hubbard (8) indicated that a penetration
of 30 or less for asphalts subjected to freezing may result in cracking. Powers (19),
as a result of his own studies, concluded that pavements containing asphalts with a
penetration of less than 10 would be subject to cracking.

McKesson (15), on the other hand, felt ductility was a better measure of hardening
than penetration. Vokar (31) used the softening point of asphalt together with changes
in ductility and penetration to measure the hardening of asphalts.

The U. S. Bureau of Public Roads (11) developed the thin-film oven test which is
used in its work. The Bureau has published data showing the relation between loss of
penetration and changes in softening point of various film thicknesses of asphalt after
aging under high-temperature weathering for as long as 10 hr.

California (25) developed a test in which Ottawa sand is coated with various films
of asphalt, weathered for specified periods in a weathering machine, and then subjected
to the abrasive action of 100 gm of steel shot falling 1 m. Loss of weight is used as a
measure of the durability of the asphalt.

With the development of the microviscometer by Shell (5), much work on aging has
been based on measuring the change in viscosity after aging using the aging index, de-
fined as the ratio of the viscosity of the weathered to the unweathered material as
measured by the microviscometer. The results presented by Shell Development Co.
show that as the duration of high-temperature weathering is increased, the aging index
rises sharply. The microviscometer method of determining the change in the viscosity
of the asphalt due to aging is being widely used in research. The value of the aging
index can be used as a measure of the durability of the pavement by correlating it with
the behavior of the pavement.

Traxler (29) investigated the effect of prolonged heating of asphalt films of 15 u at
325 F in air. His results also reveal a rapid increase in the viscosity of an asphalt
with the duration of aging by direct heat. This information is very helpful in deter-
mining the choice of aging temperatures and the duration of aging.

In undertaking any aging experiments, therefore, the choice of the method, duration
and temperature of aging is very important. Most often the method of aging is deter-
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mined by the property being studied and its correlation with the actual conditions in a
pavement. Vallerga et al. (30) studied the relative effects of different types of labo-
ratory aging techniques and found that the effect on either penetration or softening point
varied depending on whether the method used was direct heating in no light, aging in
ultraviolet light, or aging in infrared light. The most important thing, therefore, is
the correlation of results with field conditions. Hveem, Zube, and Skog (9), using the
California infrared machine, showed that exposing asphalt for 1, 000 hr in such a device
was equivalent to 5 yr of pavement life. It has been estimated that most of the aging
takes place within this period of time. Clark (2), on the other hand, carried out a set
of correlation studies which compared the weathering of asphalt in an oven for weeks

at 150 F with the aging of pavement. He concluded that 1 wk of aging at 150 F was
equivalent to 1 yr of natural weathering of a pavement. Comparison of laboratory aging
with life of bituminous materials in the field is of great importance in using the labo-
ratory data for design.

Most investigators have felt that, because asphalt is the main cause of loss of dura-
bility, it should be isolated and studied independently; therefore, most work on the
aging of bituminous concrete has been confined to analyzing the change in the properties
of pure asphalt.

Recently, investigators have begun to study the aging of the bituminous concrete
mass. Although the study of asphalt film is easier, it cannot be a proper substitute
for the study of the mix. Analyzing this approach, Mack (14) states that the mechanical
strength of mineral aggregate is greater than that of the asphalt. The adhesion energy
between asphalt and aggregate is greater than the cohesive energy of the asphalt. Fail-
ure in a pavement, therefore, occurs when the external forces exceed the cohesive
forces in the asphalt film. Mack further states that there is sufficient evidence to in-
dicate that even simple liquids in thin films have properties different from those in the
mass. Principal effects are considerably increased viscosity and greater elastic
strength of the liquid near the surface of the solid. In bituminous pavements, asphalt
films behave like solids. He concludes that, in view of these factors, the consistency
of asphalts in mass cannot be extrapolated to thin films and any evaluation of the hard-
ening effect in relation to their suitability as binders is best carried out on bituminous
mixtures.

Mack measured the bearing strength of asphalt-sand mixtures for aged and unaged
specimens and arrived at the following significant conclusions:

1. The bearing strength of unaged asphalt-sand mixtures decreases generally with
deviation from Newtonian flow of the asphalt used; and

2. Aging increases the bearing strength markedly at 77 F in all cases, but only in
two cases at 60 F.

Inview oftheincreased consistency of the asphalts, thelatter resultis interesting inthat
bearing strength bears no relationship to the consistency of the asphalt. Mack indicated
that strains in the asphalt-sand mixtures are not independent of the degree of compac-
tion. To eliminate compactive effort, measurements must be carried out on mixtures
of the same dimensions for a given weight. Aging does not affect the total strain.

There are also other factors which make the investigation of the asphalt aggregate
mixture a closer approximation to what actually happens in the field. There is a sub-
stantial amount of hardening through loss of penetration during mixing (1). Because
the duration of mixing also greatly affects hardening, a maximum length of time is
required in most specifications for mixing. Other variables are the degree of com-
paction, void content, and permeability of the mix (14). In investigating aggregate as-
phalt mixtures, therefore, most of these effects will be present.

To evaluate the hardening effects on the mass by mechanical tests as recommended
by Mack, the properties to be studied and the parameters involved must be carefully
selected if any useful results are to be obtained. Fink (3), in his recommendations,
indicated that measurement of an appropriate physical property of an asphalt before
and after aging was the key factor in hardening studies. He thought it would be ideal
to obtain a complete picture of rheological behavior as a function of loading time and
temperature,
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The results of recent research have confirmed that the stress characteristics of
flexible pavements are time dependent. Mack (13) showed that deformation of a bitu-
minous mixture consists of an elastic (recoverable) part and a nonrecoverable part.
The type of behavior in deformation shown by asphaltic mixtures is termed viscoelastic
behavior, the analysis of which belongs to the study of rheology of materials. To evolve
theoretical equations representing the stress and strain characteristics of linear vis-
coelastic materials, model representation is used. The models consist essentially of
various arrangements of springs and dashpots which represent the elastic and viscous
behavior of the materials.

The stress-strain characteristics of asphaltic mixtures as obtained from creep tests
consist of three essential parts (13): (a) an instantaneous elastic strain independent
of time; (b) a retarded elastic strain which is a function of time; and (¢) viscous strain
whose rate decreases with time. Various attempts have been made to develop the
simplest model that will duplicate all these features inits stress-strain curve. Burger's
model (12, 15, 16, 29) seems adequate as it exhibits all the foregoing features in its
stress-strain curves. This model consists of four elements which combine the Maxwell
and Kelvin models.

The equation of deformation of the model is represented by:

Gat  _ Gat

Q_L_'_(_lz—l-.'.d _l_e ’Y2J-Te Yz dt (2)

dt  m dt G at N2

where

G1, Gz = spring constants (spring modulus),
M, Me = dashpot constants (viscosity),
T = applied stress, and
v = deformation.

In creep tests where the creep load is static and constant dr/dt = 0. Solving Eq. 2 for
a static creep load gives:
_ Gat

s l1-e ™ )yl (3)
1 Gz i

Y=

Qlﬂ

where

7/Gy = instantaneous elastic deformation,
T/mt = permanent deformation after time t, and
—Cf'r— [1-exp(-Gz/met)] = retarded elastic strain.
2

It has been argued that this model configuration does not truly represent the behavior
of the asphalt mixture in practice. Pister and Monismith (18) show that in Burger's
model the instantaneous elastic strain is equal to the elastic rebound regardless of the
duration of loading, whereas in practice this is not the case. The amounts of elastic
recovery vary with the duration of loading. Hence, they felt that a model similar to
Burger's but incorporating this variability of elastic recovery with time would be more
appropriate. For the scope of the present work, however, Burger's model is assumed
because of its relative simplicity.

Mathematical analysis of Burger's model and its various modifications become
complex except in very simple cases. Using the model as a basis for evaluation, an
empirical study of the actual curves obtained from creep tests are used in the present
work. The study of the effects of hardening on the viscoelastic characteristics of the
mixtures is essentially concerned with comparison and not with actual solutions of
the equations which represent the behavior of the material as obtained from model
analysis. Therefore, the derivation of parameters which can be affected by various
hardening effects is bound to be the best approach.
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In this connection, the work of Wood and Goetz (32) seems the most significant.
They studied the rheological characteristics of sand-asphalt mixtures by undertaking
unconfined compression creep tests on various specimens and thereby obtaining the
deformation time curves for the mixtures.

Using Burger's model, they analyzed the curves from two main properties, elastic
instantaneous strain and viscous deformation. The second term in Eq. 3 shows re-
tarded elasticity of the Kelvin element. The effect of this element is usually pronounced
in the first section of the creep curve, giving it the parabolic shape. As the test con-
tinues, this effect quickly dies out and, as Wood and Goetz pointed out, the remainder
of the curve is for all practical purposes straight with a fairly constant slope.

If, therefore, the parabolic section of the curve is ignored, the slope of the straight
portion could be measured and used as a parameter. This section of the curve can be
said to be represented by the last term in Eq. 3. The reciprocal of the slope of the
curve at this section represents the viscosity of the mixture. Wood and Goetz defined
the product of the applied stress and the reciprocal of this slope as the mixture vis-
cosity (V) in pound-seconds per square inch.

To measure the elastic component, they divided the applied stress by the rebound
strain to obtain a second parameter which they termed the modulus of recovery (R).
They showed that within the limits of experimental error the modulus of recovery and
the mixture viscosity are independent of the applied stress. This property, if exact,
makes these two parameters useful tools in the study of aging. The effects of aging on
the values of these two parameters provide a useful basis for comparing the degrees
of age hardening. The two parameters depend on properties affected by aging, namely,
the viscous behavior of the mixture and its elastic or rigid behavior. Their use should,
therefore, prove fruitful.

In discussing the foregoing results, Mack (32) pointed out that if the strain is plotted
against the log of time, the parabolic section of the creep curve comes out as astraight
line. This becomes obvious on examining the exponential nature of this part of the
curve. If a straight line is obtained, its slope could also serve as a parameter, since
it depends on the viscosity, which could then also be investigated as a possible third
parameter for use in aging.

For a complete study of the rheological properties, an examination of the stress
relaxation behavior of the mixture would provide a useful comparison. The best model
representation of relaxation behavior has been shown to be the generalized Maxwell
model with a series of elements (18).

Stress at any time is represented by the following equation:

t

w

T
o= efc; (Pegt e ™ d P ) (4)

0

where Tyrg] is relaxation time and ¢ is strain. The ratio of stress to strain is known
as the relaxation modulus, E; (t). This gives another parameter which can be used
to compare the properties of the mixture. The modulus of relaxation is widely used
in work on polymers (30). Since the relaxation behavior depends on the viscous prop-
erties of the mix, hardening should have a marked effect on the modulus of relaxation
and could also be used as a basis of comparing the degree of aging.

MATERIALS AND TEST PROCEDURE

Aggregate

To study properly the effects of aging, it was considered necessary to eliminate
any unknown factors caused by the properties of the aggregate. To eliminate disinte-
gration and aggregate reactivity with asphalt in the mix, the aggregate had to be inert,
sound, and durable. Aging effects, thereby, would be confined to changes in the asphalt
properties. Ottawa sand was chosen as meeting these requirements, and silica sand
powder was used as mineral filler.
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It was desirable that the gradation of the sand be within the specification limits of
ASTM Designation: D 1663-59T for sheet asphalt. By plotting the specification limits
on a log plot, a straight line lying within the specified range was obtained. This
straight line represented a gradation shown mathematically as:

n

e ()

log P; = log Py + n log (gl) (5b)
0

or

where

P; = percent passing sieve size being considered,

Py = percent passing maximum sieve size,
d; = diameter of required size,
Do = diameter of maximum size aggregate.

The exponent, n, is the slope of such a line and when its value is approximately 0. 5,
the equation will be the same as Fuller's for maximum density. Table 1 gives the
gradation analysis of dry sand used in this study.

The specific gravity of the aggregate was determined using the hydrometer method
of ASTM Designation: C 188-44. This method was considered suitable because of the
high percentage of fines in the aggregate.

Asphalt

A 60-70 penetration asphalt available in the laboratory was used. The properties
of this asphalt have been determined in other tests (33). Three different asphalt con-
tents were chosen, of which two, and 12 percent, were within ASTM specification
limits and one, 15 percent, was higher than specified.

Preparation of Mix

The method adopted was similar to the California test method (No. Calif, 350-A)
(9). The sand was divided into three equal batches and preheated to a temperature of
325 F in an oven. The asphalt was also heated to a uniform temperature of 325 F and
the required amount was poured on the preheated sand and mixed thoroughly in a large
bowl for 2 min, insuring that all the sand was evenly coated. To reduce the amount of
aging, no further heating was done during this process. After mixing, the sample was

portioned into three equal parts and spread
out in open containers in preparation for
aging.

Method of Aging

TABLE 1 It was decided to age the mixtures at

SIEVE ANALYSIS OF OTTAWA SAND? three different temperatures which had

) ) ) . : been previously employed in other work

Sieve Size  Passing 4 Retained ' Of(:gwnalt)ermls onaging: 77, 140, 225 F. The standard
—— 7 - . temperature of 77 F was selected as a

No. 30 75 25 1.750 basis for comparison; 140 F is used for
No. 50 45 55 2,100 the Shell aging index (5), and 225 F is

No. 100 26 74 1,330 widely used in aging work (9, 29).

No. 200° 15 B9 . bn The aging was undertaken in electric
Total W) ovens in the presence of air. It was de-
= - T . cided to use an aging period of 1 wk, based
fydroneter analysisi eva. sp. gr., 2.645; value used,  on the work of Clark (2) and Traxler (29).

"Silica sand used for sizes 200, Clark indicated that 1 wk of aging in a
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TABLE 2
DENSITIES OF SPECIMENS

SR— A/C Avg. Weight Height  Density Thel\‘/’f:;“cal Voids
Content (%) (gm) (em) (gm/cucm) Densiiy (%)

A-9 9 140 7.0 2.09 2.35 11
B-9 140 7.0 2,09 2,35 11
Cc-9 140 7.0 2.09 2.35 11
A-12 12 135 7.0 2.00 2.25 11.1
B-12 135 7.0 2,00 2.25 11.1
C-12 135 7.0 2.00 2.25 11.1
A-15 15 130 7.0 1.91 2.15 11.1
B-15 130 7.0 1.91 2.15 11.1
C-15 130 7.0 1.91 2.15 11.1

laboratory oven at 150 F was equivalent to 1 yr of aging in the field. By using the same
duration, it was hoped to eliminate the time element from the number of variables.

The three samples were spread out so that most of the material was exposedtothe effects
of heating. The principal agents in this type of aging would be volatilization and oxi-
dation. After aging, the mixtures were stored in an inert atmosphere of carbon dioxide
until ready for use.

Preparation of Specimens

The specimens were prepared in molds of 1%-in. diameter with 2%-in. internal
dimensions. The molds were preheated in an oven to a temperature of 270 F. The
aged sand-asphalt mixture was divided into four portions weighing 140 gm each. It
was estimated that about 0.3 lb, or 134 gm, would be necessary for each specimen.

Each portion was then reheated in an oven to a temperature of 270 F for a period of
15 min. It was removed and the mold filled in four equal lifts. Compaction was done
with the help of a Harvard miniature compactor, using 20 blows of 45 lb for each lift.
The sample was extruded from the mold with a special extractor and allowed to cool
before weighing.

In the case of samples with asphalt contents of 12 and 15 percent, the extraction
from the mold could not be done immediately after compaction because the specimens
tended to lose shape and collapse when hot. After compaction, the molds and the speci-
mens were placed in a refrigerator and allowed to cool down completely. They were
then removed and the outside of the molds were heated until heating effects just showed
on the inside edges of the samples, but the middle cores were not affected. The molds
were then placed in the extractor and the samples were forced out, numbered, and
stored in a refrigerator in the presence of COz until ready for testing.

Creep Tests

The creep test apparatus consisted of a triaxial cell, and loading was done by con-
solidation weights applied to the loading frame. Water at a constant 25 C was circulated
around the test cell to insure testing at a constant temperature.

Deformation was recorded by means of an LVDT transducer connected to a Varian
recorder (Model G-14). The recorder had two chart speeds of 1ft/min and 1 in./min,
either of which was used depending on the speed of deformation of specimen and sen-
sitivity required.

