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FOREWORD

The reports presented in this RECORD are concerned with bituminous mixture charac-
teristiõs related to: (a) the effects of water on tensile strength, resilient modulus,
ar¡d retention of a bituminous coating, and (b) physical behavior under laboratory and
field evaluation procedures. These papers should be of interest to the researcher and
the practicing bituminous paving engineer.

In the first group of reports, Jimenez discusses a laboratory test for evaluating the
water susceptibility of asphalt concrete. Standard-sized specimens were subjected to
cyclic pore water pressures at 50 C and then tested for tensile strengttr at 25 C by a
dôuble punch method. A comparison of strengths for control specimens indicated that
the new test procedure responded as expected to different mixture variables.

Lottman et al. describe a test procedure for predicting moisture damage in paving
mixtures. The damage in laboratory specimens and field cores is estaþlished by the
loss of tensile strengfh and E-modulus as determined by the split cyclinder test.
(Loss is caused by water saturation or temperature cycling of tt¡e saturated specimen.)
Comparisons ol results obtained for laboratory-prepared specimens and pavement
cores are presented.

Schmidils work is concerned with the variations in resilient modulus (Mr) of asphalt
mixture caused by differences of temperature, moisture content, andJreeze-thaw cycles.
The MR is obtained thrcugh a repeated loading split cylinder setup. Jhe au$o¡ sugg^ests

that foi hot asphalt mixtures the highest M, below 255 K is estimated to be 3.4 x 10'"
N/m', which decreases curvilinearly to 296 K and continues to decrease linearly to
333 K if the relationship is plotted as log M* versus 1,/K.

Evaluation of asphall stripping by a gas-producing chemical reaction is presented by
Ford, Manke, arrd ö'garunon.- tñe itripping of l-size asphalt coated aggregates was ob-
taineit quantiiatively through the measurement of gas pressure developed in a sealed
containär when hydiochloric acid was made to react with carbonaceous stones or when
hydrofluoric acid was made to react with siliceous aggregates. Eleven aggregates
are evaluated and compared for stripping by the new surface reaction procedure and

by 2 qualitative ratings after static and dynamic immersion in water.- 
l,o-ad-deformation curves for asphalt concrete loaded by a split cylinder method are

used by Ruth and Potts to calculate energy expended on the test specimens. Tests of
taboraiory specimens and road cores indicated that the strain energy corresponding to
the fracture load decreases as the asphalt viscosity increases and that neither asph¿It
content nor specimen density has any appreciable influence on the energy to cause

fracture.
The final report of the first group is by Petersen, Ensley, and Barbour. It is con-

cerned with intèractions at the asphalt-aggregate Ínterface. The paper summarizes
the developmental work in 3 new methods related to understanding the aggregate surface-
asphatt chãmistry. These procedures involve inverse gas-Iiquid chromatography,
selective chemicâ| reactiviiy, and heats of immersion of aggregate in asphaH. 

_

Bin storage of asphalt concrete is discussed by Zdeb arid Brown with particular
reference to ctranges in asphalt consistency and aggregate gradation. They found that
storage of up to 4ã hours of fine-graded mixtures in an inert gas atmosphere had no_

app"e-cia5leittect on recovered asphalt viscosity. The same r¡/as true for fine-graded
mixtures stored for 24 hours in a normal atmosphere. However, 2 types of coarse-
graded asphalt concrete showed significant increase in asphalt viscosity alter 18 hours
of storage in a normal. atmosphere.

fhe paper by Beecroft, Jenkins, a¡rd Wilson presents the analysis arid recommenda-
Uons ¿eveloped after a 10-year study of asphalt concrete pavements. One of the most
important characteristics ielated to good performance is the control of density of all
layers.



An evaluation of asphalt concrete containing a synthetic rubber is reported by Vega,
Battiato, and La Bella. The report presents data on rheological behayior to show im-
provements in high temperature, creep stiffness, and fatigue life resulting from the
use of the SBR rubber.

Methods for predicting moduli and fatigue equations for bituminous paving mixtures
are presented by Francken and Verstraeten. From a study of many mixtures a¡¡d
bending tests, it is concluded that these can be calculated from the volumes of aggre-
gate, bitumen, and air a¡rd the binder's penetration value and asphaltene content.

Ale>rander shows that highway materials (soils, asphalt, and portland cement mix-
tures) should be classified by using a systems approach. He states that all of these
are aggregate-binder composites and that their rheological behavior can be descriþed
graphically.

Mix-design criteria for gap-graded bituminous mixtures are presented by Marais.
Because they meet certain requirements for the Marshall procedure, air permeability
and tensile strength will produce mixtures that are satisfactory for resistance to dis-
tortion, toughness, fatigue, and durability.

The abridgment of a report by Lee attests to the capabitity of producing high-quality
asphalt concrete with gap-graded aggregates.

Paterson presents an abbreviation of the significant findings of a study related to
particle orientation resulting from the compaction of asphalt concrete. Particle ori-
entation is considered the principal cause for differences in the physical properties
between laboratory and field-compacted mixtures.

-R. A. Jimenez

vl



TESTING FOR DEBONDING OF ASPHALT FROM AGGREGATES

R. A. Jimenez, Arízona Transportation and Traffic Institute, University of Arizona

This paper presents the development of new apparatus and procedure for
the measurement of stripping susceptibility of asphaltic concrete. In the
new method a regular irvèèm specimen [4-in. diameter by 2t/2-ín. height
(tOt.O-mm diameter by 63.4-mm height)l was water saturated at 122 F
(SO.O C). Then the specimen was subjected to repeated pore water pres-
sure. The effect of the exposure on tensile strength lras expressed as
retai.ned strength determined with a double punch procedure. The work
showed that the method responded to variations intype of aggregate, clean-
Iiness of aggregate, and asphalt content in a direction dictated by experi-
ence. Comparative results rrith the immersion compression test are
presented.

.THE PHENOMENON of stripping has resulted in complete failure of a pavement within
2 weeks after opening to traffic and failure by loss of surface fines over a period of 2

years. To minimize the expense and inconvenience that result from rebuilding and re-
surfacing a damaged pavement, one has to expend much effort to define, measure, and
predict the occurrence of asphalt stripping. The aim of this investigation was to de-
velop an improved method for determining the susceptibility to stripping of asphalt eon-
crete mixtures.

FACTORS CONTRIBUTING TO STRIPPING

Early failure of asphalt pavement surfaces generally has been attributed to stripping
because cracking from structural failure is not e:içected in the very early life of a high-
way. AII stripping failures have been associated with ttte presence of water (!).. Strip-
ping or OeUonOing implies a surface-to-surface separation; however, Schmidt (2) ana
others suggest that they are not necessarily adhesion failures but may be attributed
to cohesion deficiency. It is not our intent to define or describe the mechanisms of the
stripping failure but to list the factors that reportedly contribute to stripping occur-
rence. These are

1. Water,
2. Traffic,
3. Cool temperatures,
4. Low asphalt content,
5. Low asphalt viscosity,
6. High air void content,
7. CleanLiness of fine aggregate,
8. Coating on aggregate,
9. Composition of aggregate, and

10. Surface texture of aggregate.

The generalized mechanism of stripping is the rupture or displacement or both of
the asphalt films that bind the aggregate in asphaltic concrete, which results in loss of
tensile and abrasion resistance to traffic loads. The stresses that cause failure of the
asphalt film are assumed to be water pressure and erosion caused by traffic or thermal
cycles or both (3) on wet pavements.

Publication of this paper sponsored by Bituminous Section.



TEST PROCEDURES

Unconfined Compression

The best known procedure for.determining the susceptibility to stripping of asphaltic
concrete is the immersion compression test (ASTM D1075-54, AASHO T165-55). This
procedure uses a numerical index for the complete and compacted design mixbure to
measure the loss of cohesion resulting from the action of water. ftlecimens are com-
pacted by double-plunger action at a pressure of 3,000 psi (20.7 MN/m1. The ercposed
specimens generally are soaked f.or 2q hours in a watei bath held atL40 F (60.0 C).
Testing is performed under unconfined compression at a deformation rate of 0.20 in./
min (8.3 x 10-6 m/Ð f.or a specimen 4 in (101.6 mm) trigrr at a temperature of 77 F
(25.0 C). The index of retained strength is obtained by dividing the strength of the ex-
posed specimens into that of the control or dry specimens. Requirements on the value
of the retained strength for acceptable mixtures vary from 55 to 75 percent.

Marshall Compression

The Marshall test method has been used to determine resistance to stripping in much
the same manner as the immersion compression test. Research done by Gallaway and
Jimenez (4) showe¿ that for certain aggregate-asphatt mixbures the results obtained by
this proceãure can be misleading.

Confined Compression

Ttre loss of strength or stiffness of asphaltic concrete because of the action of water
and repeated stressing has been determiñed by Majidzadeh and Stander (5). In these
works, triaxial compression with a repeated deviator stress was used. -

Split Cylinder Test

The most recent method for measuring stripping susceptibility of asphaltic concrete
is based on the split cylinder test proposed by Lottman (6). A "retained strength" index
is obtained from measurements of indirect tensile strenflth for specimens (or cores)
4 in. (101.6 mm) in diameter. E>çosure is achieved by L2 fueeze-thaw cycles of 0 to
120 to 0 F (-17.8 to 48.9 to -17.8 C) of water-saturated specimens. Strength testing is
done at 55 F (12.8 C) \¡/ith a deformation rate of 0.065 in./min (0.¡ x tO-u m/s).

These test procedures led us to conclude that there must be a simpler method to de-
termine the susceptibility of asphaltic concrete to stripping or debonding.

NEW TEST DESCRIPTTON

Loss of cover material of asphaltic surfaces occurs during or soon after a cold raj.n
on a trafficked pavement. The combination of water, lower temperature, and traffic
stresses are the mosf critical at this time and cause raveling. Complete clisintegration
or cracking of the asphaltic layer that is caused by debonding of the asphalt from the ag-
gregate is not a surface phenomenon as is raveling; therefore, more time is required
for failures to manifest themselves. Visual examinations and research into these fail-
ures indicated that stripping or debonding was caused by the action of water.

The new debonding susceptibility test has 4 basic concepts.

1. Specimen size is to be approximately 4 in. (101..6 mm) in diameter by 2t/zin.
(63.5 mm) in height. Howeverf field cores 3 to 4 in" (Z¡ to too mm) in diameter and
2 to 4 in. (¡O to f OO mm) in height can be tested.

2. Specimen is to be saturated because pore water pressure is to be used in the ex-
posure portion of the test. It ls believed that pore water pressure develops in the field.

3. The exposure of the specimen shoutd be to only repeated pore water pressure at
122 F (50.0 C). The use of only pore water pressure simplifies the loading of different
sized specimens. The temperature of 122 F (50.0 C) is near the value found by Jimenez
(Z) tor saturated pavements in southern Arízona; this temperature reduces asphalt vis-
cõsity and thus resistance to debonding. The use of. a 122 F (50.0 C) temperature rather
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than a I'cold rain" temperature was based on the thought that the loss of surface ma-
terial in raveling was due to a brittle failure rather than an adhesive failure that re-
lated direcUy to stripping or debonding.

4. The strength test should be a simple, repeatable tension test. The test temper-
ature for strength should be 77 F (ZS.O C).

Strength Test

The effects of stripping or debonding asphalt from the aggregate of asphaltic con-
crete should be most easily detected by tension testing. Because a direct tension test
is not practical, some simple indirect tension test such as the cohesiometer, Marshall,
split cylinder, or double punch test was considered. Prior experiences r¡¡ith the co-
hesiometer and Marshall tests were not particularly good and thus were not used. The
work of Lottman (e) ana others suggested the split cylinder procedure. However, the
work reported by Fang and Chen (8) with the double punch test appeared most promising.

In the double punch test, a cylindricai specimen is centrally loaded on both the top
and bottom surfaces with cylindrical steel punches. The penetration of the cones that
develop between the punches serves to splÍt the specimen along the weakest radial plane.
Preliminary work rvith the split cylinder and double punch tests was carried out with 2
mixtures of asphaltic concrete compacted by vibratoiy kneading compaction (10). The
split cylinder speci.mens were loaded through steel bars r¡¡ith a width of 1 in. (25.4 mm);
the double punch test used punches 1 in. (Z O.+ mm) in diameter. TÞbIe 1 gives the re-
peatability of the 2 test methods and the relationship between the stresses obtained for
2 aggregate gradations. The specimens were compacted by vibratory kneading and were
tested in triplicate (1Ð. The data indicated that the double punch test had better re-
peatability than the split cylinder and that the stresses obtained by the 2 procedures
were identical to each other because the value of the slope coefficient was almost 1.

Observations of these 2 test methods indicated that the double punch test was simple
in operation and that stress analysis did not have to be corrected for flattening of the
load surface as it would have in the split cylinder test.

Sþecimen Size

Other preliminary work with the double punch test r¡¿as concerned with the size of
specimen and punch diameter. Sþecimens were compacted by vibratory kneading and
tested in triplicate at 77 F (ZS.O C) with a deformation rate of 1 in./min (ZS.q mm/s) (f 0).
Sþecimen diameter size varied from 2 to 4 to 6 in. (50.8 to 101.6 to 152.5 mm) and
height size from 2to 4to I in. (50.8 to 101.6 to203.2 mm); punchdiameters were from
"/"to ukto 1 in. (g.e to 15.9 to 25.4 mm). The results of this testing are given in Tãble
2. The data indicated the following:

1. For constant specimen height, the tensile stress decreased as the ratio of speci-
men diameter to punch diameter (O/O) increased; and

2. For constant specimen height and O/d ratio, the tensile strength decreased as
speci.men diameter decreased.

Sþecimen Saturation

A review of the literature indicated that vacuum saturation of asphaltic concrete
specimens is a rather simple and effective means of filling the voids with water. A
limited investigation was done to determine the duration and amount of vacuum needed
to saturate a specimen. Work was centered on a mixLure with good resistance to the
action of water and specimens compacted v/ith the Caiifornia kneading compactor. A
submerged specimen could be saturated fuliy with distilled water rvith a vacuum of 20
in. of mercury (O?.0 x 103 N/m'?), held for 5 min at this pressure, and then 5 min at
atmospheric pressure for a blotting effect. The temperature of the water was that of
the laboratory-about ?5 F (24.0 C).

Double punch tensile tests performed on control and vacuum-saturated specimens
indicated no adverse effect or loss of strength caused by the vacuum-saturation proce-
dure. However, Iater work with a more water-susceptible mixture and with vacuum



Table 1. Tensile stress by indirect methods.

Split Cylinder" Double Punch

Test
Delormation Temperature
(in./min) (des F)

Coefficient
of

Stress Variation Stress
(psl) þercent) (psi)

Coefficient
of
Variation
(percent )

Dense-Graded Aggregate

0.05
0.50
1.00
0.065

'15
't5

55

40.8 13.5
105.9 13.6
113.9 10.6
720.2 13.?

49.9 11.8
93.4 14.2

116.4 2.:

Gap-Graded Aggregate

0.05
0.50
1.00
0.065

75
75

?0.9 14.5
140.5 5.0
I't6.5 10.0
16?.6 74.'.1

65.0 10.8
133.2 5.0
161.9 2.:

Note: 1 in./min.=41.5x 10-6m/s. 1"C=% fr-32). I psi=6.89x 103 N/m2.
¡Fordense.grâdedaggregate,Ssc =1,14So."'12.2and12=0.94. Forgapgradedâggregate,ssc.=1.07
So p + 0.8 and r'= 098

Table 2. Effects of $pecimen and double punch s¡ze on
tensile strength.

Specimen Punch Tensile
Size Dimete¡ Strength
(in.) (in.) (psi)

Coefficient
Smple of
Stmdard Variation
Deviatlon (percent)

6by2 1

4by 2 1

2by2 1

6by2 u/"

4by 2 u/"

2by 2 7"

4by 2 '/"
2by2 '/u

4by 4 T"
4by8 u/u

4by8 1

145
150
284

82
74

130

47

42
22"

4f

77.4
5.6

22.2

2.r
15.0

t.7
t2.5

u-h

7.9

5.6

11.6

24.7

1.4

Noter 1 ìn.= 25.4mm. 1 ps¡=6.89x 103N/m2. loc=% (oF -32).
uNot a tensile failure.

Figure 1. Disassembled saturat¡on and stress¡ng

chamber.

Figure 2. Water bath and saturation
setup.
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saturation at 122 F (50.0 C) indicated that this combination of exposure can cause a loss
of tensile strength of as much as 20 percent of the dry specimen.

Specimen Stressing

The desire to simulate tra-ffic loading conditions that cause debonding resulted in
using repeated pore water pressure for specimen e4posure. This stressing or condi-
tioning tõttowe¿ the vacuum saturation of the specimen at 122 F (50.0 C). The satura-
tion chamber containing a submerged specimen was fitted with a rubber-like annulus
that was submerged but not in contact with the specimen. A sinusoidal loading was ap-
plied to the annulus that caused a hydraulic pressure varying from 5 to 30 psi (¡¿.S x
103 to 21?.0 x 103 N/m2) at a rate of 580 times/min. Because the saturation chamber
was clear plastic, the muddying of water and surging of loose sand particles could be
observed as the stressing of a specimen continued. Repeated pore water pressure and
surging of sand particles rvithin the saturated specimen approached the stressing that a
rain-soaked pavement receives from moving traffic loads.

DEBONDING TEST PROCEDURE

Because hot, water-saturated pavements may be most susceptible to debonding fail-
ure when subjected to dynamic loading (traffic), a duplication of the physical state of
such pavements was attempted in the laboratory by both saturating and stressing the
specimen. Given a Z'/r- ni e-¡n (0¡.S- by 101.6-mm) cylindrical asphaltic concrete
spécimen, the following basic procedure should be used to determine its resistance to
dèbonding: (a) saturate specimen; (b) subject it to cyclic stressing; and (c) test it for
strength.

Saturate gpecimen

Previous testing has shown that the following procedure wilt yield a high degree of
saturation (gg to fOO percent) in a short time. Research has shown that, during the
summer months in the desert Southwest, temperatures in saturated asphaltic concrete
pavements seldom fall below 122 F (50.0 C). Water in a bath used for saturating spec-
imens was maintained at 122 F (50.0 C) to a depth of approximately I in. (200 mm); ais-
tilled water was preferred. The following step-by-step procedure to fulI saturation
should be used:

1. Place specimen in the plexiglass saturation-stressing chamber (fig. f);
2. Place chamber in hot-water bath, cover specimen with about 2 in. (50 mm) of

hot water, and secure lid on chamber (fig. Z);
3. Allow specimen to stand in hot water for approximately 15 min;
4. With spigot at base of chamber closed, connect vacuum hose to top of chamber

and apply vacuum pressure (zo in. of mercury) (oz.o x 103 N/mz) for 5 min; and
5. Release vacuum and let specimen stand an additional 30 min in hot-water bath

to bring specimen to bath temperature.