The amount of deformation allowed on the sample was limited to 1 or 2 percent,
avoiding stressing the material to failure. In practice, deformation was limited to
0.03 in. The average height of a specimen was 2% in. This , therefore, represented
a strain of 1.1 percent, After the set deformation was attained, the load was removed.
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The recorder was allowed to run until the deformation became constant. At least two
tests were run for each specimen for the same load. Three sets of loadings were used
for each set of specimens,

Relaxation Tests

Six specimens were selected from the 9 and 12 percent asphalt content specimens
and for the three degrees of aging. The relaxation tests were carried out on an Instron
testing machine which measures and records both stresses and strains automatically
and can record either variable load at constant strain or variable deformation at con-
stant stress. To test the specimens, a deformation of 1 mm was applied to the speci-
men within a period of 0.1 min and maintained. The maximum load induced and sub-
sequent stress relaxation were automatically recorded on a chart.

As mentioned previously, the strains obtained in the creep test are not independent
of the degree of compaction. To limit any variation in the results due to variation in
the density of the specimen, great control was exercised in the compaction, The den-
sities obtained for each asphalt content were in agreement to within 1 percent. Table 2
gives the average bulk densities and percent voids of various mixtures used in this
study.

The main difficulty in conducting creep tests was in the application of the creep load.
The range of strain measured was only 1. 2 percent maximum (i.e., about 0. 035 in.).
This measurement could easily be upset by the slightest vibration produced in placing
the weights. Any erratic initial developments were usually noted and used as the zero
error.

The specimens tested in creep generally showed an instantaneous and a delayed
strain. When unloaded, the specimens showed an instantaneous rebound, a delayed
rebound, and a permanent strain. When the same specimens were reloaded, the mag-
nitude of instantaneous rebound was closer to instantaneous strain than during the first
loading. It was decided, therefore, to load and unload each specimen at least twice.
For consistency, only the curves obtained from the first reloading were used in com-
putations.

The creep tests on the 15 percent A/C mix were carried out with as little delay as
possible because the specimens tended to slump if left in the cell at the test tempera-
ture of 77 F. They were usually not removed from storage until a short time before
testing.

To obtain the rebound modulus, the instantaneous rebound strain was measured from
the recorder charts. It was difficult to measure this quantity because it was difficult
to know precisely how much of the rebound was instantaneous and how much was re-
tarded. The rebound modulus (12) was calculated as follows:

R = T (6)
Ep
where T is applied stress (kg/sq cm), and ER is rebound strain.

The slopes S of the stress-strain creep curves at the point where the slope is almost
constant were measured as follows:

S=§ (7)

From this the mixture viscosity (V) can be obtained as follows:

V=T/S = kg/sq cm-sec (8)

=I5 ]=
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RESULTS AND DISCUSSION

Typical creep curves obtained for various mixes are shown in Figures 1 through 3,
and values of mixture viscosity, creep modulus, and modulus of recovery (R) are given
in Tables 3 through 6.

No relaxation tests could be undertaken on the 15 percent asphalt content mixtures
because by the end of the creep tests (in waiting for the cell to drain out before removal
of the specimen) the samples had slumped badly and could not have given useful results.
The relaxation curves shown in Figures 4 and 5 are for 9 and 12 percent A/C mixtures.
Tables 7 and 8 give the values obtained and the calculated values of the relaxation
modulus.

An examination of the deformation time curves in Figures 1 through 3 shows that
the general outlines of these curves exhibit the predicted characteristics, i.e., an
instantaneous elastic deformation and rebound, a time-dependent deformation, and a
permanent deformation.

The results showed that the creep curves obtained for the specimens under the first
application of load had a very high initial value of instantaneous deformation, far larger
than the elastic rebound. It was felt that this was most likely due to initial compression
of the specimens. Despite the dense gradation of the mixtures, Table 2 indicates that
the mixes contained relatively high percentages of voids. After the initial loading, the
material settled and gave more consistent results.

An examination of the creep curves for the various degrees of aging shows a definite
difference in the rate of creep (Figs. 1, 2, and 3). For the 9 and 12 percent asphalt
content, mix A shows the highest rate of creep, followed by mix B and mix C. The
high degree of aging to which mix C was subjected seems to reduce the viscous com-
ponent of the mix, producing a low viscous deformation. The closeness of curves A
and B in Figures 2 and 3 indicates that the degree of aging to which B was subjected
was not high enough to make a marked difference as in C. For the 15 percent asphalt
content mix (Fig. 3), the slope of curve C is again much lower, but a close examina-
tion of the curves shows that the difference between the curves is less marked. This
is probably due to a lower degree of aging taking place in the mix with higher asphalt
content. It is clear, therefore, that aging does affect the rate of creep and the elastic
deformation. The next problem is how to measure these changes.

Earlier, some parameters were developed for measuring the characteristics of the
mix based on Burger's model. This model assumes that the viscoelastic behavior of
the material is linear. For this linearity to be satisfied, the instantaneous elastic
deformation and the retarded elastic deformation (represented by the parabolic section
of curve) should be a mirror image of the rebound strain section. The only curves
that seem to satisfy this property are those for the group C specimens. The groups A
and B specimens indicate that their viscoelastic behavior is not exactly linear. Line-
arity, however, can be used as an approximation for these mixtures. Table 9 gives the
values of its constants for various mixes used in this study.

Wood and Goetz (32), using Burger's model, evolved the parameters of modulus of
recovery (R) and mixture viscosity (V). They further suggested the use of these pa-
rameters as measures of the degree of aging of mixtures. As indicated before, the
creep curves were affected by the aging process; therefore, R and V were calculated
to see if any possible interpretation could be made of possible trends in their values.
The values obtained appear in Tables 6 and 10. The modulus of recovery values ob-
tained, apart from a few scattered values which do not obey the trend and are obviously
erratic, showed a decrease with the degree of aging. To use such a parameter for de-
sign, it is necessary to evolve some relationship linking the value of the modulus of
recovery to the degree of aging measured, perhaps in terms of temperature or degree-
days.

The main problem in measuring the modulus of recovery is the difficulty of meas-
uring the instantaneous rebound. It is difficult to determine exactly where this rebound
ends and the retarded rebound begins. It might be possible to measure this value more
accurately if, for example, a higher recorder chart speed is used. Even then, removing
the load instantaneously to record the rebound is difficult unless an automatic loading
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Figure 1. Creep curves, 9 percent A/C, 50 kg (5.2 kg/sq cm) load.
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TABLE 7
RELAXATION TESTS, § PERCENT A/C MIXTURES

Specimen A-9-1 Specimen B-9-1 Specimen C-9-1

Tlne Luyad Slress ER(t) Tle  Luad Slress ER(t) Tlue Load Stress ER(t) Time Load Stress KR(t)
(min) (kg) (kg/sq cm) (kg/sqcm) (min) (kg) (kg/sq cm) (kg/sqcm) (min) (kg) (kg/sq cm) (kg/sq em)|l(min) (kg) (kg/sq cm) (kg/sq em)
0.1 115 11,95 870 0.1 145 15.1 1100 0 0 0 - - - - -
0.12 62 6,44 470 0.12 80 8.3 606 0.1 310 32,2 2340 1.2 12 7.5 545
0.13 52 5.4 3.94 0.14 65 6.75 492 0.12 225 23.4 1700 1.4 68 7.09 515
0.16 49 5.1 3.21 0.20 50 5.2 380 0.14 190 19.7 1440 1.6 65 6.75 492
0,18 46 4.8 348 0.25 43 4,46 326 0,16 170 i 1290 1.8 63 6.55 476
0,20 40 4,15 303 0.30 38 3.94 288 0.18 155 16,1 1170 2.0 60.2 6.27 456
0.25 36 3.64 265 0.35 35 3.63 266 0,20 150 15.6 1135 2,5 57.8 6.0 438
0.30 31 3.22 235 0.40 32 3.32 242 0.26 130 13.5 985 3.0 53 5.6 400
0.35 28.5 2,95 216 0.45 30.2 3.14 229 0.30 120 12,5 910 3.5 50 5.2 380
0.40 26 2.7 197 0.50 28.5 2.96 218 0.35 112 11,5 850 4.0 48 5.0 364
0.50 23 2,4 174 0.60 26 2.7 197 0.40 106 1.0 803 4.5 46 4.8 350
0.60 21 2.18 159 0.7 24 2.5 182 0.45 102 10.1 74 5.0 44.2 4.57 335
0.70 19 1.97 144 0.8 22.5 2,34 170 0.50 98 10.0 743 5.5 43 4.47 326
0.80 18 1.87 136 1,0 20,4 2.12 154.5 0.60 91 9.45 690 6.0 42 - 318
0.90 16.8 1.74 127 1.2 18.6 1.94 141 0.70 86 8.94 650 6.5 41 - 310
1.0 15.8 1.64 120 L4 17.4 1.80 132 0.80 82 8,52 620

1.2 14.4 1.6 109 1.6 16.4 1.7 124 0.90 80 8.31 606

1.4 13,3 1,38 101 1.8 16,4 1.6 116.5 10 76.0 1.95 580

1.6 12.3 1.28 93 2.0 14.6 1.5 106

1.8 11.6 1.20 B8 2,6 13,2 1.37 95.5

2.0 11.0 1.14 83.4 3.0 12.1 1.26 89

2,5 9.8 1.00 74.2 3.5 11.4 1.18 82

3.0 9.0 0.935 68 4.0 10.% 1.11 8

4.0 7.8 0.81 59 4.5 10.1 1,05 3

TABLE 8
RELAXATION TESTS, 12 PERCENT A/C MIXTURES
Specimen A-12-4 Specimen B-12-3 Specimen C-12-3
Time Load Stress ER(t) Time Load Stress ER(t) Time Load Stress EH(t) Time Load  Stress ER([)
(min) (kg) (kg/sqcm) (kg/sq ¢cm) (min) (kg) (kg/sqcm) (kg/sq¢m) (min) (kg) (kg/sq cm) (kg/sq ¢m) || (min) (kg) (kg/sq cm) (kg/sq cm)
0 0 0 - 0 0 0 - 0 0 0 - 1.2 10.8 1.12 82
0.1 23 2.39 166.8 0.1 40 4.16 303 0.1 110 11.4 834 1.4 9.9 1.04 5
0.12 8 0.82 58 0.12 35 3.54 267 0.12 58 6.02 438 1.6 9.2 0.95 69.7
0.14 6 0.624 43.4 0.14 29 3.02 220 0.14 47 4.89 356 1.8 8.6 0.89 85
0,186 5 0,52 36.2 0.16 23 2.39 174.2 0.16 41 4,26 310 2.0 8.2 0.85 62
0.18 4,4 0. 457 31.9 0.18 20 2.08 151.3 0.18 37 3.85 280 2.8 7.2 0.75 54.5
0,20 3.6 0.374 26.4 0.20 18 1.87 136,2 0.20 33.5 3,5 265 3.0 6,5 0.68 49,2
0.25 2.8 0.29 20.2 0.25 14 1.45 106 0.25 28.3 2,95 214 3.8 6.0 0.624 45.4
0.30 2.3 0.24 17.4 0.30 11,5 1.2 81.1 0.30 25 2.6 189 4.0 5.6 0.58 42.4
0.35 2,0 0.208 15.1 0.35 10 1.04 5.6 0.35 22.5 2,35 170 4,6 5.2 0.54 39.4
0.40 1.8 0.187 13.6 0.40 9 0.93 68,2 0.40 20.5 2.14 155 5.0 4.9 0.50 22
0.45 1.6 0.166 12.8 0.50 1.5 0.78 56.8 0.45 19,2 1.98 145 5.6 4.6 0.47 19.7
0.5 1.4 0.145 10.6 0,60 6.4 0.66 48.4 0.5 18.0 1,87 136 6.0 4.4 0.45 18.1
0.6 1.22 0.127 9.24 0.70 5.5 0.57 41.6 0.6 16,2 1.6 122
0.7 121 0.114 8.34 0.80 5.0 0.52 37.9 0.7 14.8 1,54 112
0.8 1.0 0.104 7.57 0.90 4.5 0.47 34,1 0.8 13.6 1.40 103
0.9 0.9 0.094 6.8 1.0 4.3 0.45 32.6 0.9 12.8 1.34 96.8
1.0 0.82 0.085 6.2 1.2 3.1 0.39 28 1.0 12.0 1.25 91
1.2 0.7 0.073 5.3 1.4 3.3 0.34 26
1.4 0.65 0. 068 4,92 1,8 3.0 0.31 22.7
1.8 0.53 0.0565 4,01 1,8 2.8 0.29 21,2
1.8 0.51 0. 053 3.96 2,0 2.5 0.26 18.9
2.0 0,49 0.051 3.1 2.2 2.4 0.25 18.2
TABLE 9

MODEL CONSTANTS®

. . G G, ™ -]
Specimen Asphalt Condition (ke/sq cm) (kg/sq cm) (kg-sec/sq em) (kg-sec/sq em)

A-9 9 A 4,330 1,040 1.01 x 10° 3.4 x10t
B-9 9 B 2,370 1,530 1.43 x 10° 8.2 x10*
Cc-9 9 c 1,530 3,080 1.82 x 10° 19.4 x10*
A-12 12 A 1,300 346 6.63 x 10° 5.32 x10°
B-12 12 B 472 371 6.73 x 10° 7.41 x10°
c-12 12 C 193 520 1.92 x 10° 1.80 x10%
A-15 15 A 140 158 9.63 x 10° 1.30 x10°
B-15 15 B 140 141 6.86 x 10° 0. 554 x 10°
c-15 15 C 114 169 1.39 z 10* 1.06 x10°

8For curves shown only.
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TABLE 10
MIXTURE VISCOSITY

Speeiien Load  Slope of Curve Mixture Viscosity p Average
P (kg) (x 10~%) (x 10° kg-sec/sq cm)  (x 10° kg-sec/sq cm)
A-9-1 20 30 0.67
A-9-3 50 29 1.7 1.14
B-9-1 20 5.16 3.87
B-9-2 50 23.2 2.16 3.01
C-9-1 20 1.13 17.8
C-9-4 50 2.86 16.9 17.4
A-12-1 5 73.6 0. 068
A-12-2 10 930 0.1075
A-12-3 20 242 0.082 0.085
B-12-1 5 41.6 0.12
B-12-2 20 18.8 0.106 0.113
C-12-1 5 14 0. 357
Cc-12-2 10 3.4 2.94
Cc-12-3 20 1.47 1.36 2.15
A-15-1 5 1.36 0. 037
A-15-2 10 310 0.032 0.035
B-15-1 2,5 26.4 0. 099
B-15-2 5 46.2 0.082
B-15-3 10 120 0.108 0. 093
C-15-1 2.5 24 0.111
C-15-2 5 37.5 0.133
C-15-3 10 95.0 0.103 0.116
o system is used. On the whole, because
: of the practical difficulty of finding the
correct value of rebound, it does not
= — — seem that the modulus of recovery could
Sm— L be used as a practical parameter for aging
3 —— 1
g 10 ~ %, | measurements. . ) )
S —lc The mixture viscosity values obtained
g = showed a more promising trend, It is
= clear from the results given in Table 10
£ = that mixture viscosity increases with the
g o w degree of aging. This seems a more re- ‘
$ N liable parameter, easier to measure and |
o ~q 5 to control. With the limited range of
2 l-:&\qlc values obtained in this experiment, it is
= o S not possible to say categorically what sort |
\m\ of relation can be evolved relating the |
mixture viscosity to the degree of aging.
However, the observed data appear to in- ‘
dicate that a semilog relationship exists.
108 The log V vs temperature generated a ‘
= '°T° ’ '5:’A o ‘i°° 80 gtraight line (Fig. 6) which results in the
SRR following relation:
Figure 6. Log mixture viscosity vs tem- i :
perature of aging. VB rI‘A (9)

where T p is aging temperature, and k = a constant which varies with percent asphalt
in mix. To confirm the existence of such a relationship, which could be of great use
in the study of mixes, more experiments would be necessary.

To obtain a reliable value of V, great care must be exercised in selecting loading
cycles to insure consistency. As the sample is loaded and unloaded several times,
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Figure 9. ILog-log plot of relaxation modulus vs time.

the slope of the creep curves progressively decreases as shown in Figure 7. It is
necessary, therefore, to select the same load cycle for all the specimens before
evolving values. The decrease in the slope of the creepcurve provides further evidence
that the viscoelastic behavior of the asphalt mixture may not be exactly linear. This
decrease in the rate of creep with repeated load may be caused by stiffening of the
mixes due to densification of specimens.

A plot was made of the log of creep modulus vs the log of time (Fig. 8). Although
no obvious trend was noticed in these curves, future results may indicate one.

The relaxation curves in Figures 4 and 5 again show differences due to aging. These
curves, like the creep curves, also showed that for the duration of aging employed, the
140 F aging temperature did not alter the viscoelastic characteristic of material sig-
nificantly, whereas aging at 225 F changed this behavior considerably. A plot of
relaxation modulus vs log of time did not produce a straight line, thus indicating that
the relaxation behavior of these asphaltic mixtures may be that of a complex model.