Cyclic Stressing

This method was the result of previous work and was designed so that the specimen
would not be loaded directly, loàding was accomplished through a layer of water I tot/rí\. (6 to 13 mm) deep betweenthe rubber annulus and the top of the specimen. A
cyclic load operating at 580 rpm was used to generate pressures within the water-
saturated specimen ranging fiom 5 to 30 psi (g¿.¡ x 103 to 21?.0 x 103 N/m'z)-a range
comparable to that erçected in saturated pavements under traffic. The follovøing stress
procedure should be used:

1. With the chamber (and specimed stili in the hot-water bath, remove the vacuum-
tight lid, replace it with a stress-ring lid, and secure this lid tightly by hand by turning
the wing nuts;

2. Place the Flexa.ne rubber annulus that is 1 in. (25 mm) thick into the chamber
(under the water in the chamber) and carefully release aII entrapped air from beneath
the annulus;
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3. Adjust the annulus until it is perpendicular to the cylindrical axis of the chamber
and push it slowly down until approximateLy L/a to t/, in. (6 to 13 mm) of water remains
between its bottom surface and the speciments top surface;

4. Remove the chamber from the hot-water bath and quickly place it in proper po-
sition on the vibratory kneading compactor table;

5. Lower the loading apparatus carefullyuntilthe foot 4 in. (fOf .0 mm) in diameter
makes contact with top of annulus. Then continue lowering crossbar until annulus and
water support the weight of the loader;

6. Set timer to the time required to obtain the desired number of load repetitions
and activate the electric motor; and

7. After stressing time has elapsed, raise loader, remove chamber from com-
pactor, remove stressing ring lid and annulus, and remove specirnen from chamber
and place it in a 77 F (25.0 C) water bath for a minimum of 45 min.

Figure 3 shows repeated pore water pressure stressing.

Strength Test

After stressing and cooling, the tensile strength of the specimen was determined by
the double punch test, which consists of loading with two steel rods (punches) t in. (ZS.+
mm) in diameter centered on both top and bottom surfaces of the cylindrical specimen.

If the specimen is to be tested while it is tuIly saturated, it should be taken directly
from the ?7 F (25.0 C) water bath and tested immediately. If a lesser degree of satu-
ration is required, the specimen should be removed from the water and allowed to dry
for a time before testing. \ühen the specimen has reached the desired state of satura-
tion, the following test procedure should be used:

1. Center specimen on bottom punch by using wooden centering blocks;
2. Lower the test machine head until the upper punch just touches the upper surface

of the specimen; and
3. Set head speed to 1.0 in./min (¿t.¡ x 10-6 m/s) and begin loading.

Figure 4 shows a specimen being tested.
Maximum load registered by the testing machine was considered the failure load.

Tensile strength was calculated by using the following equation:

Pot =f,(ll[¡¡ - uz)

where

ot = tensile stress, in pounds per square inch;
P = maximum load, in pounds;
a = radius of punch, in inches;
b = radius of specimen, in inches; and
H = height of specimen, in inches.

MATERIALS FOR PROCEDURAL APPRAISAL

Aggregqlsq

Ihree general aggregate blends were selected to represent best, average, and worst.
1. The limestone aggregate was selected as representative of the best aggregates

because it resists debonding well.
2. The Ttrcson aggregate was selected as representative of average aggregates from

dry washes and pits because it is typical of the aggregate used for asphaltic concrete in
the T\rcson area.

3. The Holbrook aggregate was selected as representative of the worst aggregates
because it is most susceptible to debonding.

Aggregate characteristics are given in Table 3. There r,vas an inconsistency between
sand equivaient value and performance; Iimestone aggregate had a lower (worse) sand



Figure 3. Repeated pore water stress¡ng.

Table 3. Gradation and SE values of aggregate combinations.

Figure 4. Double punch test.

Percent Pãssi.ng

Tucson Limestone Holbrook No. 1 Holbrook No. 2

Item Wet washed washed washed Wet Washed

Gradation, sieve size
'/n in'
'/' in'
"/" in'
No. 4
No.8
No. 16
No. 30
No. 50
No. 100
No. 200

Smd equival.ent

100 100 100 100 100 100
99 99 75 74 8? B?

93 93 ?0 69 73 ?3

64 62 59 
'',t 

ã6 56

44 40 45 43 53 52
35 31 32 29 45 44
26 27 22 19 31 30
t7 12 15 11 13 12

11511732
775110

31 91 38 85 59 89

100 100
85 85
75 74
48 46
43 47
32 30
28 26
14 11
63
::

Table 4. Component analys¡s and cons¡stency of original and reconst¡tuted asphalts.

Percent of Component Viscosity Penetration
at 140 F Grade at
(poise) 77 FAsphalt A¿A, CRtr

RH 15.81
RO 18.30
Original 16.25
RL 23.?5"

42.56 13.22 19.81
33.20 16.38 21.89
29.79 20.?9 20.68
26.43 12.3 3 22.93

8.59 1.96 2,829
10.23 t.54 1,908
t2.57 7.52 1,895
t4.57 1.03 803

45
6',t

6b
122

i

1

I

Nore: 10C= tln eF - 32). 1 poise= 0.1 Pa.S.

uTh¡s is expressed as (N + Al l/(P + A2). bExtra asphaltene was added to ¡ncrease viscosity.
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equivalent (Sn) vatue than did the Holbrook aggregate, which has a record of poor per-
formance. However, the SE value by itself cannot be used to predict performance,
specifically, the stripping of asphaltic concrete.

Asphalt

The asphalt used in most of this study had a penetration grade of 60-70, which meets
specification 705(C) of the Arizona Highway Department (10).

A portion of the study was concerned with the effect of-an asphalt's chemical reac-
tivity ratio (Cnn) on a paving mixture's resistance to stripping. The CRR is a ratio of
sums of components obtained from the Rostler-White (!! component analysis. The
composition of the reconstituted asphalts and values oft-RR are given in Tâble 4.

RESULTS OF VARIOUS TESTING PROGRAMS

The new test developed to detect the stripping susceptibility of asphaltic concrete
was investigated for its response to mixture and specimen variations such as asphalt
content, type of aggregate, aggregate cleanliness, asphalt composition, and specimen
e4posures. All specimens were prepared according to a standard procedure. Before
mixing, aggregates were heated to 300 + 10 F (f¿g + 6 C); the asphãtt was heated to
285 + 5 F (141 + 3 C). All compaction was done at an initial mixture temperature of
250 +2 F (121 + 1 C). For theiouble punch specimen the mixbure was cõ*pacted with
the California kneading compactor by following the general procedure of the Arizona
Highway Department (1Ð. The specimens evaluated by the immersion compression
method were compacted and tested according to AASHO T167-60 and T165-55 (13).

T\rcson Aggregate

Dry Storage Time-Because the mixbure was not aged before compacting or testing,
it was neces5ãry TõTrwestigate the effects of variable storage or shelf timè on the dry
and wet double punch strength of an asphaltic mixbure. The basic Tucson aggregate
(SE 31) with asphalt contents (aC) of 5.5 and 6.0 percent was compacted andthe spec-
imens stored in air at 77 F Q5.0 C) from 2 to 84 days. The results of these testÀ are
given in Table 5; wet specimens trvere saturated and stressed for 51800 repetitions at
122 F (50.0 C) before they were tested at77 F (ZS.O C). Apresentation also is shown
in Figure 5. The discussion of the results will be based only on strength values.

The curves of Figure 5 indicated that rvithin the range-of-time variable storage time
had no great effect on dry strength. However, it had an effect on wet strength; it in-
creased to an optimum value at 7 days and then it decreased. The maximum strength
at 7 days might have been caused by the lower void content, but, because saturation was
not much different from the value at 84 days, some other factor must have made a
greater contribution to the loss in wet strength. Aging of the asphalt and changes in
its resistance to the repeated pore water pressure might have been primarily respon-
sible for the change in strength. But, regardless of the actual cause, dry storage time
must be kept constant in any comparative strength measurements.

Variable Saturation-Degree of specimen saturation should not affect the tensile
stren$ñõfãsþha-idc concrete and, therefore, this variable should not have to be in-
vestigated. But, because the variable saturation is obtained after pore pressure stress-
ing, there might be a healing effect caused by drying down from full saturation. The
Tucson aggregate specimens were saturated and subjected to pore water pressure
stressing. To minimize the effects of storage from stressing to testing, we kept the
specimens for high saturation ina77 F (25.0 C) water bath for 3 days; the specimens
for medium saturation were allowed to dry for 3 days in a desiccator at 77 F (25.0 C);
the specimens for low saturation were subjected to a vacuum of 10 in. of mercury
(¡S.a-x tO3 N/m'z) on 1 ftat surface with laboratory air flowing through parallel to the
geometric axis for 10 min. Then the specimens were stored for 3 days in a desiccator
at 77 F (ZS.O C).

The results of this testing are given in Table 6, and a plot is shown in Figure 6. The
relationship between degree of saturation and tensile strength after e4posure was some-



Table 5. Effect of variable storage t¡me on tensile sSrengfü of Tucson aggregate.

Time
Densitv Voids Saturation
(pcf) (percent) þercent)

Failure Stress
(psi)

Wet Drv

Retained
Strength
þercent)

2 days
AC 5.0 percent
AC 6.0 percent

? days
AC 5.0 percent
ÀC 6.0 perc€nt

42 days
AC 5,0 pereent
AC 6,0 Percent

84 days
AC ô.0 percent
AC 6.0 percent

141.0
143.0

144.0
145.0

140.0
143.5

139.5
142.5

6.?
3.8

4.9
2.6

145 46
149 ?9

165 ?6
164 88

I43 38
162 61

t46 33
141 b8

55
98

48
82

128
114

118
tzt
128
L25

119
ll4

65
118

726
146

7,.5

?.9
4.8

Note: I pcf = 16-0 kg/m3. I psi = 6.89 x 103 N/m2.

Figure 5, Effect ofvariable
storage time on tens¡le

strength of Tucson aggregate.
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Table 6. Effect of variable saturation on tensile strength after
pore water stressing of Tucson aggregate'

Level of
Saturation

l"I",r"
Densitv Voids Satumtion Sirength
(pcf) (percmt) (Percent) (Psi)

LÕw
AC S.opercent 138.5 8.?
AC 5.5 petcent 139.0 '1.4

Medium
AC 5,0 pereeñt 138.0 9'0
AC 5.5 percent 139.0 7.å

High
AC 5.0 percent 138.5 8.6
Ac 5.5 perseÍt 139.0 '1,1

Dry
AC 5.0 percent 138.5 8.5
ÀC 5.õ pe¡cent 139.5 ?.3

22
35

28
21

16
2A

92
119

66
64

'r3
91

160
158

0
0

I psi = 6.89 X 103 t¡lr2

Nore: 1 pcf = 16.0 kg/m3. '1 psi = 6.89 x 103 N/m2
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what linear with strength decreasing with increases in degree of saturation. Perhaps
of greater interest is the finding that the degree of saturation exceeded 100 percent.
This is attributed to the increase of permeable voids in the mineral aggregate from ap-
plication of the 5,800 repetitions of the fluctuating pore water pressure and to an in-
crease in gross volume and a satisfying aggregate absorption after asphalt film rupture.
The amount of water in the specimen divided by the original air void content yielded the
degree of saturation. The 2 important findings of this phase were that the void space,
through the exposure condition of the test, could be increased and that the period of time
from taking the specimen out of the water bath, blotting, weighing, and testing was not
a critical one.

Pore Water Pressure R The effect of the number of stress repetitions on
the re aggregateegate was estabtished by using 2 asphalt contents and
a saturation ánd stressing temperatu.re of.77 F (25.0 C). The data givenin Table 7 show
a strength decrease with a loading time increase. The plot sho\ryn in Figure 7 shows the
strength-number relationship to be linear. Saturation, stressing, and testing took place
at77 F (ZS.O C). Future work should include the temperature of 122 F (50.0 C).

Variable Sf¡ecimen Diameter and Height-Mechanical properties of laboratory pre-
par f the same mixture in service. In additiont
samples taken from in-servrce pavements are not of the same dimensions as laboratory-
prepared specimens and this difference yields added effects in comparing the properties
of specimens. This work attempted to establish geometrical effects on the new method
of evaluation for stripping susceptibility. The variables were asphalt content, specimen
height, and specimen diameter; because of unforeseen circumstances, the storage time
of compacted specimens was an uncontrolled variable. The data for this testing are
given in Table 8. The specimens were formed by vibratory kneading compaction. Wet
specimens were saturated at tZZ F (50.0 C) before they were tested at 77 F (25.0 C).
The most acceptable comparison that could be made was that of retained strengths be-
tween the spec-i*e.ts + anã S.t¡ in. (80.2 and 101.6 mm) in diameter and it is shown in
Figure 8. The retained strengths for specimens of these 2 diameters were essentially
the same.

Mxture Variables-The effects of asphalt content and aggregate cleanliness as shown
by Thê-Silval-ue on the retained strength according to the new method were determined
for the Tucson aggregate. These same variables were used for evaluation by the im-
mersion compression test.

Tãble 9 gives the results of this testing with AC ranging from 5.0 to 6.0 percent and

SE values varying from 31 to 91. The intermediate SE value of 55 was obtained by
blending the wet and washed Ttrcson aggregates having SE values of 31 and 91 respec-
tively. In analyzing the data, one must recognize that the gradation of the 3 blends was
not constant. In the double punch method, wet specimens were s.tressed for 5,800 rep-
etitions at L22 F (50.0 C) beiore they were tested at 77 E (ZS.o C).

A review of the data given in Table 9 shows that the double punch specimens formed
by the California kneading compactor had higher densities than those compacted ac-
cording to the immersion compression method. In general, as the AC and SE values
increased, the retained strength increased for both methods of testing'

From the data of Table 9, the degree of saturation of specimens subjected to the
repeated pore pressure stressing can be greater than 100 percent.

In Figure 9, the curves show the effects of AC and SE values on the wet and dry
strengths obtained by the new method. Generally, the dry strength decreased as the
SE value increased. This behavior could be due to the loss of filler material in the
blend. Specimen density also decreased with increases of SE value. The same figure
shows that the wet strength increased with SE value.

The data piotted in Figure 10 show that aecording to the new method the retained
tensile strength increased as the SE value increased. The point established by a SE

value of 91 for the mixture with an AC of 6.0 percent appears to be out of line; however,
one must recall that for aII 3 values of SE there was a slight variation in filler content.

Figure 11 shows a graphical comparison for retained strengths obtained by the new
method and the immersion compression procedure. The plot shows that the new method
yields higher values of retained strength than those obtained by the immersion com-
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Figure 6, Effect of variable
saturation on tensile strength after
pore water stressing of Tucson
aggregate,

Table 7. Effect of pore water
pressure repet¡tions on tensile
strength of Tucson aggregate,

Figure 7. Effect of stress duration
on tens¡le strength of Tucson
aggregate.

Density Voials
(pct) (pe¡cent)

Wet
Tensile

Sâturation Strength
þercent) (psi)

ã
À
I
t-
(9
z
U
E
F6
UJ
62
l¡J
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.l
I
I

..t
'l
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.l
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I
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I

I
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Stress
Applisations

0
AC 5,0 percent
AC 5,5 percent

t 800
AC 5.0 pereent
AC 5.5 percent

13,200
Ac 5,0 pèrcent
AC 5.5 percent

141.0
L42.0

141.0
t42,0

141.0
t42.0

9ö
93

98
95

?.0
5.8

7.0
5.8

?.0
5.8

95
93

to
106

68
104

55
90

I.i'l
I

'I

Note: 1 pcf = 16,0 k9/m3. I psi =6.89 x 103 N/mz.
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Table 8. Effect of var¡able
specimen d¡ameter and
height on tens¡le strength
of Tucson aggregate.

Figure 8. Relationsh¡p
between the reta¡ned
strength of 4-in,- and
3,15-in.-d iameter
specimens with variable
AC.

Table 9. Effect of AC and
SE value on wet and dry
strengths of Tucson
aggregate.

Specimen Size
(in. )

Density Voids
lpcf) þercent)

Failure Stress
(psi)

Dry

Retained
Strength
trercent)

3.15 by 2
AC 5.0 percent 742,0
AC 5.5 percent L44,0
AC 6.0 percent 144.5

3.15 by 4
AC 5.0 percent 143.0
AC 5.5 percent 144.5
AC 6.0 percent 146,5

4.0 by 2

AC 5.0 percent 143.5
AC 5.5 percent 744,5
AC 6.0 percent 145.5

4.0 by 4
AC 5.0 percent 742.0
AC 5.5 percent 147.5
AC 6.0 percent 144.5

6.2
4.4
3.0

5.5

1.6

5.1
3.9
2.3

6.1
1.9
2.9

164 322 51
134 264 51
277 2',14 '.t',t

89 161 55
159 196 81
130 732 99

13? 219 63
105 20r 52
200 250 80

?0 148 47
136 160 85
77 742 54

Nore: 1 pcf = 1 6.0 kg/m3. 1 psi = 6.89 x 1 03 N/m2.

NoTE: 3,ì5 ln = 80,2 m
4 in - 101.6 m

¡e
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ôou
ïr=
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.tlo
.zl*trr¡E or

EOUALITY

20 40 60 80
4'.0 SPEcIMEN RETAINED STRENGTH, %

Density Voids
(pcf) (percent)

Saturation
(percent)

Failure St¡ess
þsi)

wet Dry

Retained
Strengih
þercent)

Double Punch Method

Sand equivalent 31
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

Sand equivalent 5ã
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

Sand equivalent 91
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

141.0
141.5
144.0

140.0
141.0
744.O

6.8
D.¡
3.6

't.6
6.1

'1.2

4.8

43 L24 35
58 118 49
?6 104 ?3

61 113 54
83 105 ?9

123 135 91

72 85 85
73 '19 92
85 110 ',tI

t07
r28
116

116
110
tt7

106
105

99

140.5
139.5
t42.O

Immersion Compression Method

170 553 31
192 427 46
275 502 55

159 346 46
217 346 63
257 406 63

762 30? 53
200 341 59
282 438 64

99
88
72

t02
107

86

92

74

9.2
7.9
6.5

10.4
9.1
7.7

Sald equivalent 31
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

Sand equivalent 55
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

Smd equivalent 91
AC 5.0 percent
AC 5.5 percent
AC 6.0 percent

135.5 10.5
134.5 10.5
135.5 9.2

137.5
138.5
139.5

1 35.0
136.0
1 37.0

Note: 1 pcf = 16.0 kg/m3. 1 ps¡ = 6.89 x 103 N/m2



Figure 9. Relationship
between SE value and tensile
strength as affected by AC
for the Tucson aggregate.

Figure 10. Relationship
between SE value and
retained tensile strength for
the Tucson aggregate.

Figure 11, Relationship
between retained strenglfi s

obtained by the double punch
method and tte immersion
compression method for the
Tucson aggregate.
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pression procedure. Because the slope of the curve is greater than 1, the new pro-
cedure was more sensitive to the variables than was the immersion compression method.
Higher value does not mean better value.

Limestone Aggregate

The evaluation of this blend included SE value and testing method variables. Table
10 gives the specimen characteristics for mixtures evaluated by the new and immersion
compression methods. In the double punch method wet specimens were stressed for
5,800 repetitions at 122 F (50.0 C) before they were tested at77 F (ZS.O C). The values
of particular interest are for the degree of saturation and retained strength. It is ap-
parent that the exposure conditions of both methods resulted in significant saturation of
the specimens. The aggregate blend had been presented as having a good performance
record. The data of Table 10 indicate that the new method, for SE values of 38 and 85,
yielded retained strengths of 66 and 78 percent respectively. The immersion compres-
sion test yielded retained strengths of 36 and 53 percent respectively.