A plot of the log of relaxation modulus vs

| log of time shown in Figure 9 exhibits
marked curvature which again indicates

o~ that a simple viscoelastic model may not
E— e = be representative of the mixtures used.
~%a. An investigation was made of the possible
~— o existence of a relation between the degree
5% 4 ,¢ of aging and the maximum relaxation stress

] attained by the material for the 1-mm de-

— formation of 1. 42 percent strain. It appears
that a semilog relation is possibleand m
= 55 5o 203 250 that a relationship of the form, PR=e &,
Temperatire of AQingin°F might be possible where PR is maximum
relaxation stress, TR is temperature of
Figure 10, Log maximum relaxation stress  aging in degrees Fahrenheit and b is a
vs aging temperature. constant (Fig.10). This relation, if it

Moximum Stress kg/sqcm
)
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exists, could also be useful in studying the effect of aging on mechanical properties of
asphaltic mixtures. It is difficult to confirm definitely the existence of this relation
with the limited data obtained, The relationship, however, would be much easier to
measure than the other parameters mentioned earlier if the right equipment were used.

CONCLUSION

The results of this study appear to justify the following conclusions. It should be
realized that these conclusions are applicable only to the particular kinds of mixtures
used in this investigation. Within the limitations of the tests performed and the data
obtained, it would seem that:

1. Aging does affect the creep and relaxation characteristics of the mixtures studied,;

2. Aging reduces the rate of creep of the mix, resulting in a harder mix with a
higher elastic response and a lower viscous component;

3. Within the range of the materials studied and the procedures used in this study,
there appears to be a certain relationship between mixture viscosity and aging tem-
perature, and a maximum relaxation stress and aging temperature; and

4. The creep modulus did not seem to indicate any significant relation with aging,
but the relaxation modulus showed a more significant variation with the degree of aging.
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Effect of Asphalt Viscosity on Rheological

Properties of Bituminous Concrete

CHARLES A. PAGEN and BEE KU
Respectively, Assistant Professor of Civil Engineering, and Research Associate,
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The mechanical properties of bituminous concrete and the rhe-
ological response of asphalt greatly influence the design and
construction of multilayer flexible pavement structures and are
directly related to the reponse of bituminous concrete struc-
tures to traffic under various environmental conditions. The
experimental phase of this research involved the testing of five
different types of asphaltic concrete mixtures in which two ag-
gregate types, two aggregate gradations, and two asphalt types
are used. Correlations between asphalt viscosity, rheological
strength moduli, and deformations of the bituminous mixes
were developed over an extensive range of loading times and
temperatures. The application of the linear viscoelastic theory
and the time-temperature superposition concept to define the
mechanical properties of asphaltic concrete mixtures was rig-
orously investigated. An equation of state to describe the load,
deformation, time, and temperature-dependent behavior of as-
phalt concrete is presented. The agreement of the data in this
experimentation provides a verification of the ability of the lin-
ear viscoelastic theory to describe the response of asphaltic
concrete, as well as of the application of the derived equations
of state and the time-temperature superposition concept to
these materials.

®THE MECHANICAL PROPERTIES of the asphaltic concrete layers of flexible pave-
ments and the rheological properties of the asphalt component of these layers greatly
influence the design and construction of multilayer flexible pavements. The response
of asphaltic concrete structures to traffic and environmental conditions is directly re-
lated to these factors. However, considerable data remain to be accumulated to estab-
lish the usefulness of viscoelastic analysis in design and to explain the mechanical be-
havior of asphalts and mixtures of asphalt and aggregates.

Research at The Ohio State University to date has demonstrated that, as an engineer-
ing approximation, asphalt-aggregate mixtures may be considered linear viscoelastic
materials and thermorheologically linear materials (l, 2). The time- and temperature-
dependent mechanical properties of bituminous concrete have also been investigated
by Secor and Monismith (3) and by Krokosky and Chen (4), and this research may be
used as a tool by asphalt technologists in evaluating the complex nature of such ma-
terials. Data have been obtained demonstrating the loading time and temperature de-
pendence of such physical properties as the complex moduli, Marshall test stability,
stress relaxation moduli, and creep moduli. It is possible that this rheological ap-
proach may only serve as an engineering approximation to the behavior of asphaltic
concrete under definite conditions of traffic and certain ranges of temperature. How-
ever, rheological concepts provide a much higher level of approximation than the pres-
ently available elastic design theories. The objective of this research is to relate
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changes of asphalt viscosity or temperature to the mechanical properties of asphaltic
concrete mixtures. The data obtained may be used to evaluate: (a) limits of asphalt
viscosity which will produce specified changes of material rheological strength prop-
erties and material deformation, and (b) procedures to predict strength moduli and
mixture strain based on binder viscosity over a range of loading times and tempera-
tures.

PROCEDURE

The experimental phase of the research project involved the testing of five different
types of asphaltic concrete mixtures comparable to several major categories used for
road surfacing in which two aggregate types, two aggregate gradations, and two asphalt
types are used. The two 85-100 penetration asphalts used in the study were obtained
from different sources; one has a high temperature susceptibility as measured by
microviscometer tests, and the other has a relatively low temperature susceptibility.
One aggregate type is a crushed river gravel and the other is a limestone. Two ag-
gregate gradations falling within the Ohio T-35C specifications were used, one with a
maximum size of 2 in. and the other with a maximum size of % in. Test specimens,
4 in. in diameter and approximately 8 in. high, were prepared using a kneading com-
pactor.

Constant-load compressive tests were performed on unconfined test cylinders. The
experimental loads and temperatures were varied over a wide range. A standard
creep testing program was used to record and analyze the instantaneous elastic, re-
tarded elastic, and viscous deformations. Cyclic repetition of loading and unloading
was also studied. Kinematic viscosity of the original asphalts used in the mixtures
was measured with a sliding plate microviscometer.

Correlations between the original asphalt viscosity, mixture rheclogical strength
moduli, and mixture deformations under load were developed for a wide range of load-
ing times and temperatures. The application of the linear viscoelastic theory and the
time-temperature superposition concept to define the mechanical properties of as-
phaltic concrete mixtures were rigorously investigated and validated. An equation of
state to describe the stress, strain, time, and temperature-dependent mechanical
behavior of the asphaltic concrete mixtures studied is presented. Two methods were
employed to determine the equation of state: (a) curve-fitting procedures utilizing
equations of the form of a generalized Voigt model, and (b) a Scatran computer pro-
gram where the equation of state developed was in the form of sixth-degree poly-
nomials. The equation of state developed by both methods was applied to predict the
response of the material over an extensive range of loading times and temperatures.

NOTATIONS
0 = stress,
€ = gtrain,

J = creep compliance,

E = creep modulus and elastic constants,
ap = temperature shift factor,

t = time,

T = temperature,

£ = characteristic retardation or relaxation time,
6 = deformation,
T, = standard reference temperature,

k = slope of asphalt viscosity-temperature curve on semilog plot or
slope of log a1 vs temperature plot,
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dashpot constants and asphalt viscosity,

=3
i}

C = constant, and
basc of natural logarithms.

(o]
]

EXPERIMENTATION

The different test programs available for the investigation of the rheological prop-
erties of bituminous concrete may include constant-load creep tests, stress-relaxation
tests, and direct sinusoidal-stress dynamic tests. Stress-relaxation tests are usually
difficult to perform, and direct dynamic tests yield information applicable only at the
frequency used in the test. The creep test, which was primarily used in this study,
is relatively easy to conduct and yields information over a wide range of loading time
or over a range of frequencies when transformed to the frequency domain. In the
viscoelastic theory (5), creep deformation consists of instantaneous elastic, time-
dependent elastic, and viscous deformation. To investigate these three components,
and particularly to separate the elastic and viscous deformation from the total defor-
mation, one must observe the rebound behavior of the material after unloading. The
loading and unloading duration should be determined by comparing it with the longest
retardation time. For utility and standardization of the testing procedure, a 1-hr
loading and equal unloading duration were adopted in this research.

Many engineering materials exhibit the phenomenon of mechanical conditioning
which can be conveniently analyzed by repetition-of-load application. Hence, the
present testing program includes the following three phases: (a) constant-load creep
tests, (b) creep recovery tests, and (c) repetition-of-load tests.

An independent test program to investigate the viscosity of asphalt was also per-
formed. These experiments included the measurement of original asphalt viscosity
(before mixing) by means of a Hallikainen sliding plate microviscometer.

Materials

The bituminous concrete mixtures investigated included two different asphalt types,
two aggregate types, and two aggregate gradations. The two asphalts were from a
Venezuela crude and California crude and have, respectively, a low and a high tempera-
ture susceptibility. The viscosities of the original asphalts are shown in Figure 1 for
a range of temperatures from approximately 55 to 100 F. The two aggregate types
used were a limestone and a crushed river gravel. The two gradations of the aggre-
gates (Table 1) are within type T-35C of the Ohio Department of Highways specification.
There are approximately 30 specimens in each series. An asphalt content of 5.7 per-
cent was selected for all mixes because this value was found to be close to the optimum
asphalt content for stability of the materials tested. The following series numbering
system for the asphaltic concrete mixes was used:

A = Asphalt type
1. Low temperature susceptible asphalt
2. High temperature susceptible asphalt
B = Gradation, type T-35C
1. Ohio minimum specification
2. Ohio intermediate specification
C = Aggregate type
1. Limestone
2. River gravel

The asphalt and aggregate were proportioned on the basis of weight. Before mixing,
aggregates were first heated to 300 F and kept in the oven at this temperature for at
least 8 hr; then the asphalt was heated to 290 F and mixed with the aggregate by a
mechanical mixer. A kneading compactor was used to compact the samples. Each
mix was fed to the mold in five layers, and each layer was compacted with 25 blows.
On each blow the booster exerted a compactive force of 10,900 lb. The dwell duration
time for the applied load was, respectively, 4, 5, 6, 5, and 4 sec at the five layers to
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Figure 1. Asphalt viscosity vs temperature.

produce relatively homogeneous and isotropic specimens. After the compaction pro-
cedure was completed, a static load of 10,900 1b was immediately applied to the speci-
men and maintained constant for 5 min. The specimens prepared were 4 in. in diam-
eter and approximately 8 in. high.

Description of Tests

Each series of specimens was investigated at three different temperatures: 41, 77,
and 104 F. At each temperature, three stress levels were studied. The level of
stress was different at each temperature, as indicated in Table 2.

All specimens were stored at room temperature until tested. The samples were
submerged in a temperature-controlled water bath approximately 8 hr before testing.
Creep experiments were also conducted at 60 and 90 F to supplement the research pro-
gram. The reproducibility of the test results was also checked. As pointed out by
Bland (g), the stress and strain are proportional in the linear viscoelastic range. If
the strain-time curves are reduced to a curve corresponding to a standard stress by
multiplying the strain-time curves by the ratio of the standard stress to the actual
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e stress, a means of comparison is obtained.
BITUMINOUS CONCRETE MEX“PROPORTIONS If the reduced strain functions obtained are
Passing Retained Percent by Percent by Wt/Mix within experimenta.l error, the definitions
U.8. on U.S. Wt of Wtof {gm) of linearity and reproducibility of test re-
Sieve Sieve Agg. Total Mix g s, ps -
sults are satisfied. In this research the
(2) Mix 1 strain-time curves will form a band,
Y in. Y in, 0 0 0 r'ather. than exactly co1-n(31c_ie. Thus, 'the
% in. No. 4 25. 44 24.0 960 linearity and reproducibility of experi-
1. g ot LI ;28 s ments are satisfied within a range of test-
No. 16  No, 30 6.36 6.0 240 ing error. The maximum deviation for
No. 30 No. 50 5.30 5.0 200 this research is approximately 15 percent,
No. 50 No. 100 7.42 7.0 280 hich t h id 4Pk
No. 100  No. 200 8. 59 8.0 320 whic e authors consider satisfactory
No. 200 4.56 4.3 172 for this type of experimentation. Due to
100.00 48 W2 inherent variation in all materials, some
852100 Bitumen —>.1  _28  geatter is noted and expected in the ex-
100, 0 4,000 : .
perimental results. However, this re-
(b) Mix 2 search indicates that the mechanical re-
Y, in. Y. in. 424 4 160 sponse of _asphaltic conqrete mixtures can
% in. No. 4 28. 60 27 1,080 be approximately described by the linear
3, A i ;g o viscoelastic theory. It can be rigorously
No. 16 No. 30 7.43 7 280 argued that there are no true elastic or
No. 30 No. 50 6.35 6 240 viscous materials (7, 8), and there is no
No. 50 No. 100 5.30 5 200 i Gsolly 14
No. 100  No. 200 5. 30 5 200 reason to assume that a perfectly linear
No. 200 1.38 1.3 52 viscoelastic material should exist. It is
L S e important to consider whether this en-
83-100 Bitumen 1—0(5)4% a8 gineering idealization will aid highway
:d >

engineers to evaluate pavement perform-
ance and assist in establishing better pave-
ment design procedures. More sophisti-
cated approaches are, of course, available if this engineering approximation does not
prove sufficiently accurate. However, more complex methods may prove troublesome
when applied to practical problems.

EXPERIMENTAL RESULTS

Creep Tests

The experimental loading data of the constant-load creep tests are shown in Figures
2 through 6. Each graph contains the strain-time data of one complete series of an
asphaltic concrete mixture, with each curve representing the average of six experi-
ments, with the exception of the 60 and 90 F tests. The six tests were performed at
the same temperature under isothermal conditions, but in each case two samples were
tested at three different stress levels. By application of the linear viscoelastic as-
sumption, the six individual creep experimental results were reduced to one curve cor-
responding to a 10-kg loading at the experimental temperature indicated. The results,
reasonably close to the average strain curve of the six creep tests, verify the applica-
tion of the linear viscoelastic concepts to the asphaltic concretes investigated.

Values of the creep compliance are also

TABLE 2 indicated on the right ordinate in the fore-
going figures, for convenience. The creep
Temperature Axial Stress Level (psi) compliance, J, is defined as the time-de-
°F) pendent strain divided by the constant
o1 2 % stress. Tabular and graphical represen-
41 26.3 52. 6 78.9 tations were used to present the results.
™ 10.5 21.0 31.5 However, it is not possible to present all
104 3.5 7.0 10.5 the data here, and only typical results are

shown.
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Repeated Loading

Figures 7 through 9 show the typical response of asphaltic concrete to repeated

loading and unloading cycles and the relative creep strain for such loading patterns.
The relative creep strain is defined as the total strain minus the residual viscous

Axial Strain € x 104 in/in.
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Figure 7.
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Creep strain under repeated 60-kg loading, 77 F, asphaltic mix 121.
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Figure 8. Relative creep strain vs loading time, 60-kg load, 77 F, asphaltic mix 121.

strain in the specimen just before loading. For all tests the relative strain for the
first loading cycle had greater magnitude than in later cycles. The subsequent load-
ing and unloading cycles had progressively smaller deviations.

The foregoing observation suggests that mechanical conditioning (9_) is also possible
for asphaltic concrete. From the experimental data obtained, the elastic and retarded
elastic components of the total strain were found to approach a steady-state condition

T
o
1

o
T

o
T

Relative Creep Recovery Strainin./in x
(2]

| 1 1 1 Il ] 1 Il : 8 = |

0 100 200 300 400 500 600 700 800 900 1000
Unloading Time in Seconds

Figure 9. Relative creep recovery strain vs unloading time, 60-kg load, 77 F, asphaltic
mix 121,
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after approximately three or four loading cycles, but the plastic part of deformation,
as expected, continued to increase at a uniform rate. After mechanical conditioning
occurs, the material seems to follow the linear viscoelastic assumption to a higher
degree of approximation at the conditions investigated.
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Figure 10. Composite master creep strain curve for asphaltic mix 111, 10-kg load, 77 F.
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Figure 11. Composite master creep strain curve for asphaltic mix 112, 10-kg load, 77 F.
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Figure 12. Composite master creep strain curve for asphaltic mix 121, 10-kg load, 77 F.



134

Time-Temperature Superposition Principle

The time-temperature superposition concept (10 11, 12) was used to obtain master
strain-time curves at 77 F for each series of asphaltlc concrete mixes tested, as
shown in Figures 10 through 14. The composite master curves were derived from the
strain-time curves of Figures 2 through 6, respectively, by means of horizontal
translations parallel to the time scale. Similar master strain functions can also be
obtained by means of activation energy relations and a form of the Arrhenius equation
(10) The curves shown represent master plots of the creep moduli over an extended
portion of the time scale. By calculation of time ratios and by inspection, values
were determined for the temperature shift factor, ap, which permit horizontal shift-
ing of the 41, 60, 90, and 104 F data to coincide with the 77 F creep data and thereby
form a relatively smooth continuous master curve.