Holbrook Aggregate (No. 1)

Because it was known that the complete aggregate blend as it came from the pit con-
tained some clay, an elaborate procedure of separating, soaking, elutriating, boiling,
and elutriating again was used to cleanse the aggregate of the deleterious clay. Table
11 gives specimen characteristics for the stripping resistance of asphaltic concrete
made with this aggregate. In the double punch method, wet specimens were stressed
for 5,800 repetitions at L22 F (50.0 C) before they were tested at 77 F (ZS.O C). Of
particular interest are the relatively high values for degree of saturation for both types
of specimen; it appears that aggregate characteristics rather than exposure conditions
are responsible for the degree of saturation for the immersion compression and double
punch specimens.

The change in SE value from 59 to 89 did not cause a significant change in retained
strength according to either method. Because an appreciable change in gradation was
not caused by the cleansing of the aggregate, the poor resistance to stripping seemed
to be due to aggregate surface texture and composition of the aggregate.

Asphalt Composition

Asphalt composition may contribute to the stripping susceptibility of an asphaltic
mixture. To investigate this, we decided to separate the basic asphalt into its Rostler-
White components and then recombine it to obtain a range of CRR values from low to
high. These reconstituted asphalts were then used with a second Holbrook aggregate
blend. These materials have been described earlier in Tables 3 and 4. Because the
main effects were to be related to asphalt composition, voids and saturation measure-
ments were not made for the specimens tested by the new procedure.

The effects of asphalt composition on the wet and dry strength obtained by the new
procedure can be seen from the data given in Tâble 12. In the double punch method,
wet specimens were stressed for 5,800 repetitions at 122 F (50.0 C) before they were
tested at77 F (ZS.O C). The compositionat differences of the asphalts are presented
by CRR. These data indicate that the CRR did affect the wet and dry strength separately
but there was no significant difference in retained strength for the various CRRs. A
graphical representation ofthe results for ablend with an AC of S.5percentis shown
in Figure 12. Generally, the wet and dry strengths increased as CRR and viscosity at
140 F (60.0 C) increased.

DISCUSSION AND CONCLUSIONS

Testing Procedure

The general testing procedure appeared to be adequate for laboratory evaluation of
asphaltic mixtures. The conditions set for saturation, stressing, and strength testing
Ìrvere reasonable for time, temperature, and repeatability. Of particular interest are



Table 10. Effect of SE value on wet and

dry strengths of l¡mestone aggregate.

Table 11. Effect of SE value on wet and dry
strengths of Holbrook aggregate No. 1.

Smd Equivâlent
v ilues

Double Punch Method

Smd Equivalent
Values"

8959Item 38

Doub1e Punch Method

Density, pcf
Voids, percent
Saturation, percent
Failure stress, psi

Wet
Dry

Retained strength, Percent

t41.5
4.0
158

139.0
5.8
t42

Density, pcf
Voids, percent
Saturation, percent
Fâilure stress, Psi
wet
Dry

Retained strength, percent

144.0 742.0
2.3 4.0
28t 212

96 107
t44 137
66 ?8

59 54
89 95
65 6'.1

Immersion Compression Method Immersion Compression Method

Density, pcf
Voids, percent
Sâturation, petcent
Failure stress, psi

Wet
Dry

Retained strength, Percent

Note: 1 pcf = 16.0 kg/m3. 1 psi = 6.89 x 103 N/m2.

aAsphalt content was 5.5 percent.

Table 12. Effect of CRR on wet and dry
strengths of Holbrook aggregate No. 2.

Note: 1 pcl= l6,0kg/m3. 1 ps¡ =6.89 x 103 N/m2.

"Asphalt content was 5.5 percenl.

199
379
53

139.5
6.6
135

222
620
36

1 3?.0
8.1
133

Density, pcf
Voids, percent
Saturation, percent
Failure stress, psi

Wet
Dry

Retained strength, Percent

138.5 136.5
6.5 8.5
154 144

110 94
274 161
40 58

Va.lue
Density
þcf )

Failure Stress
þsi) Retained

Strength
(percent)Drywet

cRR 1.52'
AC 5.0 percent 148.0
AC 5.5 percent 147.0
AC 6.0 percent 147.0

cRR 1.54b
AC 5.0 percent 747.5
AC 5.5 percent 146.5
AC 6.0 percent 747.0

cRR 1.96b
AC 5.0 percent 146.0
AC 5.5 percent 147.0
AC 6,0 percent 147.0

cRR 1.03b
AC 5.0 percent 146.0
AC 5.5 percent 747,5
AC 6.0 percent 747.0

97 143
92 725
99 109

143 180
148 180
138 173

133 190
1?6 199
193 199

62 83
80 93
89 85

bõ

91

?9

80

?0
88
9?

75
86

107

Note: 1 pcf = 16.0 kg/m3. I ps¡ = 6.89 x 103 N/m2

"Original. bReconst¡tuted.

Figure 12. Effect of CRR on tensile strength of Holbrook aggregate No. 2 with an

AC of 5.5 percent.
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the measurements for degree of saturation and the method for applying the repetitive
loads for the e4posure of the wet specimens.

There appeared to be some relationship between degree of safuration of different ag-
gregate mixtures and their resistance to stripping. It was difficult to accept that in-
service paving mixtures dilate under the action of water or pore water pressure;
nevertheless, it was apparent that water-caused permeable volume changes would in-
dicate a water-susceptible mixture.

The repetitive pore water pressure given the specimens was effected through a
unique device. The device may not have been important but the rate of loading was in
that pore pressure surging and sand particle erosion were affected by cycling rate.

The double punch test was found to be simple and repeatable; however, it suffered,
as did most others, from effects on strength caused by specimen geometry. As such
the test will require that specimen size be standardized, even though the data presented
showed that retained strength may not have been affected by specimen geometry.

Comparison.between the double punch and immersion compression wet and dry
strengths only indicated that the 2 tests rated the mixtures in essentially the same
order. In general, the new method yielded higher values of retained strength.

Material Variables

The data obtained with the new procedure indicated that the resistance to stripping
was improved with increases in AC and SE values. But this was expected basedon
prior experience.

Selection of the limestone and Holbrook aggregates for the study was based on good
performance for the limestone and poor for the Holbrook. The service record for the
Tucson aggregate was considered to have been acceptable for the region. For the
natural aggregates 5.5 percent AC seemed to have been the design amount for the lime-
stone and Ttrcson aggregates, but it was 0.5 percent high for the Holbrook No. 1 aggre-
gate. For these conditions, the double punch test rated the limestone mixture as the
best and the T\rcson aggregate as the worst; the immersion compression test rated the
Tt¡cson aggregate as the best and the limestone as the worst for retained strength. The
terms best and worst are relative and are not meant to be related to acceptable and
rejectable.

The effect of CRR on retained strength according to the new method was surprising.
The data showed that the higher the CRR value, the greater the viscosity. Our general
extrlerience has been that higher retained strengths are obtained with the immersion
compression method for mixtures having asphalt with higher viscosity. In this case,
retained strength according to the new method was independent of viscosity or CRR
value.

An interesting finding in the asphalt composition study was the greatly improved
value of retained strength obtained for the Holbrook aggregate. The gradation for
Holbrook No. 2 was improved, and greater amounts of asphalt were used to obtain the
improved values of wet, dry, and retained strength.

CONCLUSIONS

Careful examination of the data together with e4perience in evaluating durability of
asphaltic concrete leads to the following conclusions:

1. the new procedure for evaluating the stripping susceptibility of asphaltic con-
crete is simple and repeatable;

2. The responses to test and material variables generally follow established trends;
3. At present, one must fix specimen and punch sizes for comparison of different

mixtures to eliminate geometrical effects; and
4. As with any new mixture evaluation procedure, the new procedure must be field

tested.

The new procedure to evaluate the debonding susceptibility of asphaltic concrete was
based on the following:
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1. The way to determine the presence of debonding is with a tension test;
2. The action that causes debonding in the field should be simulated in the lab-

oratory; and
3. The procedure should be capable of testing a pavement core without re-

molding.

Because these considerations are incorporated in the new procedure and because
the work presented has indicated acceptable responses for material variables, re-
peatability, and simplicity, we recommend that the debonding test procedure be_used

to evaluate standard Hveem specimens prepared for the routine testing of asphaltic con-
crete by the Arizona Highway Department. To aid in establishing required minimum
strength and,/or retained strength, one should sample in-service mixtures on a con-
tinuing basis to compare with results obtained from laboratory-prepared specimens.
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A LABORATORY TEST SYSTEM FOR PREDICTION

OF ASPHALT CONCRETE MOISTURE DAMAGE

Robert P. Lottman, R. P. Chen, K. S. Kumar, and L. W. WoIf, University of Idaho

Representative results are described and shown for a practical laboratory
test system developed to predictmoisturedamagein asphalt concrete pave-
ments or to monitor the rate of moisture damage in existing pavements.
Moisture-damage predictions are based on the results of tensile strength
a¡d tensile E-moduli tests performed on laboratory-fabricated specimens
that have undergone freeze-soak and thermal-cycle accelerated moisture
conditionings. These testresults are comparedto similar mechanical tests
on pavement cores. The conventional laboratory specimens were made to
duplicate pavementsthatwere sampled throughout the UnitedStates a¡rd that
had variouslevels of moisture damage. Implications of using the test sys-
tem for predictability of moisture damage are discussed.

¡THIS paper summarizes some of the findings of a laboratory system developed to pre-
dict moisture damage in asphalt concrete pavements. It also discusses the implica-
tions of these findings. Details of the laboratory methods, procedures, arid data are in
a report by Lottman (1).

MOISTURE DAMAGE AND TESTS FOR PREDICTION

Definition of Moisture Damage a¡rd Its Effects

For the purpose of this paper, moisture damage can be defined as the following:

1. Disintegration or deterioration of the intrinsic property of the asphalt concrete
layer by entry of moisture that ca¡r be measured by the asphalt concrete's loss of
mechanical properties, and

2, Loss of pavement serviceability because of increased deflections and higher
tensile stresses and strains, which lead to pavement cracking and surface rutting.
Disintegration may take the form of stripping, softening, or swelling, which are often
accomp¿uried by loss of stiffness modulus, tensile or compressive strength or both,
and aggregate retention properties and by a gain of strain at failure and void space.

Many times both disintegration and loss of serviceability occur simultaneously.
However, it is possible to have a disintegrating pavement layer that is caused by
moisture damage without pavement performance criteria being affected significantly.
In either case, though, the pavement will have to be repaired by using overlays or
penetrant additives. Moisture damage can exist in several forms; therefore, a pro-
gram should be developed to avoid mix problems before pavements are constructed.

Kinds of Moisture-Damage Tests

Moisture-damage tests are applied to 2 different physical forms of asphalt concrete.
In the first form, asphalt concrete is in a loose state; only a portion of the aggregate
(coated with asphalt) is subjected to static or ultrasonic action in water. The amount
of coating that comes off is related to the amount of stripping. Those working in

Publication of this paper sponsored by Comm¡ttee on Effects of Natural Elements and Chemicals on
Bitumen-Aggregate Combinations.
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fundamental research use this form because 'lfree'r conditions of thermodynamics and
other scientific approaches c¿rrr be applied. However, the effects of the amount of
coating or coating that comes off eventually have to be measured in the product as
compacted asphalt concrete subject to moisture intrusion after field compacti.on.

The second form, the compacted form, appears to be the favorite of those working
with mechanical properties and machines. In certain cases, mechar¡ical properties
ca¡r be incorporated into pavement layered design theories for performance prediction;
in other cases, the mechanical units and related mechar¡ics are not suitable for inclu-
sion. Immersion compression, surface abrasion, Marshall immersion, and tensile
split are the tests that use compacted asphalt concrete specimens in dry and wet con-
ditions.

MOISTURE-DAMAGE TEST SYSTEM USED IN THIS STUDY

Comparative Scheme

Pavements were sampled at various locations around the United States. Highway
departments sent cores 4 in. (10.16 cm) in diameter, mix materials (aggregate and
'tequivalent" asphalt representing the pavement), and mix design data (including fieid
sampling data) for pavements that fell into 1 of the following categories:

1. An approximately 5-year-old pavement that shows distr.ess caused by moisture
damage, and

2. An approximately 5-year-old pavement that does not show distress caused by
moisture damage.

Ten different pavement samples were received for category 1 and 3 for category 2.
The locations of many of the samples were selected by severity of climatic tempera-
ture according to freezing indexes,

The procedure mechanically and visually tested the cores and compared their data
to data from laboratory-fabricated specimens that duplicated the core mixes as closely
as possible. The laboratory-fabricated specimens, 4-in. (10.16-cm) in diameter by
2.5-in. (6.35-cm) in thickness made in a kneading compactor, were subjected to specified
accelerated moisture conditionings. A comparison of mecha¡ical and visual data be-
tween cores and laboratory specimens would show that accelerated moisture conditions
are predictive of pavement moisture damage. Therefore, it would be advantageous to
use these moisture-damage predictive tests in the laboratory.

Core and Specimen Moisture Conditionings

Pavement cores were tested in a vacuum-saturated condition and in a dry condition
(constant weight in desiccator). A,fter testing, core interiors \ryere examined visually
by eye and photograph, sometimes by using microphotographs, to observe the level of
moisture damage.

Laboratory-fabricated specimens were tested in groups representing the following
conditions:

1. Dry, vacuum saturation only;
2. Vacuurn saturation followed by 15 hours of 0 F (255.4 K) air lreeze followed by

24 hours of 140 F (333.2 K) water bath soak; and
3. Vacuum saturation followed by eighteen 8-hour cycles of 0 to 120 to 0 F (255.4

to 322.0 to 255.4 K) in an air bath.

Specimen interiors were examined visually and by photograph.
Mecha¡rical and visual test data were used to compare core damage to laboratory-

fabricated specimen damage.

Mechanical Tests

Tensile spiit (indirect tension) tests produeed tensile strength data and tensile E-
modulus data simuitaneously. Rates of vertical (compression) deformation and test tem-
peratures were 0.065 in,/min. at 55 F (0.165 cm/min. at 285.9 K) and0.150 in./min.
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at ?3 F (0.381 cm/min. at 295.9 K) . Testtimeswere from 1to 2 min. per test spec-
imen. A flat loading block was used that did not confine the test specimen during the
tensile split test.

Tensile strengths were determined by using the conventional tensile split formula
for round test specimens modified for the flattening of the ends of the test specimens
at maximum load.

The E-modulus test incorporated a specimen riding device that measured tensile
displacement over the test specimen's cross section. These displacements were mon-
itored simultaneously in 5- or 10-second periods with the different loads on the spec-
imens. E-moduli l,vere calculated from these data by extrapolation of the "E-data'r to
zero test time. Data were recorded easily by 2 operators, 1 working the compression
test machine and 1 working an ordinary strain indicator. Figure 1 shows a typical test
setup.

A minimum of 4 cores or 4 laboratory specimens per pavement were tested for each
of the several moisture conditions a¡rd for each of the 2 test temperatures. The test
data for the 4 specimens were averaged, and the averages were compared.

RE PR ESENTATIVE R ESU LTS AND LABORATORY IMPLICATIONS

Test Results of Pavement Cores

Representative test results of several pavement cores are shown in Figures 2 and 3.
The data show tensile strengths and tensile E-moduli for cores in dry and vacuum-
saturated conditions. The 55 F (285.9 K) test results are shown; similar trends were
obtained at 73 F (295.9 K).

Tensile strengths have a wide range for the pavements shown, and should have some
influence, by magnitude only, on the cracking susceptibility of the pavement when as-
phalt concrete thicknesses are taken into account. Dry tensile strengths are usually
higher than saturated tensile strengths. Similar results are oþserved by using E-moduli.

Tensile tests on dry cores do not show the degree of moisture damage in the
cores. There are cores from each of the moisture damage or performance levels
shown in Figures 2 and 3 whose test results in the dry condition vary and do not relate
to the actual moisture damage level

Changes (usualiy relative decreases) of strength and modulus from dry to saturated
conditions are much more importa¡rt to evaluate the extent of moisture damage. For

Figure 1. Tensile split test setup with E-modulus jig.
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Figure 2, Pavement core tensile strengths,

Figure 3. Pavement core E-moduli.
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example, test results of cores i.n the poor level (high moisture damage) show large
decreases of strength and modulus magnitudes as compared to other levels of damage.
Therefore, moisture damage determined by using these tests is best evaluated by cal-
culating the change in test results between dry and saturated cores. Ratios can be used
that are equal to the saturated property magnitude divided by the dry property magni-
tude. 1wo ratios are the tensile strength ratio (TSR) a¡rd the tensile E-modulus ratio
(MrR). For high moisture-darnaged pavements, TSRs ald MERs could be from 0.1 to
0.4. For low moisture-damaged pavements, the ratios could be from 0.7 to nearly
1.0 .

When measuring relative changes, the test temperature of 56 F (285.9 K) is usually
more advantageous than 73 F (295.9 K) because the tensile test data magnitudes are
greater and thus tend to produce more reüable test results from conventional test
machines.

After saturation and testing, all pavement cores opened at the fracture faces showed
stripping or softening or both to the relative degree of the change in tensile strength and
tensile E-moduLus.

Test Results of Laboratory- Fabricated Specimens

Representative test results of a few sets of laboratory-fabricated specimens that
duplicate pavement cores are shown in Figures 4 a¡rd 5. The data show tensile strengths
and tensile E-moduli for laboratory specimens in conditions of dry, vacuum saturation
and the thermal-cycle accelerated conditioning of vacuum saturation with 18 cycles of
0 to 120 to 0 F (255.4to 322.0 to 255.4 K) temperatures. The 55 F (285.9 K) test re-
sults are shown; simitar trends were obtai.ned at ?3 F (295.9 K).

The results in Figures 4 and 5 show the same general tre¡rds as were found in the
cores. When the specimens became saturated, tensile strengths and E-moduli usually
decreased. The accelerated thermal-cycle conditioning, representing the pavement's
potential for moisture damage, produced lower strengths and lower E-moduli than did
vacuum saturation only for moderate to highly damaged pavements.

Correct matching should show close test-result magnitude comp¿ùrisons between cores
and laboratory specimens in the dry condition, arìd between cores in the saturated condi-
tion and laboratory specimens in the saturated plus thermal cycle condition. Usually
the test-result magnitudes fot the pavement cores are higher because the asphalt in
the cores (pavements) has undergone age-hardening over the years. A comparison for
matching purposes is best done by using TSR or MrR or both.

From the laboratory specimen test data, general estimate of rate of moisture dam-
age can be obtained by observing the relative drop in test data from dry to vacuum-
saturated conditions. For example (Fig. 4), the tensile strength drop for pavement
A-2 was much greater than the drop for pavement M-1. This indicates that moisture
damage built up quickly in A-2. In fact, 1 paving lift of A-2 had to be redone shortly
after construction because of a rainstorm.

The laboratory specimens showed similar visual characteristics of moisture dam-
age after thermal cycle conditioning. It is important to open up the cores to observe
this damage, which is usually at the tensile-split fracture face. Moisture damage can-
not be visually observed at the exterior of laboratory specimens.

The second type of accelerated conditioning, vacuum saturation followed by 0 F
(255.4 K) freeze and 140 F (322.2 K) heating, also produced damage in test specimens,
but it tended to be somewhat less tha¡r that from the thermal-eycle accelerated condi-
tioning ar¡d test results appeared to be more scattered.

Predictability

Tensile strength ratios and E-modulus ratios for cores and laboratory specimens
were compared at the test temperatures for the different accelerated conditionings to
determine predictability. Comparisons for several of the pavements sampled are
shown in Figures 6 and 7 for 55 F (285.9 K) test temperatures. In these figures the
foilowing should be pointed out:



Figure 4, Labora'tory specimen tensile strenglùs.

Figure 5, Laboratory specimen E-moduli,
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Fígure 6. Comparison of core and laboratory
tênsile strengft rat¡og.

Figure 7, Gomparison of core and laboratory
E-moduli ratios.
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1. Data that plot on the 45-deg line of equatity irrdicate equal matches of ratios for
cores and laboratory specimens;

2. Data that plot to the left of the 45-deg line of equality represent overprediction
of moisture damage (that is, laboratory specimens after accelerated moisture condi-
tioning have lower ratios than pavement cores);

3. For cores, MrRs and TSRs equal the vacuum-saturated modulus (strength)
divided by the dry modulus (strength); and

4. For laboratory specimens, nll€Rs and TSRs equal the vacuum-saturated plus
thethermal-cycle conditioning modulus (strength) divided by the dry modulus (strength).

In general, there was overprediction. The laboratory specimen data predicted the
moisture damage to cores in 2 or 3 categories. There were no significant underpre-
dictions.

Similar types of ratio plots for test temperatures of 73 F (295.9 K) showed slightly
more scatter. Plots of ratios for accelerated conditioning of vacuum saturation fol-
lowed by a 0 F (255.4 K) freeze and a 140 F (333.2 K) heating uaderpredicted several of
the cores.

Climate does not seem to have an effect on the laboratory conditioning results for
moisture damage prediction. For example, when the accelerated moisture condition-
ings, which contain a freeze element, were applied, the effects were not severe for the
cores from zero freezing climates (pavements T-1 and C-1 in Figs. 6 and 7), nor
did they have inadequate severity for cores from Ngh freezing cLimates (pavements
M-1 a¡rd AL-1 in Figs. 6 and 7). Perhaps the differential thermal expansions (pore
pressures and void space changes) and the warm "soak" elements of the acselerated
laboratory conditionings combine to accelerate overall temperature change and traffic
effects in all climatic locations where sampling was undertaken. It could be possible,
however, that climate has an effect on rate of moisture damage along with moisture
availabiiity and basic aggregate -asphalt interactive characteristics.

Microphotographic comparison test data will determine which accelerated labora-
tory conditioning most closely matches cores.

More extensive field evaluations should include the continuous sampling and monitor-
ing of pavements from time of construction. Better information about rate of moisture
damage could then be obtained.

KINDS OF APPLICATIONS

Routine Mix Design

Obtaining design asphalt content could be accomplished by studying vacuum-saturated
a¡rd accelerated-moisture-conditioned specimens having variable asphalt contents, Eval-
uations could be based on tensile E-modulus, tensile strength, and tensile strain ob-
tained by using an indirect tension test.

Another approach could be to evaluate the moisture-damage resistance of the mix
after one obtains the design asphalt content by conventional methods. This would entall
making 8 to 12 additional standard-sized test specimens for design asphalt content a¡rd
evaluating them in the indirect tension mode in dry, vacuum-saturated, and accelerated-
moisture-conditioned states. After the results are evaluated, additives and changes in
asphalt-aggregate combinations may be found to be needed.

Monitoring Pavements

Cores could be drilled from pavements soon after construction and be subjected to
accelerated moisture-damage conditionings. The potential for moisture damage could
then be predicted. Every year or 2 thereafter, additional cores could be drilled and
tested in a dry, vacuum-saturated condition (without accelerated conditioning) to mon-
itor the rate of moisture damage relative to the predicted potential (maximum) damage.
This may help to provide schedule information for pavement maintenance or rehabil-
itation programs.
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Additives and Remedies

Asphalt antistrip additives, filler additives, pavement surface penetrants, and mix
variable changes such as voids could be evaluated for effectiveness by a predictive
moisture-damage test system. Without an effective test system, predictability of
benefits or disbenefits could not be obtained and every remedy used in a pavement
could be evaluated only after the pavement was several years old.
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EFFECT OF TEMPERATURE, FREEZE.THAW, AND VARIOUS

MOISTURE CONDITIONS ON THE RESILIENT

MODULUS OF ASPHALT.TREATED MIXES

Robert J. Schmidt, Chevron Research Company, Richmond, California

Any material property, such as the resilient modulus (MR), that can be
used directly in the elastic layer calculation for pavement structural de-
sign should be determined under test conditions that simulate or reflect
the actual conditions to be expected in the pavement. This study explored
the effects of realistic variations of temperature, moisture, ¿ùnd freeze-
thaw conditions on the MR of a representative spectrum of asphalt-treated
mixes, some of which contain lime or cement. A method is proposed that
allows the M, to be estimated at any temperature from -20 to 140 F from
2 M, measurements. Suggestions are madeonhow the variousfindingscan
be used in pavement design procedures with a minimum of testing.

oTHE THICKNESS required of each layer in the highway structure to limit fatigue
failure or overstressing of the subbase can be estimated by using multiple elastic
layer calculations if the effective elastic modulus of each layer of material is known.
The resilient modulus (MR) test gives a suitable elastic modulus for asphalt-treated
materials. Any such test, however, must be determined under test conditions that
simulate or reflect actual conditions, This study enplored the effects of realistic
variations of temperature and moisture conditions on the M, of a representative spec-
trum of asphalt-treated mixes, some of which contained Iime or cement.

The study considered M, changes as the temperature varied from -20 to 140 F on
both dry and water-saturated asphalt-treated mixes. Also considered were the effects
of single and repeated freeze-thaw cycling on the M* over the same temperature range.
The M, of asphalt-treated mixes in equilibrium with air at moderate and high humidities
also was investigated.

SPECIMEN PREPARATION AND MEASUREMENT OF MR

The effect of various environmental conditions on material performance ca¡t be stud-
ied most effectively with a nondestructive test that efficiently measures functional prop-
erties. These requirements are met by a diametral M^ tegt (1) on 4-in.-diameter,
23/a-in.-tlttck, asphalt-treated specimens made by a kneading õompactor built to ASTM
D 1561-65. These M^ measurements are made at 7ro-second pulse durations repeated
every 3 seconds.

Three aggregates were studied-crushed Bristol silica from Oregon; Apex calcite,
which is a nearly pure J.imestone from Nevada; a¡rd Cache Creek gravel obtained from
a pit near Sacramento, California, which was used most extensively. X-ray difÏrac-
tion and emission spectrograph analysis of these aggregates are given in Tables 1 and
2. All aggregates were graded according to the I curve shown in Figure 1. This
gradation was chosen because it has a high mineral surface area and because it gives
specimens with voids contents that are high enough to permit both rapid water satura-
tion and rapid drying. Botl¡ hot mixes and asphalt emulsion mixes contaÍned 5 percent

Publication of this paper sponsored by Committee on Effects of Natural Elements and Chemicals on
Bitu men-Aggregate Combinations.
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Table 1, X-ray diffraction analysis of aggrcgates.

Aggregête
Sflica Felilspar Calcite
(,sio,) ofaAlsbos) (caco¡)

Chloritê Mieâ
lMgsAlzsisoro, (oH)s) [I3,rg3(sisalo{) (oûþ]

Brlstol sillc¿
Apex çalgite limestone
Cacbe Cleek gravel 10

100
10.0

B0 25

Table 2, Emission spectroscopy analysis of aggregates.

Component

Aggregate
Si02
þereent)

ALq
(percent)

Fe2Og
(petcent)

Mco
þercent)

<0,6 0.8
0.9 >50,0
2.A 1.0

98.0 0,2
2.0 0.6

74.A 9.0

CaO Ns2O K¿O

þercent) þe¡ænt) þereent)

Bflstol silicâ
Ap€x calcite Um€stone
Cachè c¡eek gravel

<0,1
0.2
5.0

<0.1
<0,1

2.O

<0,1
0.3
0.8

Note: values do not total b 100 perèent bæ8u6€ water and Corare not included'

Figure 1. Gradation of aggregate.
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Table 3, Properties ofasphalts
u$ed in tests.

Boseân

40-50 85-100 200-300
Midway
s5-100îype

O¡iginal asphalt
Penetration at 7? F
viscdslty at 140 F kP
Viscosity at 2?5 F, cs
Glass trmsitior tèmperature, deg F

Residue from rolling thin film oven
é4)Osure

Penetratim at ?? F
Viscosity ât 140 F, kI}
Viseosity at 2?5 F' qs

Resialûe recovêred from spêeimqns'
Penetration ât ?? F
SÒftening pÕint temperature' deg F
Viscosity at 140 !', kP
Viscosity ât 975 F, cs

39
8.?5
883
-2.û

83 244
2,26 0,56
482 2+6
-21.1 -3?

48 108
131.5 115.5
6.1 \.',Ì
690 42L

s1
r,l4
2t2
-77

25 ã0 12'.1

- 6.35 1.69 1,90

- 744 4Q1 210

24
149.5
28.2
7421

52
132.S
5.2.
oó¡

¡Ræover€d lróm typ¡€l Cæhe Cræk hgt-m¡x specimens
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asphalt. Three of the asphalts used (40-50, 85-100, and 200-300 penetration grades)
were made from Boscan (Venezuelan) crude oil. Also included in some tests was an
85-100 penetration grade Midway asphatt made from a California Central Valley crude
oil. Boscan asphalts are low wa:<, high asphaltene asphalts tÀat are not very tempera-
ture sensitive. The Midway asphalt is a low wær, low asphaltene asphalt that is highly
temperature sensitive. ASTM SS-1 emulsions were made from the same 4 asphalts.
Properties of these asphalts are given in Table 3.

Hot asphalt-treated mixes (ATM) containing lime (L-ATM) or cement (C-ATM) were
prepared by adding the lime or type I cement as a slurry to the aggregate just before it
was heated in an oven. One and three-tenths percent lime or cement was used. This
amount previously was found to be effecti'¡e in providing these mixes with excellent
resistance to water damage (2).

Alt hot ATM, L-ATM, ancfC-ATM intended for temperature susceptibilityforfreeze-
thaw studies were first vacuum saturated and then soaked at 73 F tor 24 hours, air dried
for 10 days, and finally vacuum desiccated at aþout 20 torr to constant weight. We fol-
lowed this procedure to ensure that the lime or cement in the hot m¡xes had a reasonable
chance to wet cure before testing and, accordingly, afford a more realistic comparison
with tÀe cement-modified asphalt emulsion-treated mixes (C-ETM). Asphalt emulsion-
treated mixes (ETM) and C-ETM were allowed to air dry at 73 F and about 50 percent
relative humidity (RH) until they reached constantweight (60 days).

TEMPERATURE SENSITIVITY OF MR

Experimental Measurement

All of the dried specimens were allowed to equilibrate for approximately 24 hours in
a chamber controlled at the test temperature. While they were in the temperature-
controlled cabinet, their resilient moduli were determined diametraXy (1). The MR

device was operated in the chamber through armholes equipped with longfrubber gloves.
An interior view of this device, installed in the cabinet, is shown in Figure 2. Also
shown, in the lower part of the figure, is an electronic system that permits direct read-
out oI specimen deformation without use of recorders.

When wet or partially wet specimens were to be tested, they were kept in the chamber
i.n double plastic bags. The specimens were removed from the bags for testing and then
quickly returned to the bags. Little change in moisture content occurred during the
short exposure.

Dry, Hot ATM

The Mrs of dried, untreated ATM mixes made from Cache Creek aggregate contain-
ing 5 percent asphalt were tested over a temperature range of -20 to 140 F. As shown
in Figure 3, at temperatures above 50 F the logarithm of M, varied tinearly with 1/K.
This simple Arrhenius relationship also was found at these temperatures for plots of
viscosity versus temperature.

The M, of specimens made with the highly temperature-susceptible Midway asphalt,
as expected, had a high temperature sensitivity. The 3 specimens made with the 3 dif-
ferent grades of Boscan asphalts generated parallel curves. These results, together
with previous tests made on asphalts extracted from similar mixes after Mr testing (3),
further illustrate the dependence of M, on asphalt viscosity.

The resilient moduli of these mixes approached a limiting value of aþout 4 to 6 x 106
psi as the temperature dropped to levels approaching the glass transition temperature
(Table 3) of the asphalts used (4). Heukelom and Klomprs work (11), together with
Van Draat and Sommer's modifications (12), suggests a limit of Z-to 9 x 106 psi for
wide differences in mix composition.

All of these dry mixes could be cycled from 0 to 73 F without apparent damage. No
abrupt change in the Mo at any temperature was evident over the range from -20 to
140 F. That is, with dry mixes, no freeze-thaw damage was incurred.

Although the data are not given, lime- or cement-treated hot mixes were shown to
have M* versus temperature characteristics almost identical to those of untreated hot
mixes. No freeze-thaw damage was evident in these treated mixes, either.



Figure 2. Resilient modulus test dev¡ce.
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Dry ETM

An ETM made with the same aggregate and with an ASTM SS-1 asphatt emulsion
containing the same 85-100 penetration Boscan asphalt had less temperature sensitivity
than was found with the ATM as shown in Figure 4, The ATM made with the 85-100
penetration Boscan a.sphalt is also shown in Figure 4. At tow temperahrres, the M"
values for both mixes approached a similar limiting value of aþout 5 x 106 psi. How-
evet, at higher temperatures, the M, value of this ETM was higher than that of the ATM.
For example, at 140 F the ATM had ar¡ M, value of 10,000 psi; the ETM made with üre
same asphalt had an M^ value of 50,000 psi. This 5 to 1 difference in M, was obtained
without an increase in the stiffness at low temperatures.

Other similar emulsion-treated mixes made with 40-50 or 200-300 penetration grade
emulsified asphalt behaved in tìe same way er<cept that the M* level shifted to corre-
spond with the hardness of asphalt used. AII of the M¡ values approached 5 x 106 psi
as the temperature dropped below 0 F.

All of these dry ETMs could be cycled repeatedly through the freeze-thaw tempera-
ture range without apparent damage.

Dry C-ETM
A dried C-ETM (1.3 percent cement) made with the same aggregate and asphalt as

the ATM and ETM discussed above is also shown in Figure 4. The C-ETM was less
temperature sensitive than either ATM or ETM. The M, values of the C-ETM at
elevated temperatures were higher than those of the ETM and much higher than those
of the ATM (with or without lime or cement). For example, the C-ETM had an M, at
ltCI F of 250,000 psi; the ETM had an MR of 50,000 psi.

Again, other similar C-ETMs made with t10-50 and 200-300 penetration asphalt
behaved in the same way as the C-ETM made with the 85-100 penetration grade asphalt.
The only apparent change was that the M, levels were shifted by the asphalt hardness.
These dry C-ETMts showed no change in M, characteristics on repeated cycling through
the freeze-thaw temperature range.

Wet ATM and Wet ETM

The response of M^ to freeze-thaw conditions, as shown in Figure 5, was quite
different if the ATMs were thoroughly wet by vacuum saturation. Not only did water
saturation lower the M, at temperatures above freezing but there was also an abrupt
increase in the M, as the water in the specimen froze. The parallel nature of M,
versus temperature lines (dry and wet) indicates water soaking had not changed the
temperature sensitivity of the Mr.

Below freezing, the M, was significanUy higher than it was in the dry specimen.
As shown by Schmidt and Graf (3), the decrease in M, of an ATM during water soak-
ing is related to the tength of tiñe the saturated specimen is soaked before testing.
Iilhen tested 13 days after saturation, the M, trad dropped from 346,000 to 105,000 psi.
A repeat of the testing through the freeze-thaw range caused an additional drop in the
M^ Ievels above freezing. Repeated automatic freeze-thaw cycles between 0 and ?3 F
reduced the M¡ still further. The greatest decrease was noted above freezing. The
automatic freeze-thaw sequence was 3 hours at 73 F, a tL/z-hotr transition to 0 F,
6 hours at 0 F, and a lL/2-hour transition to 73 F.

These effects are even more clearly illustrated by the ETM behavior shown in Fig-
ure 6. Although the data for the ATM and ETM (Figs. 5 and 6) cannot be compared
directly because they were soaked for different periods of time before the freeze-thaw
cycles, the trends are similar. Not only was the initial drop in MR on soaking distinct
but also the added loss in M^ that resulted from each freeze-thaw cycle was clearly
evident. The result of prolonged freeze-thaw cycles is also shown. The M, drop,
shown in Figure 5 for the ATM, was slightly less than is shown in Figure 6 for the
ETM because the ATM was soaked for only 14 days compared to 42 days for the ETM.

Also shown in Figure 6 is the consequence of redrying the ETM. AJter it had been
exposed to ã0 freeze-thaw cycles, it had dropped to 6 percent of its original Mr. On
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redrying at 73 F and 50 percent RH for 44 days, the specimen recovered to nearly the
sasre MR as \ryas found on the original dry Mr.

The ability of ATMs to recover their strength on redrying is a most important
characteristic. If it did not er<ist, the average life of asphalt pavementb would be
quite limited.

Wet Lime- or Cement-Treated Mixes

The behavior of water-saturated, hot L-ATM or C-ATM and water-saturated C-ETM
is changed markedly from similar mixes not containing these modifiers. L-ATM and
C-ATM as sho\¡/n in Figures ? and I were much less aJfected by 14 days of water satu-
ration than the unmodified ATM. Subsequent repeated freeze-thaw cycles also were
less damaging to these mixes than to the untreated ATM.

C-ETM as shown in Figure 9 changed only slightly on 42-day vacuum saturation.
However, subsequent freeze-thaw cycles produced additional change. A comparison
of Figure 9 with Figure 6 shows that the C-ETM was damaged much less than the un-
modified ETM both by water saturation and by subsequent freeze-tlaw cycles.

AIso shown in Figure 9 is the consequence of drying the C-ETM specimen (?3 F and
50 percent RH), which had been enposed to 50 cycles of freeze-thaw. This specimen
recovered on redrying to 77 percent of the dry M* value. Its actual recovered value
was 730,000 psi; that of the ETM was 360,000 psi. Also, after the 50 cycles of freeze-
thaw, the C-ETM only dropped to 310,000 psi compared to 29,000 for the ETM and
40,000 for ATM. Had the ATM been soaked 60 days instead of 14 days, its M* value
after freeze-thaw would have been lower.

EFFECT OF DRYING IvVET ATM AT DIFFERENT HUMIDITIES

Several investigators (q-, g !, LL _q g, f_q have used vacuum saturation to force ìMater
into asphalt-treated specimens. These investigators soaked or subjected the specimens
to freeze-thaw cycles after saturation. These severe conditions were needed to simu-
late, in a short period of time, tt¡e most severe pavement deterioration likely to occur
in the field.

This approach is useful principally to limit tlte extent of water sensitivity of accept-
able materials. For example, Lottman's procedure (q, q, _1 _q 9., !_q reveals water-
sensitive aggregates. Also, the moisture vapor sensltiñtitGsT fCalifornia Division
of Highways Test Method 307-D) a¡rd the immersion compression tesi (ASTMD 1075-68,
AASHO T 165-ã5) are used routinely to limit use of excessively moisture-sensitive
aggregates. This section e>rplores the extent of variation in M, that the design engineer
might expect under extreme as well as mild field conditions.