An absolute temperature factor, T /T and a density factor, P /P theoretically
enter into the reduction scheme due to the theory of rubberlike elast1c1ty (10) and
density changes with temperature, have been omitted from calculations since they
are within experimental error and approach unity. These theoretical density and
temperature corrections lead to small vertical shifts of the experimental data.

The values of log @y obtained from the tests are plotted in Figure 15. The values
obtained are in close agreement with those found for another asphalt mixture similar
to the test materials investigated in this research at Ohio State University (l), as
shown in the figure. The solid circles indicate the sample mean, and the intervals
indicate the 95 percent confidence limits of the population means (1_3). The straight
line is the empirical regression line. The significance of the concept of reduced
variables becomes more apparent when one considers that: (a) the number of experi-
ments needed to evaluate the mechanical response of the material over a wide range

Loasm Time n Seeands iLogaratmc)

Figure 13. Composite master creep strain curve for asphaltic mix 122, 10-kg load, 77 F.
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Figure 14. Composite master creep strain curve for asphaltic mix 222, 10-kg load, 77 F.
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Figure 15. Temperature dependence of shift factor, og.

of temperature and time can now be greatly reduced; (b) the experimental data can be
projected to loading times both shorter and longer than can normally be obtained ex-
perimentally; and (c) the creep compliance, creep moduli, and mixture strain can be
predicted at any intermediate temperature in the experimental range for extended
loading times.

Equation of State

The most important variables in investigating the mechanical response of a visco-
elastic material such as asphaltic concrete are stress, strain, time, and temperature.
Bituminous concrete mixes are three-phase systems and may be viscoelastic materials
in which the asphalt component is the most susceptible to loading time and to environ-
mental temperature variations. Thus, in this study, it was necessary to investigate
the effect of these principal variables on the rheologic properties of the material as
influenced by the asphalt phase.

A constant load applied to a linear viscoelastic material produces a deformation
which increases with time. This fact can be described mathematically by the following
expression (14, 15):
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1 1 t
= A 2 \1- R

i=1

Eq. 1 shows that stress and strain are linearly related. I the stress is doubled, the
resulting strain is doubled; conversely, if the strain is doubled, the resulting stress
is also doubled.

A k value, defined as the slope of a straight line on a semilog asphalt viscosity-
temperature plot (2), is related to the temperature shift factor, « (T), at a reference
temperature, Tg,

Inap, (T) = -k (T - To) (2)

Thus, the general equation of state for the material can be written in a form similar
lo that of a generalized Voigt model:

n
1 1 -Ej t t
L, T = of 2= e ] i + (3)
€, T) = o E, * Zl E; P\ o, (T) 7 (To) aT,, (1) Mg (To)
1=

which describes the mechanical response over a range of loading times and tempera-
tures.
Making use of Eq. 2, Eq. 3 can be written as:

1 1
<D = olg + D, E ||~y

which is the relation desired.

Curve-Fitted Equation

By using the graphical procedures described in an earlier report (2), the coefficients
of the equations in the form of Eq. 1 were found to represent the master curves shown
in Figures 10 through 14. The analytical expression for the 111 series asphaltic mix
master curve under a 10-kg load at 77 F is as follows:

- - x 10~" _ _ -
() = 1.49 x 107 (1.0 Ly gy 104(1—9 4,072 x 107

3.4 X 107 ) o
+5.85 x 10° (1-¢73-4710 t1+ 7.40 X 107 (l-e 318 % 10 t)
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+ 4.00 X 107 (1 _ g %367 107%

= x 107%
+ 2.6 x 10 (l-e 5,815 = 10 t)
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-2
+ 5.63 x 10 [1-¢ %4710 t)

+ 2.57 X 10‘5(1 -e'4'4t)

+ 5.9 x 10™*% + 2.55 x 107 (5)
The strain-time values calculated from the equations of state check very closely
with the experimental values at 77 F shown in the form of master curves in Figures
10 through 14. Using the shifting factors shown in Figure 15, the k values are com-
puted according to Eq. 2. These values are given in Table 3.
By rewriting Eq. 5 in the form of Eq. 4, the following equation was obtained for
the 111 series mix:
S f
€ (t, T) = 1,49 X 10'4 (1 _ e'4. 61 X 10 texp [k (T—77)]
~6
4 1.21 % 10-4(1 _ ~%:072 X 107t exp [k (T-77)]
_5
+ 5.85 X 10—5(1 L 3.4 % 107t exp (k (T-77)]
- X 1074 -
v 7.40 % 10° [1 - ¢4 18 ¥ 107t exp [k (T-77)]
= X 107 -
-2
- X 107t -
+ 2.6 X 107 (1 - ~3.815 X 107"t exp [k (T-77)]
+ 5.9 X 10™texp [k (T-77)] + 2.55 X 107 (6)

Analogous equations were obtained for all

the materials studied.

Eq. 6 can be used to calculate the creep strain for any temperature and loading

time, provided the k values are defined.

TABLE 3
"k'" VALUES2
Asphaltic Specific
Concrete Best Line

Series 41 F 104 F

111 0.1690 0.2885  0.2545
112 0.1299 0.2898  0.2017
121 0.2030 0.1390 0.1740
122 0.2361 0.2388  0.2455
222 0.1874 0.0975  0.1498

aSpecific k values computed for particu-
lar temperatures concerned; best line
k values computed for range of tempera-
tures by drawing best straight lines
through experimental points.

Using the k values listed in Table 3, the
strains calculated by Eq. 6 and similar
equations are shown in Figures 2 through
6 for temperatures of 41 F and 104 F.
When the specific k values are used, the
calculated strains fall almost exactly
on the experimental curve. When the
average k values are used, the agree-
ment between the calculated strain and
observed strain is still very good, im-
plying that the specific k value is de-
sirable if extreme accuracy is re-
quired.

Computer Equations

The master curve data for the materials
studied shown in Figures 10 through 14
were used to write a Scatran computer
program and calculate similar equations
of state, but of a sixth-degree polynomial
form:
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€(t) = Co + Cilogt + Cy(logt)? + ... + C, (logt)® @)
The coefficients of the polynomial equation were calculated by an IBM 7094 computer

and printed out as Co, C1, ..., Cs. For this research, the sixth-degree polynomial

TABLE 4
VALUES FOR POLYNOMIAL COEFFICIENTS FOR ASPHALTIC CONCRETE MIXES

Coefficients
Mix

Co Ci1 Cz Cs Cq Cs Ce

111 0.641261719 0.324797884 0.055929484 -0.000518209 -0.005969534 0.001864175 -0.000137133
112 0.589549825 0.285540815 0.134473095 -0.080792851 0.029345342 -0.004377093 0,000232387
121 0.680619359 0.408324849 0.139726138 -0.014161315 -0.009319783 0.004103141 -0.000416568
122 0.706186898 0.317805842 0,049930007  0.008847243 0.002605793  -0,000233102 -0.000032063
222 0.558999084 0.339170013 0.150620632 0.017126073  -0.007738411 0.000657460 -0.000046117
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Figure 16. Computer master strain curves at three temperatures, asphaltix mix 122, 10-
kg load.
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equation was selected and yields a 3 percent root-mean-square error. Greater accu-
racy is possible by using higher order polynomials. The values of the polynomial co-
efficients are given in Table 4.

A second Scatran program was written to evaluate the master strain-time curves of
the materials studied at any temperature in the experimental range by means of the spe-
cific temperature shift factors and the computer equations. The results were tabu-
lated and roughly plotted by the computer as shown for the 122 series mixture in Figure
16 for the 41, 77, and 104 F master curves.

Correlation of Equation of State and Time-Temperature Superposition Concept

By comparing the strain-time values evaluated by the time-temperature superposi-
tion concept and by the equation of state, the correlation of results may be observed
between both types of analyses. Values of € (t), J, and E may be compared at the
common experimental temperatures and loading times. The agreement between the
measured and predicted strain values are shown in Figures 2 through 6 for the 41 and
104 F curves. These correlations were considered good for all experimental data
analyzed. The agreement in this experiment provides a verification of the ability of
the linear viscoelastic theory to describe the response of asphaltic concrete. It also
provides verification of the application of the derived equation of state and the time-
temperature superposition concept to these materials.

SUMMARY AND CONCLUSIONS

The major objective of this study was to relate changes of asphalt viscosity or
temperature to changes in the mechanical properties of asphaltic concrete mixes. Re-
search has shown that a correlation between these properties can be obtained. In the
linear viscoelastic range of stress and in the thermolinear range of temperature, an
equation of state which correlates stress, strain, time, and temperature has been de-
rived. By a relatively few tests, this equation allows the mechanical properties of
bituminous concrete to be described over a range of conditions.

For the materials and conditions studied, the following are the major conclusions
of this investigation:

1. The experimental data indicate that the time-temperature superposition concept
is applicable to the bituminous-aggregate compositions tested at a satisfactory level
of approximation.

2. Experimentation on the phenomenological level has demonstrated that the me-
chanical properties of the dense bituminous concrete mixtures investigated can be ex-
pressed by the linear viscoelastic theory to a useful degree of approximation.

3. An equation of state incorporating load, deformation, time and temperature is
valid for predicting deformation and strength properties of the bituminous mixes stud-
ied. This equation provides an additional, independent check of the time-temperature
superposition concept used in this study.

4. Rheological experimentation is usually conducted on samples previously un-
tested because the loading history influences the mechanical behavior of the materials.
Usually, experimentation with untested specimens is all that is required to obtain the
desired results in a research program. However, an asphaltic concrete exhibits
mechanical conditioning and, when the material is tested, the deformation and the
strength properties measured will vary with subsequent repetitions of loading and un-
loading. After several standard repetitions of load, the instantaneous phase, visco-
elastic phase, and plastic phase of the total deformation were observed to be approxi-
mately constant for each loading and rebound cycle, suggesting that a conditioning of
the samples may yield more realistic results in the case of highway pavement studies.
In this research, the three rheological components of the total deformation asymptot-
ically approached limiting values after several loading cycles, making the application
of linear theory to these materials an even more valid approximation.

5. The total deformation could be separated into three components: instantaneous
elastic, retarded elastic, and plastic or viscous. Evidence was obtained that the
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measured instantaneous deformation of asphaltic concrete is highly dependent on test-
ing procedure, sample preparation, and equipment used. Thus, scattering of results
for this component is not unusual. The plastic component, evaluated after a specified
rebound time, deviated most from the linear assumption. The retarded elastic phase
was statistically linear to a high degree of approximation.

6. Application of changes in asphalt viscosities to produce desired changes in the
mechanical properties of asphaltic concrete has been verified.

ACKNOWLEDGMENTS

The material presented in this paper was partially secured from Research Project
EES 191, conducted by the Transportation Engineering Center and sponsored by the
Ohio Department of Highways in cooperation with U.S. Bureau of Public Roads. The
continued interest and cooperation of these agencies are gratefully acknowledged.

The authors wish to express their appreciation for the efforts of the staff of the
Engineering Experiment Station in the preparation of this paper. Special thanks are
due to Ravi Bhatia, Tom Snider, David Wu, and Barbara Fravel for their valuable
assistance.

REFERENCES

1. Pagen, C.A. Rheological Response of Bituminous Concrete. Highway Research
Record No. 67, pp. 1-26, 1965.

2. Pagen, C.A., and Ku, B. Effect of the Viscosity of Asphalt on the Rheological
Properties of Bituminous Mixes. Ohio State Univ., Eng. Exp. Sta., Ann.
Rept. No. EES 191-3.

3. Secor, K.E., and Monismith, C.L. Analysis and Interrelation of Stress-Strain-
Time Data for Asphalt Concrete. Paper presented to Winter Mtg. Soc. of
Rheology, Claremont, Calif., 1964.

4, Krokosky, E.M., and Chen, J.P. Viscoelastic Analysis of the Marshall Test.
Paper presented to AAPT Ann. Mtg., Dallas, Tex., 1964,

5. Stuart, H.A. Die Physik Der Hochpolymeren. Berlin, Springer-Verlag, 1956.

6. Bland, D.R. The Theory of Linear Viscoelasticity. London, Pergamon Press,
1960.

7. Baker, R.F. Pavement Design Using Rheologic Concepts. Proc. Int. Conf. on
Structural Design of Asphalt Pavements, Ann Arbor, Mich., 1962,

8. Reiner, M. Building Materials, Their Elasticity and Inelasticity. Amsterdam,

vy ~ |- |
North-Holland Pub. Co., 1054,

9. Frewdenthal, A. M. The Inelastic Behavior of Engineering Materials and Struc-
tures. New York, John Wiley and Sons, 1950.

10. Ferry, J.D. Viscoelastic Properties of Polymers. New York, John Wiley and
Sons, 1961,

11. Leaderman, H. Elastic and Creep Properties of Filamentous Materials and Other
High Polymers. Washington, D.C., Textile Found., 1943.

12. Broadnyan, J.G. Use of Rheological and Other Data in Asphalt Engineering Prob-
lems. Highway Research Board Bull. 192, pp. 1-19, 1958,

13. Hald, A. Statistical Theory with Engineering Applications. New York, John Wiley,
and Sons, 1961,

14. Eirich, F.R., ed. Rheology, Theory and Application. Vol. 1-3. New York,
Academic Press, 1961.

15. Alfrey, T., and Doty, P. Mechanical Behavior of High Polymers. Jour. Appl.
Phys., 1948.



Expansion and Contraction of Asphalt
Concrete Mixes

ERNEST ZUBE and JAMES CECHETINI
Respectively, Assistant Materials and Research Engineer and Materials and Re-
search Engineering Associate, California Division of Highways

The Materials and Research Department of the California
Division of Highways has been conducting a research study
onthe expansion and contraction of asphalt concrete mixes
using aggregates ranging from nonabsorptive tohighly ab-
sorptive. Data indicate that AC test specimensfabricated
from absorptive aggregates and exposed to normalatmos-
pheric conditions absorb moisture from the air which may
cause considerable expansion. During the warmest hours
of the day, these expanded specimens contract, causing
transverse or so-called block cracking. Identical speci-
mens kept in a dry storage cabinet did not exhibit this
phenomenon. The type of cracking found in pavements
appears the same as observed in laboratory specimens
when both are fabricated from the same highly absorp-
tive aggregates. Strainscreated in pavement by this cycle
of expansion and contraction, together with deflections im-
posed by loads, may cause a serious reduction in service
life.

This study presents data showing that expansion can be
reduced by certainmineralfillersand increased by others.
Expansion can also be greatly reduced by increasing the
asphalt content of the mix consistent with otiier specification
requirements.

®sAGGREGATES of varying degrees of absorption are the only economical sources of
road building material available in certain areas of California. Although these aggre-
gates appear to present no great problem when used in the construction of bases and
subbases, some evidence of distress is noted when they are used in the construction

of asphalt concrete surfacing. Considerable mileage of pavement has been placed using
these aggregates.

It can be generally stated that the California Division of Highways has had more
failures and distress with asphalt concrete pavements containing absorptive aggregates
than with pavements using nonabsorptive aggregates. Two main types of distress appear
to be related to the degree of absorption of the aggregate. The first is drying out and
raveling of the mix caused by rapid oxidation of the binder, insufficient asphalt in the
mix, or the capacity of the aggregates to continue absorbing the asphaltic binder. The
second is the appearance, in a few years, of excessive shrinkage cracks. On oneroad
these shrinkage cracks, about 1 in. wide, were at right angles to the centerline and at
intervals of about 15 to 30 ft. Our new test method, described later, indicated that the
aggregates were highly absorptive. There was no evidence that this cracking was
caused by reflection from the base. Similar cracks often appear in short sections of
AC pavement which are closed to traffic pending extension by future construction,

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Materials.
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The most widely accepted theories of asphalt concrete pavement failures are (a)
pavement fatigue (1-6), (b) excessive deflections (1, 6), (c) radius of curvature of de-
flected pavement (7), and (d) rapid hardening of the asphalt binder (8).

In addition to these, at least one more factor should be included, i.e., the expansion-
contraction cycle of asphalt concrete mixes using absorptive aggregates.

One prime difficulty in the use of absorptive aggregates is the determination of the
optimum asphalt content so that sufficient asphalt can be introduced to prevent drying
out of the pavement while sufficient stability is provided to prevent rutting or shoving
of the mix at the time of construction. About 20 yr ago we developed the Centrifuge
Kerosene Equivalent (CKE) test (9) which provides an optimum asphalt content based
on a combination of surface area and absorption. This test has given excellent service
and our standard specifications contain certain limiting factors (k factors) obtained
from the CKE test to eliminate or reduce the number of highly absorptive aggregates
used. The CKE test is now being modified to provide separate quantitative measures
of the surface area and absorbency of the aggregate. Therefore, in future specifications
this determination will permit us to limit the absorption factor. A tentative limit of
0.5 percent absorption has been adopted for future specifications. A brief description
of the modified CKE test is presented in this paper.

The excessive shrinkage cracking in pavements containing absorptive aggregates
has been of concern to the Materials and Research Department for a number of years.
Laboratory studies indicate that the most likely cause of this form of distress is ab-
sorption of moisture from the air through the asphalt film which causes considerable
expansion of the pavement. When the pavement dries, contraction and cracking appear.
Studies indicate that nonabsorptive aggregates do not exhibit this phenomenon. There
is littie doubi thai strains created in the pavement by this cycle of expansion and con-
traction, together with deflections imposed by loads, lead to a serious reduction in
service life of the pavement.

The purpose of this report is to present the development of laboratory tests for
studying the expansion and contraction of asphalt concrete mixtures using absorptive
aggregates during cycling under moist and drying conditions and the tentative correl-
ation of the results with pavement performance. A method for measuring the degree
of absorption of the aggregate and expansion of the mixture is outlined. Also, methods
for reducing the degree of expansion are presented, together with future studies on the
probable causes of these findings.

LABORATORY STUDIES

Cur laboratory studies are grouped under three paris: (a) early studies on com-
pacted AC briquettes, (b) study on compacted AC slabs, and (c) present studies on com-
pacted AC bars.

Early Studies on Compacted AC Briquettes

In 1958 a series of AC briquettes, 3 in. high and 4 in. in diameter, were made from
highly absorptive and nonabsorptive aggregates. These briquettes, made primarily for
visual observation, were compacted by our kneeding compactor. Half of the specimens
were compacted at 500 psi and the remaining samples at 350 psi. The laboratory test
results for these briquettes are given in Table 1.

Previous data indicated that specimens compacted at 350 psi are approximately equal
in density and stability to a newly compacted AC pavement, whereas a compaction
pressure of 500 psi, as used in our standard laboratory procedure, produces a speci-
men approximately equal to the density of a pavement after a period of time under
traffic.

Some of the AC briquettes made from absorptive and nonabsorptive aggregates were
encapsulated in epoxy resin. We felt that by coating the briquettes, oxidation of the
asphalt binder would be negligible. Therefore, any change in the hardness of the asphalt
would be caused by the aggregates. Briquettes, both encapsulated and nonencapsulated,
were divided into identical groups and weathered under the following conditions:
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TABLE 1
TEST RESULTS—COMPACTED AC BRIQUETTES
b Asph. Stability ¢ Cohesiond Specific Gravity
Sample Agg. Class.? Absol)‘p. 85-100
(% 350-Psi 500-Psi 350-Psi 500-Psi 350-Psi  500-Psi

57-854 Quartsitic meta
(non-absorp- sandstone, dia-
tive) base (river sand
and gravel) 0.0 5.3 32 42 420 683 2,35 2.37
Volcanic dacite and
sz;égggp_ rhyolite, feldspar,
tive) quartz, calcite and
mica 1.0 6.3 34 38 227 312 2.07 2.09

aBy X-ray diffraction and DTA.
bBy modified CKE test.
CStabilometer value,
dCohesiometer value.

Group 1—placed on roof of laboratory exposed to normal climate;
Group 2—inserted into previously cored holes of an existing AC pavement; and
Group 3—placed in darkened cabinet.

Group 1.—During a periodic inspection of the briquettes on the roof shortly after
exposure, the specimens made from highly absorptive aggregates and compacted at
500 psi showed signs of expanding. Hairline cracking and stretch marks were visible
in the epoxy coating. About 3 mo from the time the specimens were placed on the
roof, the first signs of cracking appeared in the epoxy coating. The other briquettes,
nonabsorptive and uncoated, showed no signs of stress under the same environment.
This also includes the highly absorptive specimens compacted at 350 psi. However,
at the end of 6 mo, signs of distress were visible in the coating of the absorptive speci-
mens compacted at 350 psi (Fig. 1). We believe the highly absorptive specimens com-
pacted at 500 psi ruptured their epoxy coating before identical AC samples compacted
at 350 psi primarily because of insufficient void space. The additional void space of

Figure 1. Epoxy-coated specimens, made from absorptive aggregates, exposed on roof 6
mo: left, specimen compacted at 500 psi; right, specimen compacted at 350 psi.
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Figure 2. Same specimens as in Figure 1 after 1 yr.

Figure 3. Epoxy-coated specimens after 1 yr: left, nonabsorptive aggregate; right,
absorptive aggregate.
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Figure U. Nonencapsulated specimens exposed on roof 6 mo: left, nonabsorptive aggre-
gate; right, absorptive aggregate.

Figure 5. Same briquettes as shown in Figure 4; after 6 yr, briquette made from absorp-
tive aggregates (1.0 percent) increased in volume 18.8 percent; no increase in volume
was seen in briguette fabricated from nonabsorptive (0.0 percent) aggregate.
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Figure 6. Stainless steel pins cemented to sides of specimen to measure volume changes.

specimens compacted at 350 psi permitted the absorptive aggregates to expand without
bursting their epoxy coating. However, when the aggregate's volume increase became
greater than the available voids in the compacted briquette, the specimens compacted

at a lower pressure also ruptured.

At the end of 1 yr, the highly absorptive specimens compacted at 350 and 500 psi
had completely ruptured their epoxy coating (Fig. 2), but the nonabsorptive encapsu-
lated specimens remained in excellent condition (Fig. 3).

The nonencapsulated specimens showed the same trend. The absorptive briquettes
had cracks over the entire surface, whereas the nonabsorptive briquettes had no indi-
cation of cracking. Figure 4 shows their appearance after 6 mo. After 6 yr, the di-
ameter of the absorptive (1.0 percent) specimen increased from 4.0 in. to an average
of 4.25in. The height increased from 3.0 to 3.15 in. This is an increase of 18.8
percent in volume. No expansion in volume occurred in the nonabsorptive briquette
(Fig. 5).

After noticing this volume change in the absorptive AC specimen, we made our
first attempt to measure the expansion. Stainless steel reference pins, % in. long,
were cemented with epoxy resin to the vertical sides of the test specimens made from
absorptive and nonabsorptive mixes (Fig. 6). The specimens were then placed on the
roof and expansion measurements were made. However, after about 1 wk, the weight
of the pins and the ambient temperature caused the mix aroung the pins to soften and
disintegrate. As is mentioned later, this problem was overcome by measuring the
volume change of a slab and test beam specimen.

Group 2. —This group of briquettes was inserted into previously cored holes in an
existing AC pavement, between and in the wheel track, to determine what visible effects
the different wheel loads might have. The tightly confined briquettes, both in and be-
tween the wheel tracks, showed hairline cracking on the surface of the absorptive types.
However, no signs of cracking appeared on the nonabsorptive briquettes. The surface
cracking on the absorptive specimens indicates that expansion and subsequent shrinkage
had occurred; apparently the force of expansion was sufficient to move the surrounding
pavement slightly.
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Figure 7. Absorptive and nonabsorptive AC briquettes; dark-colored specimens stored in
cabinet for 6 yr, and light-colored specimens exposed on roof for 6 yr.

Group 3.—Both absorptive and nonabsorptive briquettes stored in a cabinet free
from sunlight and moisture remained in excellent condition. Figure 7 shows the ap-
pearance of these specimens after 6 yr. For comparison, identical specimens stored
on the roof for 6 yr are shown in Figure 5.

We had intended to recover the asphalt from the briquettes in Group 1 and deter-
mine if the absorptive aggregates harden the asphalt more rapidly. However, due to
the ruptured epoxy coating, we were not able to complete this phase.

The excessive expansion of the absorptive samples and the slight or no expansion of
the nonabsorptive samples weathered on the roof and in the pavement raised the
following questions:

1. Why did the absorptive AC samples expand so rapidly?
2. Why did the nonabsorptive samples not expand?
3. What is the maximum expansion that can be expected from absorptive AC mixes?

In answer to the first question, we might state that there probably were microscopic
holes in the epoxy coating and asphalt binder through which moisture could pass. The
absorption of moisture by the aggregates caused a sufficient increase in volume to
crack the epoxy coating. This destructive cycle of moisture absorption and expansion
continued until the AC briquettes were completely ruptured (Fig. 2).

The absorptive briquettes which were not encapsulated (Fig. 4) had noticeable cracks
over their entire surface. Their movements were not confined, allowing expansion and
contraction to occur without complete rupture, which was not the case with the encap-
sulated briquettes.

In answer to the second question, we feel that the absence of visible signs of stress
in both the encapsulated and nonencapsulated absorptive briquettes indicated that no
increase in volume had occurred. We believe the moisture that did enter the briquettes
was adsorbed and retained in the void spaces. The hard nonabsorptive aggregates did
not absorb moisture; therefore, no overall expansion was noticed.

In answer to the third question, we may state thatthe maximum longitudinal expansion
recorded to date on one of the test specimens (as described later) was about 0.2 in.
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Study on Compacted AC Slab

To obtain better measurements, we constructed a test slab 1 ft by 2 ft by 3 in. thick.
A sample of absorptive aggregate (Table 1) was mixed with 6.3 percent of 85-100
penetration paving asphalt. The aggregates and asphalt were mixed under controlled
conditions in a Hobart mixer. This procedure for mixing had been calibrated previ-
ously for studies on asphalt hardening against field pug mill mixing. The slab was made
in two layers and a syntron hammer was used for compaction. The specimen required
about 65 1b of aggregate and was compacted to a density of 126 pcf.

After the test slab was compactedin a heavy wooden split frame, the top portion of the
frame was removed and replaced with aluminum sides which permitted free expansion
and contraction. The unrestrained movement was recorded by six dial indicators
reading to the nearest 0.001 in. and located around the surface course (Fig. 8).

In June 1961, this fabricated slab was exposed to the outside atmosphere. Dial
measurements were made every 2 hr during the working day, and the air and surface
temperatures were also recorded 5 times daily.

Figure 9 shows the expansion and contraction that occurred in a 1-wk period during
the study, which lasted about 3 mo. Figure 10 shows the expansion that occurred
during the entire length of test. The cyclic pattern illustrates that maximum expansion
for this AC mix occurs during the early morning hours when a considerable amount of
moisture is in the atmosphere, and maximum contraction occurs during the warmest
hours of the day. The test specimen failed to return to its original dimensions during
the contraction period, probably because of structural breakdown of individual aggre-
gates exposed to moisture during the wet cycle. The maximum expansion in width,
0.142 in., occurred on a day {ollowing a rainstorm in September, about 3 mo after
the starting date of the test. This expansion would have been considerably higher if
the lower wooden form had not broken under the tremendous force of the expanding
asphalt concrete.

Figure 8. Slab specimen 1 ft by 2 ft by 3 in.; note springs holding aluminum sides
surrounding surface course,.
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Figurc 11. Stecl mold, 3 by 3 by 11.25 in., for fabricating bars; note siteel pins in
end of plates for measuring AC bars.

The total expansion in length and width, as recorded, shows an increase in volume
of 1.4 percent. However, the actual volume increase undoubtedly would have been
much greater if the box had not broken and if we had arranged to determine the increase
in thickness of the test specimen.

The foregoing method for fabricating AC mixes to determine the amount of expansion
and contraction was discontinued for the following reasons:

1. The amount of material needed for one sample was approximately 65 1b;

2. The cost of the box and the six dial indicators for each specimen tested was
considered too high; and

3. The time required for preparing one sample was excessive.

Measurement of AC Bars

To reduce the expense of constructing large test samples, a new method was adopted.
Asphalt mixes were compactedinto 3- by 3- by 11, 25-in. steel molds (Fig. 11). Briefly,
the method consists of heating the AC mixture to 230 F, rodding it into two layers in
the preheated mold, and compacting it with the kneading compactor. On cooling, the
mold is stripped and the steel pins at the end of the specimen are fastened into place
with epoxy. The bar is cured in a 100 F oven for 3 days and then subjected to the
weathering cycles, one cycle consisting of 7 days in a moist room and 7 days in a 100
F oven. Daily measurements of the specimen are made and any cracks or unusual
behavior recorded. The specimen is subjected to a total of 3 to 6 weathering cycles.
Detailed procedure is given in the Appendix.

Following this new procedure, test bars were made from AC samples obtained from
current construction projects throughout the state, as well as from proposed aggregate
sources showing varying absorptive characteristics (0.0 to 2.8 percent). Figure 12
and Table 2 present results from the first AC bars tested. These bars were fabricated
from highly absorptive aggregates from two different sources.

Cracks appeared in sample 62-1863 during the drying period of the first cycle.
During the third cycle, the sample expanded over 0.2 in. with block cracking through-
out. This expansion of more than 0,2 in. in a 11.25-in, bar (1.8 percent expansion)
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Figure 12. Tests 62-1863 and 62-1908.

is the maximum longitudinal increase recorded to date for AC bars and was reached
after 64 days (Fig. 12) of exposure to wet and dry periods.

Transverse cracks were visible on sample 62-1908 at the end of first cycle
(Fig. 13). Rapid expansion (0.045 in.) at the beginning of the drying cycle suggests
that this specimen is susceptible to moisture in the vapor state. This sample also
exhibited several transverse cracks at the end of the third cycle.

Results show sample 62-1908 required 13 days in a 100 F oven before contraction
remained constant. This unusually long period was probably due to the sample's sus-
ceptibility to moisture vapor. Sample 62-1863 stopped contracting at the end of 6days.

Data showthattheaveragetime required for maximum expansion and contraction is
approximately 7 days for each wet and dry cycle.

TABLE 2
TEST RESULTS—AC BARS

b  Asph.
Sample Agg. Class.2 Abs&‘;b~ 85(-;)00 Jtab.  Con.  sp. Gr.

62-1863 Weathered
andesite 1.2 6.9 37 255 2.11

62-1908 Weathered
andesite, some
tuff, minor
quartz 0.8 6.5 39 279 2.13

gy X-ray diffraction and DTA,
PBy modified CKE test.
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Figure 13. Test bar 62-1908; transverse cracks appeared after first cycle.

AC pavements constructed with aggregates from the same source as sample 62-1863
have shown considerable distress in the form of cracking. This aggregate source has
now been eliminated for constructing AC pavements, even though the material generally
passes all routine physical tests.

Figure 14 is a close-up of test har 62-1863. Transverse cracks appeared first on
the surface of the specimen, then progressed downward. At the end of the third cycle,
the bar was completely block cracked.

INVESTIGATION OF PAVEMENT FAILURE

In 1962 we were asked to investigate an AC pavement failure in one of our districts.
This failure (Fig. 15) consists of transverse cracks from 3/4 to 1% in. wide in the
surfacing at irregular intervals ranging from 10 to 20 ft apart throughout the entire

Figure 14, Test bar 62-1863, completely block-cracked at end of third cycle; & in.
section sawed from center of test bar for microviscosity test.



Figure 15. Transverse cracks ranging from
% to 114 in. in width.
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project. The pavement was constructed
from aggregates obtained from a local pit.

Samples were taken from the existing
pavement and from the aggregate source.
Sufficient material was obtained to complete
routine tests as well as expansion and con-
traction tests. Test results are given in
Table 3.

Differential thermal analysis (DTA) of
the raw aggregate indicated that the minus
200 mesh material contained nontronite
(iron-rich montmorillonite) and X-ray
diffraction showed montmorillonite and
layered silicates.

To duplicate the field mix design, lab-
oratory specimens were mixed in the
Hobart mixer, using 6.3 percent of 85-100
paving asphalt. After mixing, the samples
were compacted (see Appendix) into test
bars and placed in the 100 F oven. After
the specified period, the bars were placed
in the moist room for the beginning of the
test.

In addition, a test bar, 3 by 3 by 11.25 in.,
was sawed from a slab sample removed
from the existing pavement. The sawed
bar was dried in a 100 F oven to constant
weight and then placed in the moist room
for the beginning of the test.

The expansion and contraction occurring
in the laboratory specimen and the AC
sample bar sawed from existing pavement
are shown in Fig. 16. Both AC bars show
approximately the same rapid expansion in
the first few hours of the dry cycle. How-
ever, the laboratory-prepared AC bar
expanded more than the bar removed from

TABLE 3

TEST RESULTS—AC PAVEMENT

b Asph.
Samples Agg. Class.2 Abs&‘;b' 85-100 ‘Sfﬁge Coh. Sp. Gr.
(%)
Fro Volcanic-olivine
m basalt and andesite
exist.
av't weathered, and

pavit. altered feldspar 6.3 5 247 1.98
Fabri- montmorillonite

cated in

lab. 1.9 6.3 39 170 2.03

8By X-ray diffraction and DTA.
bRy modified CKE test.
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Figure 16. Test 62-5748.

the existing pavement during the wet cycle, probably because the asphalt in the latter
had a longer time to be absorbed by the absorptive aggregates (both fine and course).
This added depth of penetration of asphalt into the aggregates partially sealed off the
pores of the aggregates and prevented it from absorbing water, thereby reducing
expansion during the wet cycle.