Although the exposure of water-saturated pavements to freeze-thaw cycles severely
reduces the M^, these ortreme conditions seldom erist for long. Usually, intermediate
moisture conditions prevail. The M, on mixes when they are at equilibrium at about
50 percent and 95 percent RH should provide values that reflect relatively dry and near-
saturated ground vapor conditions. These conditions are intermediate to the extreme
dry conditions and those exposed to freeze-thaw cycles while saturated.

To investigate this, we vacuum saturated ATM specimens, soaked them for 7

days, and then air dried them at about 50 percent and 95 percent RH. We noted both
the weight and M* as tley dried,

As expected, 2 specimens of a vacuum-saturated, soaked, Cache Creek, hot ATM as
shown in Figure 10 lost water at 73 F and 50 percent RH at a faster rate than when they
were dried at 73 F and 95 percent RH. Æso, different equilibrium moisture contents
(0.45 percent and 1.3 percent) were found in specimens dried under these conditions.
No free water was present. If free water were present, even under an asphalt film,
drying would have continued at both humidities until the free water disappeared.

As shown in FÍgure 11, the M* increased more rapidly in the 50 percent RH than in
the 95 percent RH. Although both specimens reached an etiuilibrium moisture content,
the M, of neither specimen stopped increasing. A comparison in Figure 11 of these 2

dryÍng curves to a plot of MR versus time of a dry ATM made with the same asphalt and
aggregate suggests that ai least eome of the increase in M, after moisture equilibrium
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Figure 10, Equilibrium moisture content of ATM.

Figure 11. Level of ATM MR.
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can be accounted for by the hardening of the asphalt in the specimen (that is, for the
continued increase in M, after 45 days and 65 days for the 50 percent and g5 percent
RH cases).

Shown in Figure 12 are the M* versr¡s water content of specimens as they are first
vacuum saturated and subsequently dried at 50 percent or g5 percent RH. As the spec-
imens dried, the Mr changed very little until the moisture content dropped below about
2.5 percent, possibly until all free, unassociated, or excess water ryas lost. Between
2.5 percent and 1.4 percent water content, both curves are superimposed. However, at
1.3 percent the 2 curves diverge. The M, of the specimen dried at 95 percent RH rose
first and gradually continued to increase its M, as long as it remained at g5 percent RH,
whereas the specimen dried at 50 percent RH continued to dry to 0.45 percent water and
gradually increased its Mr to a much higher value. A possible erplanation for the di-
vergence of these curves is that more oxidation of the asphatt took place in the speci-
men exposed to 95 percent RH during the longer period it took to dry to tlre same mois-
ture content than did the specimen in the 50 percent RH atmosphere.

Results of similar experiments on ATM specimens made with the same gradation of
Bristol silica or Ape>< calcite aggregates a¡rd with the same asphalt are given in Tab1e 4.
Also given are the consequences of pretreating these aggregates a¡rd the Cache Creek
aggregate previously discussed. Pretreatments included 1.3 percent lime (as a slurry)
or 0,1 percent solution of sila¡re in benzene for an adhesion aid.

The general behavior of all of these aggregate systems, whether pretreated or not,
was ttte same; they all dried rpore rapidly ai 50 percent RH and reached a higher equi-
Iibrium moisture content at 95 percent RH thari when they were dried at 50 percent RH.
When tlte 95-percent-RH-equilibrated specimens were placed in air at 50 percent RH,
they all approached the condition of the corresponding 50-percent-RH-cured specimens.
All silane-treated specimens behaved very nearly the same as the untreated specimens
except that, on vacuum saturation, the silane-treated silica a¡rd calcite specimens were
more water resistant.

Lime treatment increased the equilibrium moisture content on all aggregate mixes
about 0.2 percent to 0.3 percent. This extra residual water wa.s likely combined chem-
ically in the reaction product of the lime and aggregate. Also, Iime-treated ATM dried
at 95 percent RH attained the same or higher equilibrium M, than it did when dried at
50 percent RH. These higher M. values were evident even though the specimens con-
tained about twice as much residual moisture when they were dried at the higher RH,

SIMPLIFIED METHOD FOR DEVELOPING TEMPERATURE VERSUS Mß CURVES

When the structural design (thickness of layer) is determined by the M, value as-
signed to the pavement mixture, the most representative temperature u¡der which the
M, of ATM is tested must be chosen.

M^ estimates can be made over the entire range of temperature from measurements
made at 2 separate temperatures above 73 F. This greatly simplifies testing. Most
conveniently, 1 measurement is made at room temperature and the other at about
100 F to 120 F. The appropriate M.s can then be taken from a plot constructed from
these 2 points. M, values of most ATMs at very low temperatures (below about 0 F)
can be taken as about 5 x 106 psi. Between 0 and about ?3 F, additional experimentally
determined values should be obtained. However, a French curve laid tangentially to
antd touching at ?3 F the line describing the M^ above 73 F and laid tangentiatly to a¡¡d
touching at 0 F a horizontal line made at 5 x 10o psi allows estimation of intermediate
values. These intermediate values appear to be within a factor of 2 of the experimen-
tally measured values. This method of estimation is certainly more convenient a¡rd
possibly more accurate tha¡r the method of Heukelom and Klomp (!1) as modified by
Van Draat and Sommer (12).

Once the total M* versTs temperature curve is estimated, the MR ca¡ þe determined
at various levels in the pavement structure in accordance with the yearly or, preferably,
monthly average temperature existing at that level. These temperatures can be esti-
mated from the climatic conditions by methods such as those of Christison and Anderson
(!9); Straun, Schenk, and Przybycien (!Ð; Croney and Bulman (15); or Barber (16). The



Table 4. Drying of ATM at moderate and high humidities.

O¡iginal Dry SÞecimen

M¡ (psi) Density þcf)
? Days' Soâking After
Vacuum Saturation Equilibrium After 100 Dãys

Aggregate md Treâtment
24 Hours Vâeuum
at ?3 F Dessication

24 Hours Vacuum Mr
at ?3 F Dessication (psi)

Dry Mn MR DrY Mn Water
þercent) þsi) (percent) (percent)

50 Pe¡cent Relative Humidity

Cache Creek grâvel
Plus 1.3 percent ca(OHÞ
silme-treated

Bristol silica
PIus 1.3 percetrt ca(OHL
Silme-treâfed

Apex calcite
Plus 1.3 percent ca(OH),
silÐe-treated

224,000 321,000
199,000 308,000
314,000 385,000
?7,000 108,000

179,000 200,000
92,000 100,000

342,000 302,000
275,000 388,000
311,000 277,OO0

742.2
t42.4
143.1
t37.7
140.7
13?.6
143.6
146.6
143.3

t42.0
t42.5

':_'"

_

0.44
0.8?
0.52
0.28
o.47
0.20
0.36
0.55
0.35

110,000 49
15?,000 ?9
15?,000 ã0
?1,000 s2

204,000 113
9?,000 105

263,000 't'l
286,000 104
285,000 91

26?,000
285,000
31 1,000
115,000
268,000
1 19,000
389,000
410,000
3ã8,000

119
143

99
150
149
729
114
148
118

95 Percent Relative Humidity
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Plus 1.3 percent ca(OH),
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284,000
278,000
323,000

8?,000
1?9,000
104,000
381,000
412,000
386,000

141.5
142.7
t42.O
13?.1
140.1
138.0
143.7
145.0
145.0

141,000
211,000
1 ã2,000
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98,000

287,000
36?,000
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364,000
243,000
102,000
266,000
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35?,000
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Figure 13. Predicting M6 in equilibrium at 95 percent RH from M¡
ol 7-day vacuum-saturated ATMs.
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Mrs estimated at these various levels are then used in the multilayer elastic design
calculations by methods such as those described by Kasianchuk, Monismith, and
Garrison ({) or by the Asphalt Irlstitute (18).

METHOD FOR INCLUDING EFFECTS OF MOISTURE IN PAVEMENT DESIGN

Design of an efficient pavement structure depends, in part, on the use of realistic
stiffness values for ttre composites. As seen herein, the stiffness, as measured by
M* varies not only with temperature but also with moisture. This latter effect has
been largely ignored except to the extent that material tests have been used that are
designed to prevent use of those exceptionally water-sensitive materials (q, Ð LL=
9, 10) occasionally responsible for catastrophic pavement failures.

The extent of variation of M, within the range of moderate moisture conditions is
as significant as the effect of rather large changes in tìe average pavement tempera-
ture. For example, 4 percent water in an ATM made from a good aggregate c¿ur cause
as much change in M, as a 50 F change in the average pavement temperature (3). As
shown earlier, the M^ of ATM drops nearly as much when in equilibrium with 55 percent
RH vapor, a common condition under pavements. For example, the drop in M, at 95
percent RH can be equal to about a 40 F rise in the average pavement temperature.

The actual drop in M, observed at 95 percent RH on mixes made with a variety of
aggregates as shown in Figure 13 was related to the M* fuop observed in the same
mixes after vacuum saturation and soaking. Although ttris relationship was conserva-
tive for lime-treated mixes, the relationship showed that actually measuring tlte M, of
mixes in equilibrium at 95 percent RH is unnecessary. Measurement aÍter vacuum
saturation and soaking gave sufficient information to estimate the g5 percent RH MR.

Also, measurement of M^ in equilibrium at 50 percent RH appears unnecessary.
This value, given in Table 4, was at least as high as the original dry M^ (because of
the asphalt hardening that takes place).

The total variation of M, with field conditions c¿ul be assessed by using the following
sequence:

1. Measure the M, of the freshly made ATMs or ETMs as soon as they reach con-
stant weight when dried at room temperature or when dessicated under vacuum;

2. Measure the M, again after it has been vacuum saturated and allowed to stand
u¡rder water at 73 F for at least 7 days; and

3. Measure the MR after aþout 10 freeze-thaw cycles of 73 to 0 to 73 F. (ttris can
be omitted when pavements are not frozen.)

If 95 percent RH is a condition similar to one prevailing in the pavement, the 95
percent RH MR ca¡r be estimated by increasing the vacuum-saturated M, þy 4 factor of
1.25.

Although these tests allow the projected effective M*s to be estimated for the prob-
able range of moisture conditions, there still remains to be estimated the proportion
of time the projected pavement will be under each of these conditions. No suqh pro-
cedure is presently available so this judgment must still be made by the engineer.

CONCLUSIONS

Emulsion-treated mixes are less temperature susceptible than hot ATM made with
the same asphalts and aggregates.

Cement-modified, asphalt emulsion-treated mixes have temperature susceptibilities
substantially lower than ETM and greatly lower than ATM. Both improved high-
temperature Mns are attained without an increase in tlre low-temperature M^. Thus,
the ETMs and, more particularly, the C-ETMs should have higher structural va,lues
at summer temperatures than do ATMs. They also should be'more resistar¡t to traf-
fic consolidation and surface bleeding.

Dry ATM, which has been lime- or cement-pretreated, has almost the same M, and
M^ temperature susceptibility as dry, untreated ATM.

Although the MR values of ATMs are lower when wet tha¡ when dry, the temperature
susceptibilities of wet and dry ATM are nearly the same. This relationship is also true
for ETMS.
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No damage appears to occur on prolonged freeze-tÀaw cycling to dry, hot asphalt
or treated or untreated asphalt emulsion-treated mixes.

Repeated cycling between a frozen a¡rd a thawed condition sharply drops the M* of
all water-saturated, hot asphalt or asphalt emulsion-treated mixes. After 50 freeze-
thaw cycles, litile further damage is apparent. Most of the damage occurs in the
first 10 cycles. However, drying at room temperature reverses this freeze-tl¡aw
damage. Damage resulting from simple soaking aÍter saturation is also reversible.

Damage occurring to water-saturated, cement- or lime-modified, hot ATMs as a
result of freeze-thaw cycling is substantially Iess than that which occurs when similar
unmodified ATMs are freeze-thaw cycled. Also, the damage sustained is largely re-
versed by drying.

Of particular importance is the greatly reduced freeze-thaw damage of water-
saturated C-ETMs. Most of this damage is also temporary and is recovered after
drying.

Saturated samples of ATMs made with Cache Creek, silica, or calcite aggregate
dry to moisture contents in equilibrium wittr the humidity of the drying air. Moisture
contents as high as 1.3 percent are found in equilibrium with 95 percent RH. Water
contents in ercess of about 2 percent exist as free or excess water. Pretreatment of
eitlrer Cache Creek, silicq or calcite (pure limestone) aggregate wittr a silane had
almost no effect on the equilibrium moisture contents. Pretreatment of these same
aggregates with lime slurry increased the equilibrium moisture content but at the
same time greatly increased the M, at these equilibrium conditions.

The MR of dry or wet mixes can be estimated from ?3 to at least 140 F from a
straight line constructed by plotting 2 e<perimentally determined points as the log-
aritfim of M, versus the reciprocal of the temperature in kelvins. At temperatures
below 0 F, an M, value of 5 x 106 psi for most mixes can be assumed to be wittrout an
error greater than +50 percent.

Although ttrey are easily determined directty by ttre diametral M, device, values on
dry mixes at intermediate temperatures (0 to 73 F) can be estimated by placing a smootfi
curve tangent to and touching the above limit at 0 F. The otler end of the curve is tan-
gent to anã touching at about ?3 F the line described by the logarithm of M* versus l/l<.
This method of estimation is more convenient a¡rd is possibly more ¿rccurate than other
metlods of estimating the M*.

The MR versus temperature curve on wet mixes above freezing can be estimated by
drawing a curve through a measured point at room temperature parallel to the estimated
dry curve. The curve below freezing intercepts the 32 F temperature at about 4 x 106
psi and ertends to lower temperatures as a curve parallel to the dry curve.

M, values determined dry, ? days (or more, if convenient) after vacuum saturation
of specimens, amd, when necessary, after 10 cycles of freeze-thaw while specimens
are saturated, are sufficient to give reasonable indications of the range of M, that cart
be obtained in the actual pavements.

Methods still must be developed for estimating the proportion of the time the various
layers of asphalt-treated mixes e><ist at t}te various moisture levels explored.
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QUANTTTATTVE EVALUATION 0F STRIPPING

BY THE SURFACE REACTION TEST

Miller C, Ford, Jr., University of Arkansas;
Phillip G. Manke, Oktahoma State U¡iversity; and
Charles E. O'Baru¡on, Arizona State University

In this study, an apparatus and a technique were developed to measure the
amount of exposed surface area on asphalt-coated mineral aggregate par-
ticles after they had been subjected to the stripping effects of water. The
test procedure is based on the principle that calcareous or siliciferous
minerals will react with a suitable reagent and create a gas as part of the
chemical reaction products. Within reasonable time Limits in a sealed
container, the generated gas creates a certain amount of pressure that can
þe considered proportional to the mineral surface area exposed to the re-
agent. With proper selection of reagents and reagent concentrations, as-
phalt, being a relatively inert substance, will not enter into the reaction
anA wiU not contribute to the created gas pressure. By using duplicate
aggregate samples, one uncoated and the other asphalt-coateda¡rd partially
stripped, the change in gas plessure of the respective samples canbe com-
paréA to determine the amount of exposed surface area on the partially
èoated sample. This procedure was used to measure the amount of strip-
ping evidenced by 11 aggregate-asphaltmixtures. The aggregates, obtained
from various Oklahoma sources, included several different types of car-
bonate and siliceous materials. The quantitative results of the surface
reaction test were compared with visual evaluations of similar mixtures
that were subjected to static and dynamic immersion stripping procedures.

oMUCH of the limestone aggregate used in asphalt paving mixtures throughout the
country has a tendency to polish or wear under traffic, and over a period of time the
decrease in skid resista¡rce of constructed pavements has become a serious highway
performance problem. One approach to improving the skid resistance of the asphalt
surfacing is to incorporate small quantities of siliceous aggregates in the mixture.
The potiãhing tendenõy of these siäceous aggregates is generally much lower_than 

.

that òf carbonate aggregates. However, siliceous materials have been looked on with
disfavor by the asphalt paving industry primarily because of their relatively poorer
adherent properties with asphalt cement.

In addition to skid resistance, desirable properties of a bituminous paving mixture
are stability and durability. Although several methods of mix design are available
that ensure high stability, durability is more difficutt to evaluate. Primarily, it is
determined from field observations of in-ptäce mixtures. One aspect of durability
relates to pavement failures caused by stripping of asphalt cement from the aggregate
in the mixture. Stripping occurs where there is loss of adhesion between the aggregate
and the asphalt cement and is due primarily to water acüon. The resulting deteriora-
tion can be a serious problem causing a substantial reducti.on in total pavement per-
formance.

úrherent factors that affect stripping in an asphalt paving mixture include absorption,
surface texture a¡rd mineral composition of the aggregate, and chemical composition'

publication of this paper sponsored by Committee on Effects of Natural Elements and Chemicals on
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surface tension, and viscosity of the asphalt. External factors such as climate, traffLc,
and construction tech¡iques also contribute to the stripping process. Thus, stripping
is a complex phenomenon influenced by many variables, all of which have some effect
on the adhesivity between the aggregate and binder used.

Because of the many factors that influence stripping a¡rd the various ways it can
take place, a materials engineer should obtain quantitative information relative to the
stripping propensities of the aggregates that will be used in the paving mixtures. Un-
fortunately, most stripping test procedures that are employed for this purpose yield
qualitative results. Such tests force the engineer to make decisions based on less than
adequate information that is primarily subjective in nature. A more objective approach
to stripping measurement is needed to provide reliable quantitative information.

The purpose of this study was to develop such a test procedure whereby a relative
measure of the exposed or uncoated surface area of an aggregate sample, partially
stripped of its asphalt coating, could be determined. The test procedure was based on
the principle that calcareous or siliciferous minerals will react with a suitable reagent
and create a gas as part of the chemical reaction products. Within reasonable time
Iimits in a sealed container, the generated gas wili create a certain amount of pressure
that ca¡r be considered proportional to the mineral surface area exposed to the reagent.

ADHESiON AND STRIPPING THEORIES

Adhesion is detined as that physical property or molecular force by which one body
sticks to another of a different nature (1). Four major theories on the cause of adhe-
sion have been formulated and were summarized by Rice (2). These are the chemical
reaction, mecha¡rical adhesion, surface energy, and molecular orientation theories.

The chemical reaction theory states that the acidic components of the bituminous
material react with basic minerals of the aggregate to form water-insoluble compounds
at the interface. Because good adhesion has been reported between acidic (siliceous)
aggregate and some asphalts, this theory does not hold true in all cases. Aggregate
properties affecting mechanical adhesion include surface texture, absorption and poros-
ity, surface coating and area, and particle shape. It has been observed that rough,
irregular-surfaced aggregate has better retention of asphalt tha¡¡ smooth, glossy-
surfaced aggregate. Some components of asphalt, primarily the oily constituents,
enter the pores or capillaries of an aggregate particle where they are preferentially
absorbed. The interlocking of the asphalt coating with these pores makes the asphalt
adhere more strongly so that it is less readily stripped by water action.