We also felt that the expansion could be related to the type of clay (nontronite)
present in the mix. To investigate this, a specimen with the clayey portion removed
was fabricated. The results (Fig. 17) indicate that expansion was considerably reduced
in the wet cycle. However, in the dry cycle, expansion was greater and somewhat more
abrupt than it was in the regular test bar.

The smaller expansion during the wet cycle and greater expansion in the dry cycle
appear to be caused by the following factors:
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1. The minus 200 material contained a considerable amount of clay (nontronite).
When this expansive clay was removed from the AC mix, the total amount of expansion
during the wet cycle was also reduced.

2. By wasting the minus 200 material, the natural barrier between the moisture
and the larger absorptive aggregates was removed, thereby making a constant supply
of water available to the larger aggregates during the wet cycle. When the dustless
(minus 200 material) mix test bar was placed in the 100 F oven, the absorbed moisture
entrapped in the larger aggregates attempted to escape immediately by evaporation.
However, all the moisture could not escape at once through the minute interstices,
and, as a result, vapor pressure rapidly built up during the first few hours of the dry
cycle, causing a sharp increase in expansion.

INFLUENCE OF MINERAL FILLER ON EXPANSION

In July 1961 an experimental test section was constructed for the purpose of com-
paring the effectiveness of various fillers on an asphalt concrete mix. The control
section was a normal AC mix conforming to our standard specifications with no com-
mercial filler added. The results of the tests on the AC control sample, as well as
on the AC sample with various fillers, are given in Table 4.

Test bars were also fabricated from the various mixtures to see whether or not
expansion would occur. Two percent of three mineral fillers, A, B, and C, were used.
During road construction, AC samples were taken from the paver from each section
including the control section, and test bars were fabricated. Figure 18 represents the
expansion and contraction behavior of the test bars.

Filler A

As shown in Figure 18, Filler A expanded excessively during the first hours of the
dry cycle. This phenomenon did not occur in the AC control bar or the other AC bars
with different fillers added. From results obtained, we assumed that Filler A was the
contributing factor which caused this high expansion during the dry cycle. Transverse
cracks appeared during the dry period of the first cycle. After cracking, the amount
of expansion decreased. This usually occurs when the cracks have progressed through
the test bar.

Since July 1961, five condition surveys have been made of this test section. Nine
months after the completion date, transverse cracks from Y6 to % in. in width were
visible at about 10-ft intervals throughout this section. The amount of cracking, both
transverse and longitudinal, have continued to increase with time. As indicated in
Table 4, 132 lin ft of cracking per station was visible during the October 1963 survey.

This filler was also used in an experimental AC test section in another part of the
state. This section also showed cracks appearing shortly after the pavement was
completed. The aggregates, asphalt, and location were entirely different for these
two projects.

TABLE 4
INFLUENCE OF FILLERS

Absorp.2  85-100  Stab. Lin Ft

Sample  Agg. Class. (% Asph. (4) Value Cabs  Sp: Gy Cracks/100 Ft
Control  Granite,

andesite and

rhyolite 0.4 5.0 36 164 2.37 30
Filler A = 5.3 37 400 2.36 132
Filler B - 4.8 38 315 2.38 22
Filler C - 4.5 317 220 2.37 42

8By modified CKE test.
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Figure 18. Effect of various fillers.
Filler B

This mineral filler reduced the maximum expansion from 0.057 to 0.029 in., or
51 percent, as compared with the control bar. No cracks were visible on the test bar
aftar fonur comnlota nunloc
after four complete cucles,

The April 1962 condition survey showed slight pitting and a few hairline transverse
cracks. However, the last survey made (October 1963) showed no additional cracks
or pitting since the April 1962 survey.

Filler C

This filler did suppress expansion during the first cycle but was ineffective in
decreasing expansion in succeeding cycles. Cracking appeared during the drying
period of the second cycle.

The pavement survey showed that excessive pitting occurred after the December
1961 survey but before the April 1962 survey. Transverse cracks were visible during
the April 1962 survey, and longitudinal cracks were noticed in the October 1963 survey.

Filler B appears to be superior to the control and Filler C section, and all test
sections seem to be superior to the Filler A section.

INFLUENCE OF ASPHALT CONTENT ON EXPANSION

It is the policy of the California Division of Highways to recommend the highest
possible asphalt content for asphalt concrete mixes, consistent with other specification
requirements such as stability. This is particularly important when using absorptive
aggregates. Figure 19 shows that for a fairly absorptive aggregate, the maximum
expansion was decreased from 0.049 to 0.008 in. by increasing the average asphalt
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film thickness by 1 u. The same increase in film thickness of a nonabsorptive or
slightly absorptive aggregate will reduce the expansion only slightly, as illustrated in
Figure 20.

MODIFIED CKE TEST

By modifying the CKE test, the relationship between expansion and contraction and
the absorption of the aggregates used in test bars could be shown. The present CKE
test is based on factors which include both surface area and absorption. Certain limits
(k factors) are provided in the standard specifications to eliminate or reduce the number
of highly absorptive aggregates used. This test has been used by the California Divi-
sion of Highways since 1940 to indicate the amount of oil or asphalt required for agiven
mix and has given excellent service. The modified CKE test treats surface area and
absorption of the aggregate as two distinct and separate factors. We have used this
test for several.years, primarily as a research tool. However, it has not officially
replaced the California test method No. 303-D.

We are presently in the process of setting limiting values for absorption, and the
modified CKE test will be the subject of a separate paper.

The equipment for the modified CKE test is identical to that used in the present
test. Briefly, the procedure consists of placing 100 gm of the combined aggregate
(up to % in. maximum size) in the centrifuge cup, pouring 20 ml of kerosene over the
sample, and centrifuging it immediately (within 5 sec) for a period of 2 min at 400 g.
The sample is then weighed and the surface area is determined from the amount of
kerosene retained. Next the sample is placed in a small pan of kerosene and is per-
mitted to soak for 10 min. It is centrifuged again for a period of 2 min at 400 g. The
sample is then reweighed and the additional amount of kerosene retained is determined.
The total amount of kerosene retained minus the amount retained after first centrifuge
period is equal to the absorption of the aggregate. The surface area and asphalt con-
tent are then determined from appropriate charts.

The main difference between the present and proposed CKE test procedure is that
the present method involves only one centrifuging. However, the results obtained
combine surface area and absorption. The modified method involves centrifuging the
sample twice, thereby making it possible to obtain the true surface area and true ab-
sorption. Therefore, in future specifications, absorption can be limited and undesir-
able expansive aggregates can be eliminated.

FUTURE STUDIES

1. Test results have shown that some test bars fabricated from absorptive aggre-
gates expandedas much as 2 percent longitudinally. The longitudinal and transverse pres-
sures that these expansive mixes are capable of exerting are not known. Equipment is
now being designed to measure these forces in test bars and in existing AC pavements.

2. It is proposed to determine by X-ray diffraction and DTA if there is an element,
or a group of elements, which can be identified with expansive aggregates. If so, we
hope to find some method to control their expansive properties.

3. To increase field-laboratory correlation studies, it is proposed that test bars
be fabricated from certain preliminary AC mix designs and some construction control
samples, particularly when absorptive aggregates are involved.

4, Maximum absorption values will be set on aggregates used in construction of
AC mixes.

CONCLUSIONS

1. There is a relationship between the percent absorption of the aggregate as de-
termined by the modified CKE test and the expansion and contraction of the mix. Gen-
erally, the higher the absorption, the greater is the expansion.

2. Maximum expansion usually occurs during the wet cycle. However, several
figures show maximum expansion occurred during the first 24 hr of the dry cycle.
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3. Maximum contraction occurs during the dry cycle.

4. AC test bars generally continue to expand during the test cycle and usually do
not return to their original length.

5. Inherent strains are capable of cracking test bars without the aid of external
forces.

6. Tests to date show that expansion can be reduced by removing expansive clays
from the aggregate mix.

7. Tests indicate that an increase in asphalt content usually reduces expansion in
the wet cycle.

8. Expansion can be reduced by some mineral fillers, but other fillers may en-
courage expansion.

9. An ideal expansion suppressor would be a filler, natural or manufactured, which
would absorb the moisture entering into the AC pavement without increasing in volume.

10. Studies made to date show good correlation between expansion bars and actual
pavement conditions.

11. A new test procedure has been presented which will aid the engineer in making
a more prudent analysis of the aggregates to use in the construction of AC pavements.

There are still many unanswered questions concerning the causes and effect of
expansion and contraction. We feel, however, that when this study is completed, the
information gained will increase understanding of AC pavement failure. With the
causes of certain types of failures known, we feel that corrective measures can be
taken.
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Appendix
PROCEDURE FOR FABRICATING 3-BY 3-BY11.25-IN. ASPHALT CONCRETE BARS

1. Place approximately 4, 000 gm asphalt concrete mixture in a 230 F oven for at
least 2 hr.
2. Into a 3- by 3- by 11.25-in. steel mold (Fig. 21) preheated to 140 F, place
sufficient asphalt concrete mix to fill the mold one-half full,
3. Rod the mix 20 blows with a %-in. diameter bullet-nosed rod (Fig. 22).
4. Add sufficient material to fill the mold.
5. Rod second lift 20 blows. (Be sure mix is well rodded around end pins.)
6. Compact specimen for 5 min at 15-1b pressure on the dial of the kneading com-
pactor (125 psi) (Figs. 23 and 24).
7. Continue compaction for an additional 5 min at a pressure of 31 1b on the dial
of the kneading compactor (250 psi).
8. Place steel plate (2% by Y4 by 11 in.) on specimen and compact for 2 min at
the 31-1b pressure for leveling-off load (Fig. 25).
9. Strip mold from specimen and place compacted specimen on sheet of plywood
(Fig. 26).
10. Secure steel end pins to test specimen with epoxy resin (Fig. 27).
11. Leave specimen in 100 F oven for approximately 63 hr.
12. At the start of the test, record length of AC bar and place bar in moist room.
Make and record measurements.
13. After 7 days in the moist room, place the AC bars in the 100 F oven. Make

e T L Tl s Pt
mMeEasuUremeiits €vVery « nr.

Figure 21, Mold and carriage which holds Figure 2

2. AC mix being rodded with 3/,
steel mold during compaction. in, bullet-nosed rod.
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Figure 25. AC bar receiving leveling-off load.

Figure 26, Metal mold being stripped from AC bar, showing steel pins used for
measurement.
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Figure 27. Finished AC bar showing steel pifns secured into bar with epoxy.

14. After the first 8 hr in the 100 F oven, make measurements once a day for the
remainder of the 7-day period. Then place the specimen again in the moist room and
begin the second cycle. Continue this for three cycles, or in some special cases, six
cycles. (One cycle equals 7 days in the moist room and 7 days in 100 F oven.)



Experiences with Gyratory Testing Machine

B. E. RUTH and J. H. SCHAUB
Respectively, Instructor and Chairman, Department of Civil Engineering,
West Virginia University

oIN 1961, the Department of Civil Engineering of West Virginia University established
a bituminous mixtures laboratory as a part of the facilities of the new Engineering
Sciences Building. The equipment obtained for the laboratory included a Model 4-C
gyratory testing machine (Engineering Development Co., Inc., Vicksburg, Miss.) to
permit instruction and research with the most recently available and promising test
equipment.

Late in 1961, a research contract was initiated between West Virginia University,
the West Virginia State Road Commission, and the U. S. Bureau of Public Roads to de-
velop a bituminous mixture design procedure suitable for West Virginia aggregate and
gradation and to reproduce the successful experience designs developed through state
experience. The general approach to the mixture design study was to utilize the gyra-
tory testing machine for laboratory sample compaction and to measure the engineering
properties of the samples using stabilometer, cohesiometer, air voids, and density
techniques. As the research program progressed, it became apparent that there were
numerous aspects of the gyratory testing machine that should be investigated. Initial
studies dealt with uniformity of compaction as reported by several laboratories, effect
of various angles of gyration, ram pressure, and number of revolutions with the fixed
roller and the air roller. The latter investigations opened still other areas of interest,
including the effect of air-roller pressure and the significance of results.

Very little is contained in the literature with respect to gyratory compaction and
testing since the initial studies by the Texas Highway Department (7) and the develop-
ment by the Corps of Engineers (1) of the present-day form of the equipment. The
available literature deals primarily with fixed-roller compaction. It has also been
noted that there is appreciable interest in the results obtained by the work at West
Virginia University. This paper is presented in an effort (a) to define the character
of the studies performed to this date at West Virginia University, (b) to present the
problems encountered with the equipment, (c) to illustrate the type of results that have
been obtained, (d) to discuss the tentative conclusions reached from the results, and
(e) to indicate the present trend and probable future aspects of the West Virginia Uni-
versity research with the gyratory testing machine.

LIMITATIONS OF EXISTING BITUMINOUS MIXTURE DESIGN METHODS

There are numerous factors that limit the use of the various bituminous mixture de-
sign procedures employed today. The following discussion is not intended to consider
all of these factors but has been limited to comments of particular interest to the
authors' studies with the gyratory testing machine.

Present methods of bituminous mixture design consider the influence of vehicular
traffic by changing the design criteria or the amount of laboratory compaction. Mate-
rials that fail to meet the design criteria are either discarded or altered by changing
the aggregate gradation, mineral filler content, and/or grade of asphalt cement to attain
the desirable mixture characteristics. The modification of a bituminous mixture may
be desirable if it is assumed that the various test measurements are accurate and that
the design criteria are applicable to existing conditions.

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.
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Variations due to materials, equipment, and the skill of the technician may result
in erroneous selection of design asphalt contents. Elimination of complex and numer-
ous test procedures would be beneficial in reducing much of this variation.

Certain aggregate types and gradations yield inadequate stability but when subjected
to a slight increase in compactive effort show an appreciable increase in stability.
Laboratory compaction should simulate the density and stability characteristics that
are reasonably and economically attainable by field compaction of the mixture. Is it
feasible to increase stability with a greater amount of compactive effort, or is it more
desirable to alter the aggregate gradation without increasing compactive effort? Cur-
rent design methods consider only the alteration of the grading to obtain satisfactory
stability, although inadequate stability may still exist after construction (because of a
low degree of field compaction) or failure of the pavement surface may develop with
traffic (as a result of 100 percent or more of laboratory compaction). Certainly the
existing design procedures do not define the minimum acceptable stability or the maxi-
mum density for construction to assure reasonable compaction requirements and ade-
quate stability for the life of the pavement. Existing procedures attempt to do this by
a middle-of-the-road approach.

Limitations of existing bituminous mixture design methods may be summarized as
follows:

1. Design procedures do not establish a minimum field-compacted density based on
a stability criterion;

2. Design procedures do not establish a maximum field-compacted density based on
stability considerations for the densities developed during the life of the pavement; and

3. Design procedures do not evaluate the stability characteristics of mixturesthrough
a wide range of density conditions.

OPERATIONAL ASPECTS OF MODEL 4-C GYRATORY TESTING MACHINE

The major operational aspects of the gyratory testing machine have been thoroughly
discussed in the literature (1, 3); however, certain significant aspects of operation
have been neglected. The ensuing discussion pertains to the utilization of different
upper rollers and to the operational difficulties encountered in the studies performed
at West Virginia University.

Fixed-strain operation may be attained by using either the fixed roller or the oil-
filled roller, as shown in Figure 1. The oil-filled roller offers the advantage of direct
measurement of roller pressure for constant angles of gyration. Pressure changes
provide more sensitive measurements of variation in the character of the sample than
may be obtained by observing changes in the width of the gyrograph and, thus, provide
a direct comparison between different aggregates, gradations, and asphalt contents.

If pressure readings are not utilized, the only recourse is to assume that the mixture
will have adequate stability at the design asphalt content selected on the basis of the
gyrograph.

Flushing, or widening of the gyrograph, results when the force exerted by the off-
center weight of mold and mold chuck exceeds the resisting force of the mixture being
compacted. If the angle of gyration is increased, the force exerted by the mold chuck
increases sothat flushing will be observed at a higher level of mixture resistance. This
effect is most desirable since it provides a basis for establishing arbitrary levels of
stability for different contact pressures to evaluate mixtures for a wide range of traffic
conditions.

MCcRae states:

The 100 ram pressure, 1%° angle of gyration, and 20 revolu-
tions may be a better selection for heavy highway traffic (75
blow Marshall), In general, increasing the angle of gyration
produces a lower optimum for the same density. (_6_ )

The logical design procedure would be to utilize a ram pressure and an angle of
gyration similar to actual contact pressures and strains to produce stabilities sufficient
for each level of traffic service. This assumes that a criterion is available to define
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Figure 1. Schematic side view of section through gyrating mechanism (from U. S. Corps
of Engineers).

the optimum number of revolutions that must be attained without reducing stability be-
low the acceptable standard.