The surface energy theory is related to surface tension of the asphalt a¡rd the inter-
facial tension between the asphalt and the aggregate. When asphalt spreads over a¡rd
wets the aggregate surface, a change in energy takes place called adhesion tension (2).
Adhesion tension is a surface phenomenon and depends on closeness of contact, mutuìal
affinity of the 2 materials, a¡rd time of contact. An aggregate tends to become coated
by the liquid for which it has the greatest adhesion tension. Test results indicated that
the adhesion tension for water to aggregate was higher than for asphalt to aggregate in
most cases (2). When molecules of asphalt come in contact with the aggregate surface
they orient thGmselves to satisfy all energy dema¡rds of the aggregate. Waler molecules
are strong dipoles whereas asphalt molecules appear to possess nonpolar or weakly
polar characteristics. Thus, water possesses an advantage over asphalt to rapidly
satisfy energy demands of polar aggregate surfaces. Hovr'ever, given enough time
without water, the asphalt dipoles may orient themselves to obtain good adhesion be-
tween the asphalt film and the aggregate surface.

Stripping, in which water, through some mecha¡rism, causes the bond between aggre-
gate and asphalt to be diminished, is the reverse of adhesion. Several mechanisms
of stripping have been advanced. These mechanisms, summarized by Majidzadeh
and Sanders (X), inctuae detachment, displacement, film rupture, and pore pressure.
Detachment results when the asphalt cement, with no obvious break in the continuity of
the coating, is separated from the aggregate surface by a thin fitm of water. Displace-
ment occurs where there is a discontinuity or breat< in the asphalt coating and the aggre-
gate, asphalt, and free water are a1l in contact.
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Film rupture may occur when adhesion of the asphalt cement is not u¡riform over
the entire aggregate surface a¡rd the acti.on of traffic causes the coating to break or
rupture at points of weakest þond. When ruptured, the asphalt film takes the form
of lowest potential energy by retracting to spherical globules. Pore pressure may
cause hydraulic scouring to take place in a saturated pavement where the impact of
a tire presses water into the pavement surface in front of it a¡rd then as the tire leaves
the spot the water is sucked out. This water movement facilitates stripping the coated
aggregate, and any dust or particulate matter mixed with the surface water assists by
abrading the asphalt films.

It is obvious from the foregoing discussion that no single, simple explanation of the
stripping process will suffice for all cases. Each of the mechanisms, individually or
in combi.nation, may be operating in a given instance of stripping.

STRIPPING TESTS

Stripping tests may be divided into 2 groups, depending on the type of bituminous
mixture. The first group, related to appraising materj.als for layered systems of con-
struction, comprises tests on uncompacted single-size aggregate particles coated with
asphalt. The second group includes tests on compacted samples or specimens of a
bituminous mixture, which represent a hot-mix, hot-laid, or road-mix type of paving
material.

Coated-Aggregate Tests

Tests devised for layered system materials have a common procedure. The aggre-
gate to be evaluated is usually 1 size; commonly, it passes a s/u-ín. sieve and is re-
tained onar/q-in. or No. 4 sieve. The aggregate is coatedwith the asphalt material,
subjected to the effects of distilled water, and then evaluated to ascertain the percent-
age of asphalt coating still adhering to the aggregate.

Various methods of subjecting the coated aggregate to the effects of lvater such as
dynamic immersion, static immersion, and boil or chemical immersion techniques
are used in these tests (4). The amount of stripping is determined by visually esti-
mating the percentage of the total area that remains coated with asphalt. ASTM D 1664
specifies evaluation by visual examination, ard the estimate is reported as either aþove
or below the 95-percent-coated levei (5).

In the past, considerable research effort has been expended to develop a more quanti-
tative method to measure the amount of stripping that occurs (4). These procedures
have used radioactive isotope tracers, lithium tracer-salt, dye adsorption, and leaching.
Generally, these tests measured a change in some property of the coated aggregate
material after stripping occurred. None of these tests has been widely accepted.

Compacted Mixture Tests

Tests on compacted mixtures measure change in a physical property of the mix that
is caused by the effects of water. This change in physical property is then related to
stripping effects of water on the bituminous mixture. Several test methods that have
been developed include immersion-compression tests, laboratory test tracks, vertical
swell tests, abrasion weight-Ioss tests, a:rd sc¡nic vibration tests (4). Although all of
these tests have their merits, the immersion-compression test has been the only one
standardized by ASTM (6).

The following are some advantages attributed to tests of compacted bituminous mix-
tures over stripping tests of coated aggregate particles:

1. Test results are in quantitative terms (that is, some change in a physical prop-
erty of the mixture is measured),

2. Compacted test specimens represent the actual bituminous mixture that will be
used in highway construction, and

3. Laboratory specimens are subjected to water action in a coherent mass, which
more nearly simulates actual field conditions (7).



t3

These advantages are offset somewhat by the necessity for more elaborate test equip-
ment and by lengthy and laborious test procedures.

TEST DEVELOPMENT

Despite the large number of tests already devised to study the effects of water on

coatedãggregate particles a¡rd compacted mixtures, an examination of the technical
literature revealed continuing research in this area (4). Presently, there is no

'rstandard'r test to directly evaluate in aquantitative ma¡rner the amount of stripping
that occurs when asphalt-coated aggregates are subjected to the detrimental action of
water. There appears to be a definite need for such a test.

Existing tests were either too complex for routine testing or had questionable accu-
racy because results were based on the operator's visual judgment. The general pro-
cedure proposed for this study was to obtain a measure of the surface area of an un-
coated ággregate sample and then, by using a similar asphalt-coated sample, to obtain
a measure of the surface area stripped after exposure to water action. The ratio of
these measured quantities, that is, the stripped value divided by the uncoated value'
was considered a quantitative criterion of the amount of stripping that occurred.

If an aggregate sample is contacted with a suitable reagent, the resulting chemical
reaction between the acid a¡rd the exposed surface minerals of the aggregate will liberate
a gas as well as a certain amount of heat. For example, when hydrochloric acid (HCt)
is added to limestone, which is predominanily calcium carbonate (CaCOr), the following
reaction occurs:

CaCOs + 2HCl *CaClz + HzO + COz 1+ heat

If hydrofluoric acid (gf) is added to a predominantly siLiceous aggregate, one that is
predominantly silicon dioxide (SiOz), a similar type of reaction occurs:

SiOz + 4HF * 2HzO + SiF4 1+ heat

It was reasoned that the amount of these reaction products should be proportional
to the exposed aggregate surface area. If the reaction is confined, the generated gas

creates a certain amount of pressure that is easily measured and can be used as a
determinant for surface area. With proper selection of reagents and reagent soncen-
trations, asphalt, because it is a relatively inert suþstance, will not enter into the
Teaction and will not contribute to the created gas pressure.

Reagents

Hydrochloric and hydrofluoric acids were fou¡rd to be suitable for this investigation.
A suitable reagent was considered to be one that, when placed in contact with an aggre-
gate surface, would react to create a measurable gas pressure and would not react
with asphalt cement. Reagent strength or concentration such that the chemical reaction
would not deeply etch the aggregate surface was desired.

There was concern that a strong reagent, with suflicient time to react, would not
only dissolve the exposed surface molecules of the aggregate, but also would continue
to ieact and undermine adjacent asphalt-coated areas of the aggregate surfacès. If
this occurred, the resultant increase in gas pressure would cause considerable error
in determining the exposed aggregate surface area. This problem was minimizedby
using the weakest reagent solution that would create a measurable change in gas pres-
Sure. ThiS change in preSSure in a minimum amount of time was meaSured.

Preliminary laboratory work indicated that CaCOs in Iimestone would react in the
desired manner when about 1.0 normal HCI was used. A 100-g sample of aggregate,
when reacted with 200 ml of 1.0 normal HCI acid solution, created between 4 and 10

psi of gas pressure. The acid solution was depleted in about 10 min of reaction time
at normal laboratory temperature.

For aggregate composed mainly of SiOz, about 23.0 normal HF was required to
obtain the desired reaction and a measurable gas pressure. This reaction creates
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silicon tetrafluoride gas (SiFa). Both the acid fumes and SiF+ gas are highly toxic, so
aII work with the hydrofluoric acid was carried out in a well-ventilated fume hood with
appropriate safety equipment.

Mixed composition aggregates are those containing appreciable amounts of both
CaCOg and SiOz as well as other constituents. Preliminary work indicated that a mix-
ture of HF ard HCI would create a measurable gas pressure when reacted with aggre-
gate of mixed composition. A 200-mI acid solution usedwith this type of aggregate
'was composed of 2? mI concentrated HF, 54 ml concentrated HCl, and 119 ml of dis-
tilled water.

Equipment

The proposed method of testing required the measurement of the gas pressure
generated during a chemical reaction. Because the temperature of the reaction affects
the volume of the gas, it was necessary to measure a¡rd record simultaneously the pres-
sure and temperature generated during the reaction. The apparatus developed to con-
tain the reaction and measure the reaction products was essentially a modified 6-quart
stainless steel pressure cooker equipped with suitable instrumentation to monitor and
record the desired quantities evolved.

A dual-arm recorder was used to record both temperature and pressure in the pres-
sure container. A pressure transducer with a range of 0 to 30 psig and a thermistor
(Iinked to a scanning telethermometer) were mounted on the lid of the container and
connected to the recorder (Fig. 1). With this equipment, pressure in the container
could be determined to the nearest 0.025 psig and temperature to the nearest 0.5 C.
This soptristicated instrumentation for measuri.ng a¡d recording the pressure and tem-
perature was not absolutely necessary. A simple manometer or pressure gauge and a
thermometer, suitably graduated, could be used and observers could record the values
at stipulated time intervals.

The pressure transducer was centrally mounted on the removable top of the pressure
vessel. The temperature probe cavity extended through the top about 1 in. a¡rd was just
Iarge enough in diameter to contain the thermistor. A stainless steel pressure release
valve also was mounted on the top. This valve was used in caliþration of the pressure
transducer a¡rd to release the pressure in the vessel at the completion of the test. De-
tails of the pressure container are shown in Figure 2.

Because the pressure vessel was to be operated as a closed system, it was necessary
to provide a means of adding the acid to the aggregate without cha.nging the ambient pres-
sure. A 250-ml stainless steel beaker was attached by a threaded joint to a rod extend-
ing through the body of the pressure vessel. The rod opening was sealed by using neo-
prene O-rings both inside and outside the wall of the pressure vessel. A handle was
attached to the exterior end of the shaft. To inundate the aggregate specimen the beaker
was positioned upright and filled with 200 mt of the acid solution, and the ha¡rdle was
turned until the contents of the beaker v/ere poured into the plastic container holding
the aggregate sample.

Because of the corrosive nature of the reagents being used, stainless steel was used
for all the component parts of the pressure apparatus exposed to the acid solutions a¡rd
gases generated during the tests. To reduce contact between the acid solutions and the
pressure vessel, a small polyethylene container was placed inside the vessel to hold
the aggregate-acid mixture during the reaction period. The size of this container was
such that a 100-9 aggregate sample would be completely inundated by the 200-ml acid
solution.

iNVESTIGATIVE PROCEDURES

To compare the surface reaction procedure with other methods of evaluating strip-
ping, we conducted a series of stripping tests by using carbonate and siliceous aggre-
gates from various Oklahoma sources. Static immersion and dynamic immersion
stripping tests were performed and the results coltated with those obtained from the
surface reactions test.



45

Materials
The asphalt cement used in this study (penetration grade 85-100) was chosen because

it is a co**on binder used in asphalt pavement construction in Oklahoma, Selection of

the mineral aggregates was based on a research study conducted by the Oklahoma De-
partment of Highways (8). This study indicated that the incorporation of small quanti-
ties of polish-resistant siiiceous aggregates would improve the skid resistance prop-
erties of tfrui" sta¡rdard paving mixtures. Eleven different sources were sampled ar¡d

the aggregates included g types of limestone, 3 types of sandstone, 1 chert, and 4 types
of grálel. These aggregates were named for the town adjacent to the source location.
thõy are identified fór insoiubte residue, specific gravity and absorption, geologic unit
and age (period), and general aggregate classification in Taþle 1.

Sample Preparation

We sieved the material from each of the respective sources to obtain approximately
2000 g of aggregate passing the %-in. sieve and retained on the /a-in. sieve. We then

washãd, onéã-A"ieOi and quartered the aggregate to obtain representative samples of
approimately 100 g each.- The dry aggregate was weighed (100.0 + 0.2 c) and placed

iniarge aluminum moisture boxes for storage untit required in testing. Ten samples
of each of the various aggregates were prepared in this manner. Six of these samples,
i.e., duplicate samples, were used in performing the static immersion and dynamic
immersion stripping tests and the surface reaction test. The remaining samples were
used for specific grãvity and absorption tests and for checks on results of the other
stripping tests.

S'amples for the static immersion and dynamic immersion tests were coated in the

following manner. The aggregate and asphalt cement were heated to 120 C þefore
coating, To each of the 100-9 samples of aggregate, 6 g of asphalt was added. The

mixture was stirred and manipulated with a spatula until each rock was coated with
asphalt. A hot plate was used to heat the mixture, as required to achieve 100 percent
coätitrg. About 3 min of hand-mixing time ordinarily was required. The individual
par6cles of asphalt-coated rock were placed in a pan of cold distilled water after mix-
îttg. Cold water prevented the coated rocks from sticking together. This sample prep-
arãtiott and coating procedure is in accordance with ASTM D 1664 (5)'

Static Immersion Stripping Test

Æter cooling in the chilied water, the coated sample was placed in a glass jar and

covered with 60ì ml of distilled water. The jar was capped and placed, partially sub-
merged, in a 25 C water bath and left u¡rdisturbed for 18 hours. The amount of strip-
ping"was then visually estimated by using the ASTM sta¡rdard procedure. To facilitate
îtris evatuation, a comparison chart was prepared. This chart was made by tracing
the ouiline of typical aggregate particles inside a circle the same diameter as the glass
jar in which thä-samples wére immersed. A series of these tracings 

"¡/ere 
made arld

ihe 
""oss-sectional 

areas of the aggregate particles in each were darkened to represent
different amounts of coated surface (ranging from 50 to 100 percent coated).

The chart was placed ftat on the taþle adjacent to the jar sample to be evaluated. The

top was removed from the jar, and any film of asphalt on the surface of the water was
rdmoved by skimming with a paper towel. The chart was moved until, by visual obser-
vation of the sample from above a¡d through the water, the sample matched 1 of the

covered or darkened areas of the comparison chart. It was difficult to estimate the

area covered with asphalt any closer tha¡r to the nearest 5 percent. Therefore, dupli-
cate test results were averaged a¡rd then rounded to the nearest 5 percent.

No stripping of any of the various aggregates was observed when they were coated
with asphall cement and subjected to the static immersion stripping (SIS) test at 25 C.

With a iongu" period of immersion or higher immersion temperatures, 
"ve 

anücipated
that some striþping of the aggregates would occur. Therefore, the SiS (25 C) samples
were then ptacéd in a 60 C water þath and left undisturþed for 18 hours. The amount
of stripping (which was considerabie) was then visually estimated by using the com-
parison chart as before.
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Figure 1. Surface react¡on test equipment.

Figure 2. Details of pressure container device,
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Table 1. Aggregate identificat¡on and propertiæ.

PLASTIC
LINER

Sample

Insoluble Brlk
Residue Ðecific(percent) G¡avity Absorption Geologic Unit and Period General Classification

Cooperton
Hartshorne
Stringtovn
CyriI
Keot¿
Ompa
Asher
Broken Bow
Gore
Hugo
ìiAami

t.2
23,3
72.8
59.2
96.3
92.t
99.8
98.3
97.9
99.0
I 5.4

2.67
2.66
2.õ',t
2.64
2.48
2.47
2.46
2.69
2.68
2.52
2.56

0.8
1.0
0.5
0.9
2.4
4.1

1.3
0.6
1.8
7.2

Kindblade limestone, Ordovician
'Wapanucka limestone, Pennsylvanian
Wapanucka Iimestone, Pemsylvanian
Rush Springs, Permian
Bluej acket, Pemsylvanian
Bluej acket, Pennsylvanian
Wellington-Admire, Permian
Alluvial Deposit, Quaternary
Alluvial Deposit, Quaternary
Terrace Deposit, Qraternary
Boone, Mississippian

Limestone
Limestone (parily siliceous)
Siliceous limestone
Calcareous sandstone
Siliceous sandstone
Siliceous sandstone
Chert gravel
Siliceous gravel
Siliceous gravel
Chert gravel
Chert
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D!¡namic Immersion Stripping Test

To accelerate the stripping action of water on coated aggregate we constructed a
dynamic stripping device. A literature review showed many previous investigators
had used a dynamic immersion stripping (DIS) test to evaluate tire effects of water on
asphalt-coatèd aggregate. The method originally used by Nicholson G) was followed
in this study. Aggregate was coated with asphalt cement as in the SIS test and sub-
jected to 4 hours of r{ater agitation. A visual estimate of the amour¡t of stripping was
made at the end of L, 2, and 4 hours. An apparatus was designed and built to hold
6 glass jars of approximately 1 quart capacity. The device was rotated about a hori-
zontal a:ris at about 4O rpm. This caused the coated aggregate sample to fall from one
end of the jar through the water to the other end during each revolution.

Preliminary tests using the DIS device revealed that the nonstripping aggregate
(Cooperton limestone) would partially strip when the sample was tumbled continuously
for 4hours. The siliceous aggregate particles also retained more than 50 percent of
their coating at the end of 4 hours of tumbling. Therefore, a 4-hour DIS test period
was chosen, with the temperature maintained at about 20 C, which was the normal lab-
oratory temperature.

The DIS test was intended to induce stripping by subjecting each aggregate sample
to the same amount of agitation in a water medium, and then to compare the visually
estimated retained coating with a measured amount as determined by the surface re-
action test.

Surface Reaction Test

Hal"f of ttre aggregate samples used in the surface reaction test (SRT) previously had
been coated wittr asphalt cement and partially stripped in the DIS test. An uncoated
duplicate sample of the aggregate was immersed in distilled water at the same time as
ttre ptS specimen was immersed. At the end of the DIS test, the partially stripped and
uncoated samples were dried by blotting with paper towels and spread out in pans to
air dry for approximately 24 hours before the SRT.

rüe wanted to perform this test on oven-dried materials þut when the partially
stripped aggregate samples were oven dried at 100 C, tlre remaining asphalt cement
diffused and completely recoated the stripped aggregate surfaces, so oven drying was
eliminated and the samples were simply air dried before testing.

Each test required 200 ml of acid solution. Because duplicate samples (2 uncoated
and 2 partially coated samples of each of the various aggregates) were tested, a litre
of acid solution was prepared for each series of aggregate samples. The acid test
solutions were prep¿rred by using reagent grade acids and deaired distilled water. AII
proportions of these acid solutions were calculated on a weight basis.- itre 200 mt of acid solution to be used in each test was measured with a graduated
cylinder and placed in a 250-ml Nalgene jar. The weight of acid solution in each jar
was determined and its density, in g/ml, was calculated. This density and weight de-
termination was used as a check to obtain equal strengths of solution for each test. The
balance of the litre of solution originally prepared was retained for titrations. The
actual normality of the acid was determined by titration against a known weight of so-
dium carbonate by using metlyl orange as an indicator (9). All work with the acid
solutions containing HF was carried out withpolyethylene or polystyrene containers.

Procedure-Before initiating a test, samples to be tested, acid solutions, and tlle
préEs[i-e container were placed in a fume hood and brought to a constant temperature
of 20 C. The recording equipment was placed adjacent to the fume hood. Ttris test
procedure was used.

1. The pressure release valve was opened and the lid of the pressure vessel re-
moved.

2. The sample to be tested was placed in the plastic container and the container
was positioned inside the pressure vessel.

3. The beaker was installed in the pressure vessel, Ieveled, and 200 ml of acid
solution was poured into the beaker.
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4. The lid was placed on the pressure vessel, the pressure recording pen was set
to zero, and the chart drive of the recorder was started.

5. The pressure release valve was closed and the exterior handle turned to pour
the acid from the beaker. A stopwatch was started at the instant the acid was poured
onto the aggregate sample.

6. The reaction was monitored by observing the pressure and temperature traces
on the recorder.

7. At the completion of the test, which ordinarily lasted 5 min, the pressure
release valve was opened and the recorder chart drive stopped.

8. After the pressure was released, the top of the pressure vessel was removed
and the acid beaker taken out. The sample was removed and the reaction of the acid
solution and sample was terminated. For samples tested with HCI this was accom-
plished by flooding the mixture with tap water. For samples tested with HF the re-
action was stopped by slowly adding a sufficient amount of calcium oxide slurry to
deplete the HF in the mixture. Methyl orange indicator was used to determine when
the solution was neutra[zed.

9. The acid beaker and plastic sample container were then washed and dried before
starting another test.

Stripping Calculation-The pressure-temperature curves plotted on the recorder
chart were analyzed. A horizontal line was drawn on the chart paper for each 15 sec
of elapsed reaction time. The pressure and temperature readings were scaled from
the chart paper and tabulated. Pressures were adjusted to 20 C for comparative strip-
ping calculations. This adjustment of pressures was necessary because of the slightly
different operating temperatures ar¡d the higher temperatures created by some of the
reactions.

The surface area exposed was considered proportional to the change in pressure
over a certain time interval. For limestone aggregates and aggregates of mixed com-
position, the change in pressure from 0.25 to 1.5 min of reaction time was used. The
reaction between the siliceous aggregates and the HF solution was slower or less vio-
lent a¡rd required a longer reaction time (0.25 to 5.0 min) to obtain a significant pres-
sure difference. The effect of inertia on the pressure transducer operation and the
recorder chart pen response were the primary reasons for using the initial gas pres-
sure value at0.25 min of reaction time. The reaction time for the final pressure
value was that required to obtain a measurable pressure without deeply etching the
exposed aggregate surfaces.

A drawing typical of the strip-chart recorder tracing of the pressures obtained for
an uncoated limestone aggregate sample and a partially coated limestone aggregate
sample is shown in Figure 3. The initial pressure reading, taken at 15 sec of reaction
time, is shown as P1; tåe final pressure reading, taken at 90 sec of reaction time, is
shown as Pz. The retained coating of asphalt was calculated as follows:

RC = 1oo _(ffi¡r,
where

¡ç = percent retained coating of stripped sample,
AP" = Pz. - Pr, = change in pressure for stripped sample, and
ÂPu = pro - Pru = change in pressure for uncoated sample.

Relation Between Surface Area and Change in Gas Pressure-The hypothesis that
gen was examined by using
small disks cut from samples of the Cooperton limestone material. Large pieces of
rock, weighing from 2 to 5 kg, were obtained at the quarry where this aggregate is
produced. With a concrete saw, these rocks were sawed into slabs ranging from 5 to
10 mm in thickness. A diamond core drill with a¡r inside diameter of 19.0 mm was used
to cut uniform diameter disks from these slabs of limestone rock. Each disk was num-
bered and its average thickness determined by using a micrometer dial gauge. The
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different surface area groups. These groups had approximate surface areas of 6 000,
12 000, 18 000, 24 000, and 30 000 mm2. Duplicate groups of appror<imately the same
surface ¿üea also \ryere prepared. Each group of disks was reacted with a HCI solution
by using the test procedure previously outlined, and the resulting gas pressures were
determined. A graph of the surface area of each disk sample with the corresponding
increase in gas pressure for a reaction time of from 15 to 90 sec is shown in Figure 4.

Each plotted point on the figure is the average value for duplicate disk samples. A
good linear relationship þetween disk surface area and change in gas pressure is noted.
Íhe increase in gas prèssore rüas approximately 0.0 59 psi (0.041 g/mm') for each
1 000 mmz of disk surface area. Verification tests on otåer aggregates used in this
study have not been completed, but a similar relationship of surface area to gas pres-
sure increase is anticipated.

DISCUSSION OF RESULTS

The results of the various stripping tests on each of the respective aggregates are
given in Table 2. Each of the tabulated values of the percent of retained coating is the
average of tlte values obtained from duplicate test samples.

None of the aggregates exhibited any stripping when tested according to sta¡rdard
ASTM procedure ú 25 C. When the SIS test was made more rigorous by increasing
the immersion temperature to 60 C, considerable stripping was evidenced. The visu-
ally estimated retained coatings ranged from 95 percent for the Hugo chert gravel to
40 percent for the Gore siliceous gravel.

According to ASTM D1664 (9), tf¡e static immersion stripping results at25 C
are reported as above or below the 95 percent retained coating level. On this basis,
each of the 11 aggregates would þe rated as having a retained coating above 95 percent.
The timitation of this test method is that it does not provide for evaluation below this
level. The timitation results from the poor réproducibility obtained when rating the
same sample by visual observation. It would appear that little or no useful inJormation
regarding the relative stripping tendencies of various aggregates could be obtained from
visual evaluation in accordance wittr the ASTM method.

The DIS test results are reported for the various periods of tumbling used in the
investigation. At the end of t hour, all of the aggregate samples retained 90 percent
or more of their original asphalt coating and, at the end of 2 hours, most of the samples
had greater tha¡r 85 percent retained coating. After 4 hours of tumbling tÌre estimated
retained coatings ranged from 85 percent for the Cooperton limestone, Keota sandstone,
and Onapa sandstone to 65 percent for the Gore siliceous gravel.

A comparison of the retained coating percentages of each aggregate for the SIS test
at 60 C and the 4-hour DIS test shows litile correlation. Mathews, Colwill, and Yuce
(10) also reported little correlation of test results from SIS and DIS tests performed on
16 different types of aggregates.

It shoutd be repeated that, in the SRT, both uncoated and partially coated or stripped
samples of each aggregate were tested. The partially coated samples were those re-
sulting from the 4-hour DIS test. The change in gas pressure (over the selected ti.me
interval) exhibited by duplicate coated and uncoated test samples agreed closely. In
most cases, these corresponding differential pressure (AP) test values differed by less
than 0.014 g/mm'. The average AP values for the coated and uncoated samples of a
given aggregate were used to calculate the percentage of asphalt cement coating retained,
as has been previously discussed. The SRT retained coating pereentage for each aggre-
gate is given in Ta.ble 2.

The measured retained coatings varied from 93 to 54 percent. The limestone aggre-
gates (Cooperton, Hartshorne, and Stringtown) with 89 percent retained coating had the
highest group average. The sandstone aggregates (Cyril, Keota, and Onapa) averaged
63 percent; the gravels (Asher, Broken Bow, Gore, and Hugo) averaged 68 percent.

These results show the same trend oT resistance to stripping ¿ts was obtained from
a series of immersion-compression tests on compacted mixtures containing the same
aggregates. These tests were performed on conpacted specimens of a sta¡rdard



Figure 3. Typical SRT
pfessure-t¡me curves for I imestone
aggregate.

Figure4. Original disk surface
area versus gas pressure increase,

Cooperton limestone,

Table 2. Results of SIS and DIS têsts and SRT.
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Aggregate 77 F 140 F 1 Hour 2 Hours 4 Hours Percent
Variation
(percentl

Cooperton 100
¡Iartshorne 100
Stringtotpn 100
Cyril 100
Keota 100
Onapa 100
A6her 100
Broken Bo¡p 100
Gore 100
flugo 100
Ivnami 100

85
75
8Ð
75
80
85
80
?0
65
80
75

90
90
90
80
90
90
90
90
85
90
85

85 95
75 95
65 95
60 90
50 95
50 95
90 95
90 95
40 90
95 95
70 95

90
&6
93
64
56
68
74
54
65
78
60

*0.5
+0.5
+0.7
a0.7
r0.0
+0.8
+3.4
+3.6
+2,2
r0.5
+3.5

Pr = lNlTlAL PRESSURE READING
Pz. FINAL PRESSURE READING

APs= P2s-Pt5
APu = P2u -Pt,

P¿*
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8våriation based on maximum and minimum values of duplicate tests.
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Oklatroma Department of Highways surface course mixture in which these aggregates
comprised the coarse aggregate fraction. The retained strength values from these
immersion-compression tests also indicated that the limestones were better than the
gravels, which were in turn better than the sandstones.

A measure of the reproducibility achieved with the SRT was obtained by using the
results of the 4 tests performed on each type of aggregate. The smallest and largest
of the individual AP values from each SRT series were used to calculate a mærimum
and minimum percent of retained coating. The difference between these mærimum and
minimum values is given in Tabte 2 as the variation in retained coati.ng for each aggre-
gate. A variation of less than 1 percent is noted for ? of the aggregates, with the
largest variation being only 3.6 percent (Broken Bow gravel).

There was low correlation between visually estimated retained coatings of the DIS
tested samples and ttre SRT measured values for the same samples. This emphasizes
some of the problems associated with the visual estimation procedure. Several factors
affect the visual estimaüon of the amount of retained asphalt coating on the aggregate
including color of the aggregate, visual perception limited to the plan or 2-dimensional
view, undetectable microscopic breal<s in the asphalt in a state of "detachment,tr and
operator error or bias.

The color of the aggregate influences the operator's estimation of coating, with
Iighter colored aggregates being rated lower tha¡ darker colored aggregates when both
may have the same amount of asphalt-coated surface. This is due to the greater con-
trast þetween the black asphatt cement coating and the light-colored aggregate, which
causes the operator to assign a lower value of retained coating to the lighter colored
material,

This color factor may be the reason that the light-colored Cooperton and Hartshorne
limestones rütere visually rated about 5 to 10 percent lower than the SRT results indi-
cated. Conversely, the dark-colored Keota and Onapa sandstones were visually rated
about 20 percent higher in retained coating than the SRT results indicated.

The standard method of visual estimation considers only the exposed aggregate sur-
faces that appear in plan view and assumes that the stripping evident in a 2-dimensional
scene is representative of that throughout the sample. This assumption may or may not
be valid and depends, to a large extent, on the shape and orientation of the aggregate
particles. In the SRT, however, the acid solution reacts with alt exposed surfaces, and
tlre results are indicative of the total aggregate surface a¡ea that has been stripped of
its asphalt coating.

By unaided visual examination of stripped aggregate particles there appeared to be
no disturbance in the asphalt surface where the coating remained in place. However,
under a 3O-power microscope, numerous pirùoles or small breaks in the asphalt
coating could be seen. After ttre SRT, there was evidence of etching or surface re-
action at these small discontinuities.

Perhaps the most important factor in the visual estimation method is the operator.
Repeatability of visual estimates of the aggregate surface area coating was examined
by Brown, Sparks, and Marsh (1!. In th¡.s work, 4 experienced operators were used
to evaluate 36 different test sarnþles of partially coated aggregates. Their average
range in estimated retained coatings was 16 percent; their differences varied from
2 to 32 percent. Roediger (!3) reported the results of a cooperative stripping test
visual estimation project in which 10 laboratories estimated the amount of stripping
evidenced by 22 different samples. Their visual estimates of percent of retained
coating for the same test specimen ranged from 4 to 44 percent, with an average dif-
ference between laboratories of 24 percent. Different operators were noted to agree
more closely when the amount of stripping was small.

AII of these visual factors were eliminated when stripping was evaluated by SRT.
The SRT results in a more precise and quantitative determination of exposed surface
area. A high degree of reproducibility car¡ be expected because the results of repli-
cate surface reaction tests indicate less than 4 percent variation. Because the results
a.re measurable rather than estimated quantities, they are more indicative of the rela-
tive stripping tendencies of various asphalt-aggregate mixtures and better correlation
of these laboratory values with fÍeld performance of the materials should be possible.
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CONCLUSIONS

The SRT provides a quantitative measure of total exposed surface area on a stripped
mineral aggregate sample and eliminates the problems assocÍated with visual estima-
tion techniques.

The results of the SRT are reproducible with a minimum amowrt of variation between
duplicate test sample values.

The SRT is simple and straightforward and usually can be performed in less tha¡r
10 min. The required equipment is neither e<pensive nor complicated.

The use of highly corrosive and toxic reagents is a disadvantage of tùis procedure.
However, with proper la.boratory equipment and safety precautions this drawback can
be minimized.

With proper verification methods, the test procedure could be applied to surface
area measurements of a variety of materials that have been crushed or broken down
into irregularly shaped fragments.

The standard SIS test showed no stripping in the asphalt-aggregate combinations
used and would be of little or no va.lue in predicting the relative stripping tendencies
of such mixtures.

Generally, the asphalt-aggregate mixtures containing the limestones were more
resistant to stripping than those containing the gravel and sandstone type aggregates.
Wittrin the group of gravels, the aggregates with appreciable amounts of quartz (Broken
Bow and Gore) were more susceptible to stripping tha¡ those composed predominantly
of chert.
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DISCUSSION

M. J. Fernando, Highways Department, Ratmalana, Sri Lar¡ka

I wish to congratulate the authors of this paper on their brilliant attempt to put
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forward anew quantitative test to evaluate the stripping action of asphalt. It is well
known that the standard stripping test, ASTM D1664 (!), is highly qualitative in nature
and subject to personal errors. Therefore, a better procedure is necessary to make
this test quantitative and to eliminate personal judgment.

The test procedure outlined in this paper is based on the principle that a suitable
reagent (such as an acid) reacts with the mineral aggregate and liberates a gas as
part of the reaction. The gaseous pressure developed is considered to be proportional
to the exposed surface area of the aggregate. Therefore, the chemical composition of
the aggregate surface is an important factor. It appears to me that the authors do not
take into consideration the presence of non-gas-producing reactions when acid comes
in contact with aggregate surface. I think that the direct evaluation of amount of acid
reacted with the aggregate surface, under a suitable set of experimental conditions,
may be more fundamental, simpler, and a better approach to the problem. Therefore,
I wish to share some observations made on evaluating stripping by an elementary acid-
þase titration.

THEORY

If
S. = total surface area of uncoated aggregate,
V. = volume of standard acid reacted for a certain time with S.,
S¡ = total surface area of the aggregate coated with asphalt, and

V, = volume of the same sta¡rdard acid reacted for the same interval of time with So,

and, if after stripping

SJ = surface area of the uncoated aggregate,
SJ = surface area of the aggregate coated with asphalt, and
Vj = volume of the same standard acid reacted for the same interval of time,

then we know that

Si+Sl=S"

Dividing Eq. 1 by S" gives

and

(1)

(2)

(3)

(4)

Since Su æ So

That is to say

c,***

%.#
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ê,
or Þ = fraction of surface area stripped.

¡i"

PROCEDURE

The limestone aggregate passing a s/E-ín. sieve and retained on a L/z-ín. sieve was

\¡¡ashed with distilled water a¡rd oven dried at 110 C for 2 hours. Then the aggregate

was allowed to cool to room temperature. TWo hundred gr¿ùûÌs of the oven-dried aggre-
g"i" *"*u heated to 150 C and coated with asphalt ai 150 C, The asphalt content in all
äixes was maintained at 4.5 percent by aggregate weight. The coated aggregate was

allowed to cool to room temperature.

Test 1

Two hundred grams of uncoated aggregate was reacted with 200 ml of N/10 HCI for
b min. By titrating the excess acid with N/10 sodium carbonate using methyl orange

as indicator, the vólume of the acid reacted was obtained (% mt)'

Test 2

The same procedure used in test 1 was repeated with 200 g of aggregate coated with
asphalt (Vo mI).

Test 3

The same aggregate used in test 2 was washed with distilled water 3 times to free
it from aci¿ ana Ooited for 15 min in 400 ml of distilled water. The water was drained
off quickly and the material was allowed to cool for about half an hour a¡rd test 1 was

"upË"i"¿ 
(V'o *t¡. Because the reaction of HCI with limestone is fast, a weak acid

,rr"h 
"" 

oìatic acid is found to be more suitable. The reaction of lN-oxalic acid with
Iimestone reaches completion in about 15 min because of the formation of acidic
nonsoluble calcium oxaiate on the exposed surface. The oxalic acid used up may be

determined with N/10 sodium hydroxide with phenolphthalein as an indicator'
This procedure does not require elaþorate and e><pensive apparatus, although a mix-

ture of tiCt att¿ HF acids shouid be used for siliceous or mixed aggregate.

AUTHORS'CLOSURE
We appreciate Fernando's discussion. He illustrates ar¡other approach to the

quanfltaiive evaluation of stripping. Lortscher, Snyder, and Fitbert-(13) reported
â similar approach to evaluation of stripping of limestone aggregate by reacting the

aggregate *ítn ¿itot" HCI and measuring the depletion rate-of the acid by titration.
dðfto"pu that Fernando also will publish test results to confirm the validity of the SRT.

REFERENCE

13. Lortscher, L. L., snyder, M. J., and Filbert, R. 8., Jr. Improved Methods
of Estimating Stríppeã Aréa in Asphalt Stripping Tests. HRB Proc., VoI. 35, 1956,

pp. 314-321.



CHANGES IN ASPHALT CONCRETE MIXTURE PROPERTIES

AS AFFECTED BY ABSORPTION, HARDENING,

AND TEMPERATURE

Byron E. Ruth, University of Florida; and
Charles F. Potts, Florida Department of Transportation

Itris paper provides information on the splitcylinder testing of laboratory-
compacted specimens and cores taken from in-service pavements. Tension
test data were obtained for mixtures containing different aggregates, as-
phalt contents, types of asphalt, and temperatures. Relations between en-
ergy and vertical and horizontal deformations were developed from the
test data. It was observed that energy decreased at lower temperatures.
The horizontal and vertical deformations as measured in the split cylinder
test were found to be related to the viscosity of the asphalts as influenced
by hardening and temperature. This could be significant because it may
provide a method to evaluate the composite effects of asphalt-aggregate
interaction for use in quality control of asphalt paving mixtures. Further
information is provided on penetration-viscosity relations and the proper-
ties of the materials used in the investigation.

.NUMEROUS factors can contribute to the fatigue cracking of flexible pavements. In
Florida, the unexpected increase in tra^ffic volume is considered a major contributor
to early fatigue failure. The prevalence of pavement cracking in northern Florida has
been of particular interest. Highly absorptive lime rock aggregates are used for pave-
ment construction in this region. Preliminary studies of this paving material revealed
that volume changes that are caused by the absorption of water or drying effects were
very small and, undoubtedly, could not be a primary cause of pavement cracking.

Other investigations of pavement cracking on Interstate 10 in the northern part of
Florida provided at least a partial insight into the factors affecting pavement perfor-
mance (1). High air-void and low asphatt contents were generally synonymous rvith
more efiensive cracking than was observed on pavement sections with low air-void
and high asphalt contents. Poor performance appeared to result from excessive hard-
ening of the asphalt. It was observed that cracking was most prevalent when the ex-
tracted asphalt viscosity exceeded 10 megapoises (¡rap) at 25 C.