Normal procedure for setting the angle of gyration is to: (a) insert the sample into
the mold chuck, allowing several revolutions to seat the sample; (b) place the upper
and lower roller in line with the recording pen; (c) allow sufficient time to record a
line on the chart; (d) rotate the rollers 180 deg; and (e) record another line on the
chart, If the desired angle was 1 deg, the lower roller would be adjusted until the
distance between the two lines was exactly 8 divisions. Each chart division is 7.5 min
of angle. It should be remembered that the recorder chart is offset from the center
of the mold. The top view of the recorder pen and chart is shown in Figure 1. If the
rollers are not aligned properly, the recording pen will indicate a larger angle than
actually exists.

When setting large angles of gyration, the sample must have adequate stability to
accept the greater load. As previously mentioned, flushing will occur at higher sta-
bility when the angle of gyration is increased. Greater difficulty in the setting of ac-
curate and reproducible large angles of gyration may be experienced unless this con-
dition is recognized.

The effect of sample height on the performance of a mixture also must be considered.
Kallas (2) reports that heights from 2 % to 2% in. had no significant effect on the re-
corded angle of gyration when using a 1-deg and 200-psi setting. Although less likely,
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TABLE 1 this may be the case at 2 or even 3 deg.

AGGREGATE GRADATION FOR This condition further indicates the lack

of sensitivity provided by the gyrograph.
RIS R IR S A RO L UHES Consequently, it is believed that gyrograph

widening should be used only as a general
guide in the design of asphaltic mixtures.

Passing Sieve (%)

Sieve Size f :
. . Another factor of interest is the use of

Lat Beries énd Series the gyratory testing machine air roller
% in 100 _ (Fig. 1) for variable strain compaction
/ ‘5 i ) 90 100 and testing. This method of operation
/2 ig. 30 95 provides a variable degree of angle
I\?o 4 60 65 kneading which is dependent on the nature
No. 8 40 45 of the material (1). Adjustment of the
No. 16 39 39 air-roller pressure permits the use of a
No' 30 21 _ wide range of strains which are dependent
No. 50 12 14 on the initial setting of the angle, air-
No. 100 11 8 roller pressure, and the resistance of the
No: 200 8 4 specimen. Changes in sample stability

are accompanied by changes in the pres-
sure developed in the air roller. If the
air-roller pressure is initially set too
high, the operation reverts to the fixed-
strain condition and flushing will occur without a change in pressure. In this case,
the air roller remains in a fixed position and widening of the gyrograph occurs in the
same manner as with the fixed roller. The angle of gyration is set by using the fixed
roller following established procedures or by using the air roller at high pressures,
assuming that the roller is fully extended. The first method is more reliable, but
care must be taken to assure that the dimensions of both rollers are the same. A
height gage can be used to measure the distance from the roller mount plate to the
bottom of the roller. Model 4-C gyratory testing machine rollers should be inter-
changeable without affecting the angle of gyration.
The maximum recorded angle that can be attained during operation is approximately
5 deg. The actual angle is less than 5 deg since the recorded angle value includes the
effect of the recorder pen during operation. As the angle is increased, the neutral
axis of the mold chuck raises and displaces the recorder pen upward with respect to
the chart. At 5 deg the chuck mold will hit the spring support sleeve near point 0 and
the upper portion of the gyrograph will be on the margin of the chart paper. Excessive
angles are not normally encountered unless air-roller pressures are being recorded
for high levels of strain. Tests of this type may, over a period of time, further re-
strict the angle of gyration by moving the threaded spring support sleeve downward
and hitting the helical spring. The distance between the upper lock rings and the spring
support sleeve should be set at 3/4 in,

COMPARATIVE COMPACTION STUDIES

A comparative study of gyratory compaction was initiated in 1962 in cooperation
with the Asphalt Institute and the U. S. Bureau of Public Roads. The first series of
tests utilized material furnished by the Asphalt Institute. The material for the second
series was furnished by West Virginia University. The aggregate gradations for these
mixtures are given in Table 1. Duplicate samples for each of three different asphalt
contents were prepared for each participant by the laboratory furnishing the material.
These samples were compacted by the three laboratories using the fixed roller, 100-psi
ram pressure, 1-deg angle, and 30 rev plus 3 for leveling. The comparison of the
differences in unit weight is given in Table 2.

The first series appeared to give reasonable variation in density values except that
the maximum density difference for the average of two samples for each laboratory
was approximately twice as large as the difference between the samples compacted at
any one laboratory, For example, the maximum density differences for the 4.5 percent
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TABLE 2
DIFFERENCES IN UNIT WEIGHT

Max. Density Diff, (pcf)

Series % Asphalt?
Between Labs. Between Sa.mplesb
1st 4.5 1.8 0.9
5.5 1.1 0.5
6.5 0.1 0.15
2nd 5.66 2.3 2.2
6. 54 0.4 1.2
7.41 0.3 0.4

%By weight of total mix.
At any one lab.

asphalt content specimens from different laboratories was 1.8 pcf, and the difference
at any one laboratory was 0.9 pcf. This discrepancy was attributed to variation in the
procedure used at each laboratory. The method for setting the angle of gyration and
the procedure used in putting the mixture into the mold were considered the major
sources of error.

A second series of samples was prepared following a detailed materials handling
and compaction procedure. In the second series, the loose material was heated to
250 F for 4 hr and then was transferred into heated compaction molds using a large
funnel to allow the mixture to be dumped into the mold without excessive delay. The
flat side of a metal spatula was used to press the mixture into the mold so that the
funnel could be removed. A 4-in. diameter metal plunger was inserted in the mold
and the mix was compressed by hand to provide approximately Y% in. of clearance
between the top of the mold and top of the sample. The chuck heater was not used
because of the short time required for compaction and the negligible effect of tem-
perature within the normal operating range (2).

The results as given in Table 2 indicate that the variation in density between samples
from different laboratories did not exceed that obtained in samples from any one labo-
ratory; in fact, it is considerably smaller for the samples with 7. 0 percent asphalt con-
tent. Comparison of samples compacted at any one laboratory illustrates that the gra-
dation has a pronounced effect on the uniformity of compaction. The finer grading, as
used in the first test series, logically produces more uniform compaction character-
istics resulting in less variation in density.

It is not intended that the results or comparisons presented in the previous discus-
sion be considered as applicable to different materials, gradings, or laboratories.
The most significant fact is that the gyratory testing machine does provide a method
of compaction which will give reproducible results and that the method of sample prep-
aration does influence the obtained results. The latter may be significant when com-
paring results from more than one laboratory.

FIXED-ROLLER DESIGN

Prior research appears to have been concentrated on the fixed-strain application of
the gyratory testing machine using either the fixed roller or the oil-filled roller for
compaction. Research by McRae and other personnel at the U. S. Army Engineer
Waterways Experiment Station (1) has established gyratory compaction criteria that
are essentially equivalent to 50 and 75 blow Marshall compaction, i.e. 100-psi and
200-psi ram pressure, respectively, with a 1-deg angle and 30 rev plus 3 for leveling.
With this procedure, the design asphalt content is determined by selecting an asphalt
content 0.5 percent below that where flushing occurs as indicated by the widening of
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the gyrograph. The design asphalt content selected in this manner provides the maxi-
mum unit weight attainable for any specified compactive effort.

Design of bituminous mixtures using this generalized approach may be inadequate
since the amount of gyrograph widening necessary to denote a loss in stability or flushing
of the mixture is not specified. Another approach to the selection of a design asphalt
content is to utilize the gyratory testing machine as a compactor and, for those cases
where the gyrograph does not widen appreciably, select the design value on the basis
of air voids in the compacted specimen.

Kallas (2) describes a procedure combining both of these approaches for the selec-
tion of a design asphalt content. This gyratory design procedure, using the equivalent
50 and 75 blow Marshall compaction for medium and heavy traffic, respectively, de-
fines the design asphalt content as 1 percent less than the critical asphalt content, de-
termined as that asphalt content causing a 14-min increase in the width of the gyrograph.
Test results obtained in establishing this criterion indicate that the optimum asphalt
contents are essentially the same as those determined by the Marshall and Hveem
method of mix design and apparently provide desirable air void contents. Kallas re-
ports thdt slag aggregate mixtures and open-graded or coarse mixtures did not perform
in the same manner as the dense-graded mixtures and are, therefore, excluded from
consideration in the design approach.

Studies performed at West Virginia University verify, within certain limitations,
the design approach presented by Kallas, Typical results from different materials
and gradations are illustrated by the comparative curves of four different mixtures
shown in Figures 2 and 3. Table 3 summarizes the values of the design asphalt con-
tent selected by the Kallas procedure and by the air-roller design procedure discussed
later in this paper. These design asphalt contents were readily determined from the
gyrographs with the exception of the slag-sand mixture, TR-9.

An example of the gyrographs (Fig. 4) for mixture TR-1 at 7.5 percent asphalt con-
tent shows a uniform width of 13 chart divisions corresponding to a gyratory angle of
1 deg 37.5 min. At 8.5 percent asphalt content, the width of the gyrograph is 15 divi-
sions, which is an increase of 2 divisions or 15 min. Therefore. disregarding the
relatively insignificant difference between the 15-min increase and the 14-min increase
design criterion, the design asphalt content is 7.5 percent. A close inspection of the
three gyrographs for the 8.0 percent asphalt content samples demonstrates the varia-
tion in angle that may occur with certain mixtures with the same asphalt content and
prepared by identical compaction procedures. The widths of the gyrographs are 14,

13, and 14.5 divisions, respectively. The variation is probably due to slight differences
in particle orientation between samples. The density for the second sample is lower
than that of the other 8.0 percent asphalt content. It may be considered that the critical
asphalt content is found at the point of incipient failure where a slight change in the
structural arrangement within the sample creates a notable reduction in one or more

of the physical properties.

Variations in the gyrographs of most slag mixtures, especially those that yield a
flat density curve throughout a wide range of asphalt content, make it difficult to apply
the Kallas design criterion. For example, the gyrograph produced with mixture TR-9
under fixed-roller operation showed variable amounts of widening at sample asphalt
contents of 10.0, 10.5, and 11. 0 percent. This condition is a direct result of the sur-
face texture, angularity and porosity of the slag aggregate. In addition, mixtures of
this type are characterized by high mineral aggregate voids and stability with little
effect on the density. Further research may explain the mechanism of slag mixture
performance. At present it is logical to assume, from the standpoint of economics
and design, that reduction of asphalt content by the addition of fine aggregate (sand,
not necessarily slag) will improve the characteristics of the mix so that existing design
procedures can be utilized.

The problems associated with the use of the fixed roller in the design of bituminous
mixture may be summarized as follows:

1. The fixed-strain method of testing may not be compatible to field compaction
because of the sample restraint in the mold;
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2. The gyrograph does not provide adequate sensitivity;

3. Widening of the gyrograph to determine the design asphalt content is dependent
on material type and gradation and, consequently, does not evaluate the relative stability
of different mixtures; and
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4. The mechanism of flushing with fixed-strain operation is entirely dependent on
the weights of the mold and mold chuck which become more critical as the angle of
gyration is increased.
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TABLE 3
DESIGN DATA FOR TEST MIXTURES

Design

Air

. Unit Min. Cohesi-~
. Design Asphalt Void Hveem
Mix No. Procec%ure Content? WeiBht o io4a  Age. Stability ometer
(pet) Voids (%) Value
(%) (%)
TR-1 Fixed roller 7.5 147.4 2.4 18.17 35 155
Air roller 6.5 145.7 5.0 19.2 34 130
TR-7 Fixed roller 7.5 140.7 3.0 18.5 30 90
Air roller 7.2 140.0 3.6 18.4 32.5 85
TR-8 Fixed roller 5.5 146.0 1.5 13.6 30 185
Air roller 5.0 144.8 3.8 14.6 30 150
TR-9P Fixed roller 11.0 131.0 4.6 25.5 26.5 100
Air roller 10.5 131.4 5.0 25.2 30 90

a‘All mixtures using 85-100 penetration asphalt cement.

Gyrograph showed 1l-min increase in angle at 11.5 percent asphalt content; 12.0 per-
cent asphalt content was not compacted so design asphalt content correspondlng to 1
percent below the lh-min increase in angle may be closer to 10.5 percent than to

11.0 percent.

'”7’/1ff//f 1///////1/ ek

=f _7L (==L

A

Figure L.

Mixture TR-1 gyrographs.

STUDY OF AIR-ROLLER
CAPABILITIES

Application of the air roller for com-
paction or simulation of traffic has re-
ceived very little attention in the litera-
ture, though it has been suggested that
variable strain testing may be a useful
tool for these purposes (1). Goode (5)
investigated the effect of angle, revolu-

tions, and initial air-roller pressure on
the hnf -mix compaction of twe different

aggregate gradations. Busching (4) used
the fixed roller for initial compaction and
the air roller for secondary compaction.
These studies were limited in scope and,
consequently, were not used to establish
a design procedure.

Air-roller studies at West Virginia
University were initiated in 1962, At
that time, two possible approaches using
the air roller appeared to warrant in-
vestigation. The first of these used the
air roller to evaluate samples previously
compacted by the fixed roller. It was
thought that air-roller revolutions would
simulate the effect of traffic on the com-
pacted mixture and that some concept of
the stability of the mixture under long-

time repetitive loading might be obtained. The second approach was based on available
field densification data for certain of the mixtures under laboratory study. Since con-
struction compaction does not achieve the same density as obtained in the laboratory,

it appeared to be reasonable to compact a sample in the laboratory with the fixed roller
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Figure 5. Effect of air-roller pressure on densification and revolutions.

to a density equal to that expected in the field and then to apply air-roller compaction
until the density of the sample equaled that obtained in the field after a given length of
time.

The two approaches were studied first from the standpoint of the effects of initial
air-roller pressure on densification of samples for various numbers of revolutions
using a 1-deg angle of gyration. Standard laboratory compacted samples were prepared
using fixed-roller compaction with1-deg angle of gyration, 100-psi ram pressure, and
30 rev plus 3 for leveling. Compaction of samples for duplicating field-compacted
densities used the same procedure, except that 4 rev were used instead of 30. All
samples were then densified at 140 F using different initial air-roller pressures and
varied numbers of gyrations. Bulk specific gravities were obtained for each sample
before and after air-roller compaction following the procedure outlined in paragraphs
4a and 4b of ASTM Designation: D 1075. Sample height values obtained during air-
roller compaction were used to calculate intermediate densities. The results (Fig. 5)
show increasing rates of densification for the low-density samples as the initial air-
roller pressure was increased from 15 to 30 psi.

Air-roller pressures of 30 psi and greater produced similar rates of densification.
The lateral shift between the 30- and 45-psi lines is attributed to the difference in
initial densities. The slight difference in slope may be a direct result of difficulties
encountered in measuring the bulk density of low-density samples. During the tests
with 30- to 45-psi initial air-roller pressures, there was no discernible air-roller
pressure change. Pressure fluctuations were readily observed in tests where the
initial air-roller pressure was less than 30 psi. If there is no change in pressure
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during air-roller densification, the test is actually a fixed-strain test instead of a vari-
able-strain test. This condition occurs at different initial air-roller pressures, de-
pending on the characteristics and temperature of the mixture.

One of the most significant aspects of Figure 5 is the change in rate of densification
at 25-psi air-roller pressure. From 0 to 10 rev there is a tendency to parallel the
15-psi densification curve, between 10 and 200 rev to parallel the 20-psi curve, and
above 200 rev to parallel the 30- to 45-psi curve. These changes are the result of the
combined ettects of changes in air-roller pressure which directly influence the angle
of gyration and the characteristics of the mixture at different densities. At low initial
air-roller pressures, the angle of gyration, as recorded on the gyrograph, was very
small, indicating that the strain was also small. With this condition a great number
of revolutions would be necessary to achieve any appreciable densification. At high
initial air-roller pressure, the strain was so great that there were no observable air-
roller pressure changes as the number of revolutions increased. With this condition,
the test was essentially one of fixed strain. The 25-psi initial air-roller pressure
was apparently of the right order of magnitude, for the mixtures and test conditions
used, to produce increasing densification and resistance to strain with increasing
numbers of revolutions and to reflect these increases with observable changes in the
air-roller pressure. It was tentatively concluded, therefore, that the range of strain
through which changes in the physical characteristics of the test mixture could be ob-
served most readily could be obtained best with an initial air-roller pressure of 25 psi
for initial angles of gyration of 1 deg.

Results obtained by Busching (4) further illustrate some of the effects of air-roller
densification (Figs. 6 and 7). Busching concludes:

These figures indicate that for a constant ram pressure stability
is a function of the angle of gyration. It appears that densities
and stabilities produced by air-filled roller compaction would
be equivalent to those produced by fixed-roller compaction
provided air pressures were high enough.
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Tests performed on high-density samples showed similar rates of densification at
air-roller pressures of 25 to 45 psi. Samples 1 and 2 (Fig. 5) illustrate the typical
densification curves obtained for this range of pressures. The rate of densification
above 100 rev is about the same as that obtained with low-density samples tested at
25 and 30 psi.

It should be mentioned that similar tests performed on this mixture at different
asphalt contents did not show an appreciable difference in rates of densification. It is
difficult to identify such changes because the initial density varies with asphalt content.

DEVELOPMENT OF TENTATIVE AIR-ROLLER DESIGN PROCEDURE

The results obtained in the study of air-roller capabilities clearly demonstrated
that stability and rate of densification are dependent on the magnitude of strain for con-
stant ram pressure, revolutions, and mixture type. If two mixtures of different sta-
bility-densification characteristics are tested at an initial angle of 1 deg and an air-
roller pressure of 25 psi, for example, it would be possible for the high-stability
sample to resist further densification so that no change in stability would occur. The
low-stability sample may respond to air-roller densification and indicate trends in
stability with increasing revolutions. Therefore, the problems associated with the
air-roller testing procedure are twofold and may be stated as follows:

1. The 1-deg initial angle of gyration is not adequate to produce variable strains of
sufficient magnitude to overcome the high resistance of certain mixtures without the
increased use of air-roller pressure. If the air-roller pressure is increased to a
satisfactory level for these mixtures, the testing of low-resistance mixtures will be
essentially a fixed-roller test.

2. The change in angle, even if the angle is reduced from 1 to 0 deg, does not produce
a large change in air-roller pressure. Therefore, the measurement of the angle of
gyration by either air-roller pressures or gyrograph is not sufficiently sensitive for
observing changes in the physical characteristics of a sample during densification.

A study was initiated for the purpose of minimizing these undesirable effects. The
same mixture that was used in the previously described air-roller tests was compacted
to a low density by fixed-roller compaction at a 1-deg angle of gyration. Thesesamples
were heated to 140 F and tested with initial angles of gyration of 2 and 3 deg, using air-
roller pressures of 15, 20, and 30 psi for the 2-deg tests and 5 to 10, 15, and 20 psi
for 3-deg tests. (The air-roller pressure gage was graduated in 5-psi increments so
that precise settings or readings could not be obtained.) The results of this study
showed that for the 3-deg angle of gyration, even with air-roller pressures as low as
5 to 10 psi, a minimum angle of approximately 2 deg was maintained during the initial
stages of densification and an extreme increase in angle occurred within a short period
of time. These tests were stopped when the mold chuck started hitting the spring sup-
port sleeve and the gyrograph indicated an angle of gyration of approximately 5 deg.

At this point in the test, the top of the gyrograph was in the upper margin of the chart
and the air-roller pressure for the initial setting of 5 to 10 psi was 27 psi. The unde-
sirable aspects of the 3-deg test are as follows:

1. The air-roller pressure did not drop to the original setting before the capabilities
of the gyratory testing machine were exceeded; and
2. Low-stability mixtures would be subjected to excessive strain (angle of gyration).

The first statement suggests that lower air-roller pressures at a 3-deg angle of
gyration may alleviate the problem, It is not practical, however, touse aninitial pres-
sure of 0 psi since it is virtually impossible to attain a reliable setting. The frictional
resistance and effectiveness of the seal in the pneumatic cell would likewise prevent
the use of very low pressures. Also, it is apparent that the contact pressure on the
chuck flange, for a given angle of gyration, must be adequate to prevent premature
overstraining of the sample.

The second statement suggests that the angles of gyration would be in excess of
2 deg for low-stability mixtures and the samples would not exhibit normal stability or
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densification characteristics. In studies performed by the U. S. Corps of Engineers
(1), the following observation was made:

Increase in gyration angle from 1 to 2 degrees causes an in-
crease in both unit weight and stability, and an increase in angle
heyond 2 degrees causes 2 deerease in both unit weight and

stability.

This pertinent characteristic may be either a benefit or a hindrance in air-roller
testing of bituminous mixtures. If, as indicated, the strain remains excessive through-
out the test, the results probably are not representative of conditions existing in the
field. If the strain never exceeds 2 deg, assuming a static condition where density
and stability remain constant, the test is valueless because no change in mixture
characteristics can be observed. Somewhere between these two extremes lies the
optimum or most desirable testing procedure.

The results of the 2-deg angle of gyration tests indicated that air-roller pressures
of 15 or 20 psi appeared to give the largest range in pressure variation throughout a
given increase in density. It was decided to use the 2-deg angle of gyration and an
air-roller pressure of 15 psi for the testing of different mixtures. It should be em-
phasized that the observed angle of gyration is produced by the combined effect of
air-roller pressure and the force exerted by the weight of the chuck at that particular
angle.

The first tests using this concept were made on mixture G-10 which was the same
as used in earlier air-rolling testing. Correspondence from J. L. McRae (6) provided
information that was utilized in all air-roller studies. McRae suggested the use of a
gyratory shear value to indicate stability. This parameter is defined as follows:
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P.-L
G =
s = (1)
where
P = load in upper roller (Ib) = effective area of upper roller times unit pressure,
p, on upper roller = 5.28 X p;
L = distance from center of sample to center of roller = 5 in.;
V = volume of sample = area times height, H = 12, 56 x H; and
Ge - 5.28 xpx5 _2.1p
S~ 1256 x H H ’
where
p = roller pressure (psi), and

H = height of samples (in.).

The results of the G-10 series (Fig. 8) showed a remarkable similarity between
plots of gyratory shear and stability vs number of revolutions. In both cases, the rel-
ative order of magnitude of stability values is the same for the different asphalt con-
tents. At the 7.5 percent asphalt content, gyratory shear and stability values do not
exceed 27.0 and 32. 0, respectively. Comparisons of Gg and stability values (Fig. 9)
indicate a reasonably good correlation. Unfortunately, further tests on higher stability
mixtures were not satisfactory because the strain was not sufficient to produce changes
beyond a certain stability level even though the samples were run for 250 rev. This
implied that a higher level of strain was needed to facilitate testing of all mixtures
within a reasonable period of time.

The air-roller pressure was increased to 20 psi for all subsequent testing and
appeared to yield better results throughout a wide variety of mixtures. In an effort
to improve the accuracy of pressure measurements, a 3-in. pressure gage, reading
directly to 0.2 psi, was installed on the air-roller cell, Pressure readings were
easily estimated to 0.1 psi with this gage. The procedure used in evaluating the dif-
ferent mixtures is briefly outlined as follows:

1. Two or three samples were compacted at each asphalt content using the fixed
roller, 1-deg angle of gyration, 100-psi ram pressure, and 30 rev plus 3 for leveling.
The upper limit in asphalt content was based on flushing as indicated by the gyrograph.
These samples were then evaluated for density, stability, cohesiometer value, air void
content, and mineral aggregate voids. The data were plotted and the design asphalt
content determined from the curves by Hveem medium traffic criteria with due consid-
eration given to a desirable range of air void values. Mixture G-12 (Fig. 10) illustrates
the typical curves obtained from the testing procedure.

2. After the compaction of samples in the first step, three or four different asphalt
contents were selected and eight samples were compacted for each asphalt content
using fixed-roller compaction. These samples were extruded for density determination
and were reinserted into the mold for air-roller testing at 140 F. The samples were
ranked from low to high density for each asphalt content.

3. The angle of gyration was adjusted for 2 deg using the fixed roller before installing
the air roller. The air-roller press was set at 20 psi. The lowest density sample was
densified for 10 rev and succeeding higher density samples were densified by greater
numbers of revolutions to eliminate some of the variation in test results that would
otherwise occur with random sample selection. Sample heights and air-roller pressures
were recorded on the data sheet (Fig. 11) for each specified number of revolutions.
Readings were obtained by stopping the gyratory testing machine at the desired number
of revolutions. Density, stability, and cohesiometer values were determined for each
sample. Average gyratory shear and stability values vs revolutions were plotted
(Figs. 12 and 13) for comparison.

Six different gradations, as shown in Table 4, were compacted following this proce-
dure. Curves of stability vs number of revolutions for the mixtures illustrate definite
trends with increasing asphalt content. At low asphalt contents, stability values con-
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tinued to increase with densification throughout the test range of number of revolutions.
With increased asphalt content, the stability values increased with densification to a
critical density. Additional revolutions beyond this point produced a continuous reduc-
tion in stability. In general, stability and the number of revolutions to achieve maxi-
mum stability decreased with increased asphalt content. It was assumed that the peaks
defined a satisfactory condition before failure of the mixture. The number of revolu-
tions for each peak was used to obtain the corresponding gyratory shear value. Table 5
summarizes the data obtained in this fashion. A gyratory shear value of 27.0 was con-
sidered indicative of a strain condition immediately before failure for those mixtures
tested.
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TABLE 4
Passing Sieve (4)
Mixture
Y. %In. No. 4 No.8 No. 186 No. 30 No. 50 No. 100 No. 200
G-12 100 95 65 40 25 - 8 5.2 3
G-50 100 96 67 53 37 - 17 10.6 6
G-75 100 98 84 75 53 317 23 13.6 T
R-1 100 90 67 50 37 - 16 12.0 8
S-1 100 92 65 45 30 22 12 5.8 4
S-2 100 92 65 45 35 26 18 14.3 10
TABLE 5
Values at Peak of Curve Hveem Std. Gyratory Compaction
Mixiure Asphalt Hveem No. Coa;is;péggging E:;t:ilnt % Air No. Rev
Content (%) Stability Rev Shear (Gg)  Content Voids at Gg = 27.0
G-12 6.5 53 250 26.8 6.5 4.0 250
7.0 45 100 27.2
G-502 7.5 49 150 28.5 8.0 5.8 200
8.0 51 200 27.2
G-T752 10.0 45 100 26.3 - - -
11.0 43 125 27.5
R-2 5.5 36 25 27.0 5.0 4.0 125
6.0 28 10 27.0
S-1 9.5 44 150 27.0 9.0 3.4 350
10.0 44 50 26.8
S-2 6.5 48 200 26.8 7.0 4.6 50
7.0 38 50 26.5
Avg. - - - 27,05 - - 195

8Revolutions increase with asphalt content for peak values; this phenomenon appears
to be unique with the limestone-slag sand mixtures.

The next step in the analysis was to determine the number of revolutions to define
the desired asphalt content corresponding to that established by Hveem design criteria
using fixed-roller compaction. Numerous problems arise when one attempts to obtain
design asphalt contents using gyratory rather than kneading compacted samples. Al-
though the densities obtained by both methods of compaction may be about the same,
the stability values are not similar for certain mixtures. Busching reports (4) an in-
stance of a mixture giving inadequate stability when prepared by kneading compaction
but showing a definite increase in stability when prepared by gyratory compaction and
densified by 400 rev with the air roller.

Variability in data and selection of a design asphalt content further complicate the
problem. Therefore, althoughthe numbers of revolutions givenin Table 5 show extreme
variability, an arbitrary value of 200 rev was selected to define the point at which the
sample would be evaluated. Limited studies of other mixtures indicate that this is a
reasonable value for the mixtures and test conditions used in this study.
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APPLICATION OF TENTATIVE AIR-ROLLER DESIGN PROCEDURE

During a period of 2 years, only limited information could be obtained on the field-
compacted densities and the effect of traffic densification for typical asphaltic concrete
surfacing mixtures in West Virginia. The need for test roads was apparent, but a test
road program was complicated by the wide variety of aggregate types and combinations
in use. The use of different construction projects for different materials was not de-
sirable because time, location, and traffic variables would be introduced.

This problem was solved through the joint efforts of the West Virginia State Road
Commission and the U. S. Bureau of Public Roads. A test road site was selected near
Beckley, W. Va., on a 3-mi section of new construction of W. Va. 54. One 12-ft lane,
3 mi long, was subdivided into fourteen 1, 200-ft sections with the surfacing for each
section consisting of a different design mixture. Design asphalt contents for the ten
sections to be used were determined by the tentative air-roller design procedure de-
scribed earlier in this paper. The asphalt contents used in the remaining four sections
were established by the West Virginia State Road Commission. Design asphalt con-
tents were obtained from the gyratory shear vs numbers of revolutions curves (Figs. 14
to 23, Table 6) by interpolating between the two asphalt contents bracketing the design
criterion (Gg = 27. 0 at 200 rev).

The design of the slag and silica sand mixture, TR-9, did not follow the defined
procedure. The TR-9 mixture (Fig. 21) maintains approximately the same value of
gyratory shear for the different asphalt contents up to 200 rev. This condition is typ-
ical of slag mixtures having a low percentage of fines. The 10. 5 percent design asphalt
content was selected for this mixture even though the G4 value did not exceed 26.7 at
200 rev. Lower asphalt contents developed Gg values in excess of 27 and maintained
this level of stability well beyond the 200-rev point.

Six of the test road mixtures were compacted at the design asphalt content and tested
by the air roller as a check on the design. The results showed excellent reproducibility
with the exception of mixtures TR-7 and TR-10. Time limitations prevented further
investigation of these discrepancies before the test road construction. A review of Gg
values for the different mixtures indicated that the variability for TR-7 and TR-10 was
much larger than that for the other mixtures. Although air void content is not con-
sidered in this design procedure, it is of interest to note that it varied from 2.4 to 6
percent (Table 3) for samples compacted at the design asphalt content by standard
fixed-roller procedures which provide the reference level for field compaction.
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TABLE 6
GRADATIONS FOR TEST ROAD MIXTURES
Passing Sieve (%)
Mixture

Y%oIn. % In. No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200

TR-1 No. 12 lime-

stone, L. S. sand 100 94 65 41 27 18 11 6 2
TR-2 No. 12 lime-

stone, L. S.

sand, L. S.

rock dust 100 94 67 50 31 23 16 11 6

TR-3 454 No. 12 L. S.,

504 No. 13 slag,

5¢L. 8. rock

dust 100 95 67 53 37 25 17 11 6
TR-4 204 No. 12 L. S.,

754 No. 13 slag,

5¢ L. S. rock

dust 100 98 84 5 53 37 23 14 7
TR-5 No. 12 limestone,

silica sand 100 96 68 45 35 20 8 4 2
TR-6 No. 12 limestone,

silica sand,

L. 8. rock dust 100 96 70 49 39 25 14 9.7 6
TR-7 No. 12 gravel,

silica sand 100 96 67 43 36 21 8 4 1.5
TR-8 No. 12 gravel,

silica sand L. S.

rock dust 100 96 69 41 40 26 14 10 6
TR-9 No. 12 slag,

silica

sand 100 97 66 46 37 21 8 4 1.5

TR-10 No, slag,
silica sand, L. 8.
rock dust 100 98 74 56 46 32 15 8.6 6
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Little difficulty was experienced in the compaction of the test road mixtures during
construction. One of the most interesting situations encountered during construction
was in the hauling and compaction of mixture TR-9. This mixture was so fluid that
the load shifted in the truck bed on curves and slopped over the tail gate when the trucks
accelerated. The laying and rolling operations were not significantly hindered by this
fluid condition.

Outwardly it appears that the designed mixtures were adequate from the standpoint
of field construction, but only time will determine the suitability of these mixtures and
the adequacy of the design procedure. Roller pass, air permeability, nuclear density,
and temperature data were obtained for each section during construction of the road.
Cores of the compacted materials and samples of the loose mixtures were obtained
for laboratory testing. Laboratory studies and observation of the test road will be
continued to provide data on traffic densification for future use in conjunction with air-
roller testing and to evaluate the performance of the various mixtures under field con-
ditions.

PROPOSED STUDIES

The ever-increasing need for better methods to evaluate highway materials rationally
has resulted in the continual development of new equipment and procedures. Research
is needed to develop the necessary methodology and equipment for identifying, both
quantitatively and qualitatively, the important parameters which govern the performance
of asphaltic mixtures. The gyratory testing machine is relatively new. It is felt that
the potential of this equipment has not been fully realized and that it offers an excellent
tool for further detailed studies of the mechanism of mixture performance.

The authors suggest that future use of the gyratory testing machine, particularly
with the air roller, may include the following applications: (a) to simulate field con-
struction compaction, (b) to simulate traffic densification, (c) to evaluate effects of
binder viscosity, (d) to evaluate effects of aggregate surface texture, (e) to evaluate
effects of mineral filler-asphalt ratios, (f) to evaluate effects of grading, and (g) to
act as an accelerated serviceability test.

It is not intended to imply that all of these problems listed can be satisfactorily
solved by the gyratory testing machine. This list is merely intended to illustrate the
wide variety of problems that appear suitable for study with the gyratory equipment.
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