Further investigation of I-10 and several other pavements were directed toward the
identification of the composite properties of paving materials (compacted asphalt-
aggregate mixture). Laboratory-compacted specimens and cores from different pave-
ment sections were split cylinder tested to separate good performing pavement sections
from bad performing pavement sections by the tensile properties of the paving materials.
The general approach to testing was similar to that of Breen and Stephens (Ð in that
work energy expended to failure was used as a definitive parameter.

MATERIALS

The aggregates used in this investigation lvere typical of those used in northern and
southern Florida. Aggregate blends were selected to provide duplication of mixtures

Publication of this paper sponsored by Committee on Effects of Natural Elements and Chemicals on Bitumen-
Aqgregate Combinations.
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used in actual paving projects. Ttre gradation, specific gravity, and absorptio-n values
for each of the 4 aggrãgaie blends used in the study are given in Tãbles 1 and 2. Mix-
tures 1 and,2 are itmoÀt identical except for slight differences in fine aggregate blend-
ing. lhese mixtures are representative of the surface course used in the construction
of I-fO in northern Florida. Mixtures 3 and 4 are typical of asphalt surfacing materials
used in the Miami area.

The absorptive character of Florida aggregates is quite variable. Natural silica
sands have aËsorptions of usually less than 0.80 percent whereas the lime rocks and

oolitic limestones range between approximately 2.0 percent to 5.0 percent. The

screened shell used in mixture 3 hád a water absorption of 2.25 percent. Visual ob-
servation of asphalt mixtures that contain absorptive aggregates indicated that selective
absorption may exist.

fabte ¡ preients a summary of properties for each of the 5 asphalts used in-the
study. Asphalt A was an aromatic, temperature-susceptible asphalt with a high glass

transition lemperature. Asphalts B and E were highly asphaltic and similar in prop-
erties except for substantiaf differences in glass transition temperature and flash point.
Asphalts Cãnd O were both air-blown materials derived from naphthenic base crudes.

These asphalts gave similar penetration and viscosity values for the 25 C test tem-
perature. Howeve*, considerable differences in glass transition temperatures, degree
äf hardening, and viscosities at other temperatures were obtained for the asphalts.
These diffeiences appeared to be significant because of their effect on the results of
split tension testing of compacted mixtures containing these asphalts.

TESTING PROCEDURES

The laboratory testing procedures included the use of the following:

1. Marshall method (eST'n¿ D1559-?1) to determine design asphalt contents and pre-
paring test specimens for each mixbure;' Z. Corps of Engineers procedure (eST'n¡ DS54-52) to evaluate the bulk-impregnated
snecific eravitv of the assregate blends;' 3. nilce meitroO (ASrlvr oZOSt-lÐ to obtain the virtual specific gravity and asphalt
absorption of the mixtures prepared with the different asphalts;

4. Alas weatherometei toãcceterate the weathering of compacted asphalt mixture
specimens; and- b. Splii tension testing of unweathered (control) and weathered specimens.

In some instances it was necessary to modify the standard procedures. The speci-
mens for processing in the weatherometer and split cylinder testing were mixed at 

_

temperatures correspondjng to 1.5 P viscosity and compacted by using 6-blow Marshall
conipaction. This level of õompaction provided densities that were slightly lower than
acfuãl pavement densities, but it was advantageous to obtain accelerated weathering of
the specimens.

The standard sample size for the bulk-impregnated specific gravity test was reduced
to 300 g of aggregate and 150 g of asphalt to minimize the difficulty in eliminatile en-
trappea" air in¿ tñe time required foi each specific gravity determination. Duplicate
tests were conducted at preparation temperatures corresponding to viscosities of 10,

4, and 1.5 P for each aggregate blend and type of asphalt.
Accelerated weathering õt test specimens was accomplished by using an Atlas weath-

erometer that contained cãrbon eleètrodes for arc light and a water spraying device.
Temperatures up to 160 F were common during the heating cycle; an average temper-
aturô for each dày was approximately 90 F. The 6-blow, Marshall-compacted speci-
mens were arranged on á 2-level revolving rack in the weatherometer that continuously

rotated around the tight source and under the water spray bar. The specimens were
revolved a quarter trirn and rotated between top and bottom rack daily to obtain a uniform
weathering exposure. The daily weathering schedule is given in Table 4. $þecimens
of mixtures lãnd 2 and mixtures 3 and 4 wère exposed for a total of 864 hours and 672

hours respectivelY.
The teñsite properties of unweathered and lveathered laboratory specimens and pave-



Table 1, Aggregate gradation of test
mixtures.

Table 2. Aggregate properties of test
mixtures.

Table 3. Asphalt properties.

Percent Passing

Sieve Slze Mixture 1' Mixture 2ù Mitu¡e 3' Mixtu¡e 4d

"/u in.
4 in.
No. 10
No. 40
No.80
No. 200

100
65.0
42.r
34.1
14.9
4.8

100
65.0
42.0
34.0
18.9
4.8

100
þö. o
45.3
33.8
11.6
4.6

100
6?.0
41.8
28.0
L5.7

5.1

458 percent No- 16 live oak crushed stone. 35 percent Oak Ridge sil¡ca sand. and
7 percent crushed stone screenings.

b58 percent No. 16 live oak crushed stone, 31.5 percent Oak R¡dge sil¡ca sand,
and 10.5 percent crushed stone screenings.

c56 percent No. 16 Dade County crushed stone,8.1 percent crushed stone
screenings,32.4 percent Palm Beach screened shell, and 3.5 percent portland
cement mineral Tiller,

d57 percent No. 16 Dade County crushed stone,39.5 percent crushed stone
sreen¡ngs, and 3,5 percent portland cement mineral f¡l¡er.

Asphalt
Bulk Specific Apparent Specific Water Abso¡ption
cravity cravity (percent)

Mixture 1 2.511
Mixture 2 2.506
Mixture 3 2.454
Mixture 4 2.461

2.629
2.630
2.623
2.615

2.14
2.27
2.51
2.40

Tvpe of AsÌlhaÌt

Properties

Penetration at 25 C
Specific gravity at 25 C
Flash point, deg C
Solubility in trichloroethylene, percent
Ductiliiy at 25 C, cm
Viscosity

V135 at 135 C, P
V60 ât 60 C, kP
V25 at 2â C, MP'
V25 complex flow, C
Y5 at 5 C, MP'
V5 complex flow, C

Glass trmsition, isobaric method, 1 C,/min
1 atmosphere, deg Cd

500 atmosphere, deg Cd

P¡essure sensitivity, m
Penetration method, deg C"

TFOT residues
Penetration at 25 C
Penetration, percent ot original
Loss, percent
Gain, percent
v60, kP
Viscosity ratio
v25, MP"
V25 complex flow, C
Ductilíty at 25 C, cm

84 88 87
1.002 0.997 1.032
324 313 294
99.95 99.96 99.59
150+ 150+ 146

2.93 3.1? 6.15
7.22 7.'.t2 2.7L
1.25b 1,05b 0.99"
0.8?b 0.?8b 0,?6b
275h l22h l34b
0.?6b 0.66! 0.ã4b

-2.0 -?.0 -9.0
12.5 8.0 7.0
0.028 0,029 0.030
4.8 t.2 - 1.8

58 61 53
69 69 61

0.34
0.06 0.0?
2.39 3.11 7.05
1.96 0.98 3.34
2.57 1.98 3.43
0.81 0.'t6 0.70
150+ 150+ 45

91 85
1.0t2 1.032
257 275
99.96 99.95
150+ 150+

1.64 5.88
0.930 3.0?
0.8?5b 1.l1b
1.02" 0.80b
996b" 132b
1,15t 0.80¡

1.0 -4.5
16.5 12
0.033 0.031
3.? -0.2

52 36
51 42
0.26 1.53

1.91 22.7
2.Q5 1.20
3.27 6.61
1.11 0.73
150+ 58

aFlor¡da cap¡llâry method at constant shear rate for power ¡nput of 105 erg/cm2 sec ({).
bAverage of 2 tests.

"This måter¡al exhibits "glassy" phenomenâ ât 5 c.
dBy interpolation or extrapolation of data,
eShoor, l\4ajidzadeh, and Schweyer method (!1.

Water Spray Arc Lmp

0700
0900
1030
1830
1900
2300

oif
On
off
off
On
off

off
off
On
off
off
On

Note: Total waterspraytime: 5.5hours. Total
arc lamp time: 16 hours. Total t¡me off: 2.5
hours.

Table 4. Daily weathering schedule.
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ment cores tvere evaluated by using a split cylinder test. This test was selected be-

äu"" of its simplicity and pótential to evaluate those physical properties of compacted

""pñrft 
mixtureå that relatô to flexibility, fatigue resistance, or resistance to cracking'

The test mechanism consisted of two 0.5-in.-wide parallel steel contact plates, one

mounted on a load cell and the other mounted directty below the platen of the testma-
chine. The screw-driven testing machine was timited to a single speed that provided a

constant vertical deformation rale of 2.68 in./min. Instrumentation consisted of a

10,000-lb load cell and a linear variable differential transformer (lVOf) connected to

" "t"ip 
chart recorder. Horizontal deformation was measured across the 4-in'-wide

specimens by using a LVDT.'' Figure r ärrows typical data output from the split cylinder tests. Data curves for
*i*tuîe ¿ using aspirãlt A and asphalt D iltustratì the extremes in response obtained

for the differen=t asptratt mixturei tested at 5 C. Energy and strain ratios were com-
puted from the data in the follor¡¡ing manner.

1. Initiai deformation that was due to seating of the steel contact plates on the.4-in'-
diametãr asphalt concrete specimens was eliminated from the analysis by projecting

the linear portion of the curve to the abscissa.
z. Verlical deformation corresponding to the point where the rate of horizontal de-

formation increased rapidly *a" n"id to calculatdinitial energy (f ,) as illustrated in
the following computatiõn for asphalt D shown in Figure 1:

', = (rîåÐ . (."ï:iiïl"J = try (0.1)] . tt rn#4t (0.084)] = 465 in.-rb (r)

3. The horizontaLfveúicaI strain ¡¿¡i6 (er/ee) was computed by using a horizontal

deformation increment of 0.04 in. rneasured from the point at which the horizontal de-

formation rate increased. The vertical deformation increment was determined from
the data plot by using the previously defined horizontal deformations. An example of

this catcutation using asphalt D data is

€, = !-.04 
= o.6b (z)

(v 0.0617

4. Additional vertical energy was computed by using the vertical deformation as

¿etermine¿ in Eq. 2. Ttre folówing exam¡te illustrates this computation for asphalt D:

- _ / uug \/ vertical deformation for.. \ = f S.AOOXO.061?) = 234 in.-tb (¡)
"^ = 

\toaa/\o.o+-in. horizontal deformation I '-' '

5. The computation for total energy is as follows:

Ei = Er + EA = 465 +234 = 699 in.-lb (+)

The energy values presented in this report have been corrected for specimen di-
ameter and thickness ão that the energy corresponds to a standard specimen 4 in' in
diameter and 2.5 in. in ttrickness.

Viscosity tests onãsph"It" t""o,r"red by the Abson method-(ASIM D1856-69) from
laboratory samptes and field cores were obtained to evaluate hardening that had oc-

curred in-mixing and in weathering. Viscosity tests were performed at 25 C although

it would have beãn desirable to have low temperature viscosity data.

RESULTS

The Marshall mixture design results for the different mixtures using asphalt E are
given in Table 5. The air-voiã content for the mixtures at the design asphalt co¡tt91l

-"y upp""" low, which is common for these mixtures because the density and stabiljty
vatües äo not charrge appreciably at different asphalt contenls. The optimum ?gph.alt
contents were used asïguide in selecting asphàtt contents for preparation of the tension
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Figure 1. Analysis of splitcylinder test data.
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Table 5, Marshall mixture design results.

0.3

Unit
Weight

Mixture þcf)
Stability
(rb)

Ai¡ Optimum
Flow VMA Voids AC
(0.01 in.) þercent) (percent) (percent)

1 142.80
2 141.90
3 140.5
4 747.0

14.0 2.4
t4.2 3.2
13.8 4.0
14.3 2.9

1,265
1,360
2,010
2, ?80

9.6
10.?
t2.2

6.10
6.30
6.0
6.6

Note: 1 pcf = 1 6.01 ks/m3. 1 lb = 4.45 N. 1 in. = 25.4 mm.

Table 6. Compaction data for tens¡le test specimens,

AC
Mixture þercent)

Compaction Unit
Blows per \ryeight
side þcf )

Marsha.l1
Compaction
þercent)

15
6

z6
6

35
6

4 5.5
6.8

6
6
6
6
6
6
o
6

13 5.36
13?.50
134.71
136.60
L}t.21
132.51
130.16
132.45

95
96.5
95
96.3
93.5
94.4
92.4
94.0

VERTICAL DEFORMATION . II{CHES

IB - ASPHALT A

Note: 1 pcf= 16.01 kg/m3.
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test specimens. The compaction data for the 6-b1ow, split cylinder test specimens are
given in Table 6.

The bulk-impregnated specific gravity test results are given in Table 7. Data for
the 10,0 p test 

-temperaturê 
have bèen deieted because it was found that removal of en-

trapped air was dif?icult to achieve at this higher viscosity. The test values for asphalt

n riäre essentially the same as values obtained on mixh¡res tested by the Rice method

as given in Table 8.
The results of the 5 C split cylinder tests on mixtures 1 and 2 and cores from I-10

are presented in Figures 2 and 5 respectively. Mixtures 3 and 4 are not presented be-
cause the data were essentially the sãme as those for mixtures 1 and 2. Variation in

"p"ãi*u" 
and core thickness were taken into account by adjusting all test valu€s to a

s^tandard thickness of 2.5 in. Because the effect of weathering was substantial for mix-
tures containing asphalt B, it was decided to shortcut the weatherometer process and to

use asphalts frõm the thin film oven test (ffOf) for preparatio.n of specimens' The

data for this limited study are shown in Figure 4. The dashed lines representing the

data trends are exactly the same in Figures 2, 3, anid 4.

Viscosity data for the extracted asphalts from laboratory specimens and I-10 cores

are given in tabtes g and 10. Also, penetration data and asphatt contents for the dif-
ferent sections are presented in Table 9 for comparative purposes.

DISCUSSION OF RESULTS

preliminary analysis of the viscosity data indicated that a considerable difference
exists among ásphatis in their hardening properties. The summary of laboratory vi.s-

còsif data fãr tÎre different asphalts, aã given in TâbIe 11, shows that some hardening

o"".ris in the heating, mixing, and prepaiation of test specimens.. $ntlalt,A.was the

most affected by thJprocess-ittereàs âir-blown asphalts (asphalts C and D) showed

negtigible hardéning.' Good correlation was obtained between TFOT and weatherometer
viðco"sities. The wèatherometer produced greater hardening of asphalt A thgn clid the

TFOT. ThÍs hardening had a noticeable effect on the split tension test results; this can

be readily identified in*Figures 2 and 3 where the energy values decrease and the strain
ratio increases for the weathered specimens containing asphalt B.

All viscosity and penetration datã for original asphalts, TFOT residue, and extracted
asphalts *u"" ôo*puled to the viscosity preãiction õurve, which is based on the follow-
ing equation developed by Schweyer (3):

Nn = 3,240 P-2'32 (s)

where

Np = viscosity in MPa.s at a constant power input of L05 erg/cmz 'sec and

P = penetration at 25 C.

This comparison, as shown in Figure 5, indicates reasonably good correlation between

the prediõtion equation and the experimental values.
.ihe effect of äsphait content oñ tfre sptit cylinder tests was observed by Breen and

St"p-itlr"-(ei. nt fo* temperatures they concluded that work appeared to be independent

of âsphait content. The tãst results presented in Figures 3 and 4 indicate a slight in-

""eaÄ" 
in energy as the asphalt content is increased. However, the initial energy from

the test data is directly coinparable to Breen and Stephens work values and appears to

justify their conclusions.- 
Any change in energy values with changes in asphalt content may be a result of com-

pacteá densily variations. However, comparison of tension test results for 50-blow

änd 6-blow cõmpacted specimens gave essentially the same energy and strain ratio
values.

Breen and Stephens (2) observed the effect of increasing viscosity by lowering the

temperature tor itre spiiT cylinder tests. They note that with decreasing temperature
the fracture load incrãases slowly and the work required to fracture the specimen de-

creases. This phenomenon was óbserved in tests conducted on mixture 4 by using dif-
ferent asphalts änd test temperatures of 2, -3.3, and -8 C. As shown in Figure 6, the
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Table 7. Bulk.¡mpregnated specific gravity values.

Mixture

Type of Asphâlt

4.0 P test results
A
B
c
D
E

1.5 P test Ìesults

2.556
2.54',t
2.545
2.556
2.558

2.583 2.566 2.5't4
2.561 2.548 2.5õ7
2,563 2.344 2.554
2,ã65 2.536 2.54t
2.568 2.565 2.564

A 2.564 2.57't 2.5Ê2 2.514B 2.538 2.658 2.544 2.655c 2.545 2.560 2,546 2.558D 2.S+3 2,564 2.ts40 2.548s 2.551 2.556 2.644 2.553
MemofB, C, D, E 2.548 Z.bbg 2.546 2.545
Sta¡dard deviation oI B, C, D, E 0.00?8 0.00?1 0.00?9 0.00S3
Dilference between aspha.lt A and mean +0.016 +0.018 +0.01? +0.020

Table 8. Comparison of bulk-impregnated and Ríce method specific
gravíty mefiods.4.0 P test results,

Bulk-Imp¡egnated
Mtuiúure Method, Asphalt E

Rice Method, Aspha_lt Absorption
Asphalt E þercent)

2.558
2.568
2.535
2.564

1
2
3
4

2,572
2.670
2,545
2.558

t,72
1.38
1.65
1.6?

Figure 2. Energy-strain ratio relat¡onship for laboratory test specimens.
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Figure 3. Energy-strain ratio relationship for l-10 cores.
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Table 9. Viscosity of asphalts extracted from test specimens.

Viscosity ar 25 C (MP) Viscosity at 25 C (MP)

AC Control
Type þercent) Specimens

Weatherometer
Specimens

AC
Type þercent)

\{eatherometer
Specimens

Control
Specimens

Asphalt A
Mix 1 5.0

6.0
Mix 2 5.0

6.0
Mix 3 S.0

6.0
Mix 4 5.õ

6.8

1.30
l.4t
1.99
1.?1
1.3 5
1,?5
2.lt
1.?1

5.0 2.24
6.0 1.41
6.0 2.25
6.0 3.9?
5.0 1.83
6.0 2.27
ö.5 1.98
6.8 2.rS

Asphalt C
Mix 1

Mix 2

Mix 3

Mix 4

Asphalt D
Mix 1

Mix 2

Mix 3

Mix 4

Asphalt B
Mix 1

Mix 2

Mix 3

Mix 4

4.90
5.83
5.48
5.03
4.48
4.14
5.03
4.96

10.3
6.?6
7.29
4,67
6.58
5.80
5.19
5.02

ä.0
6.0
5.0
6.0
5.0
6.0
5.5
6.8

ö.0
6.0
5.0
6.0
5.0
6.0
5.5
6.8

L.,',t
L.22
0.86
1.49
L.31
1.55
1.66
1.53

1.46
t.L4
1.13
0.93
t.t2
1.18
t.74
L.24

2.71
2.37
3.02
3.47
2.2t
2.26
2.32
2.t2

1.88
1.35
1.96
1.91
t.72
1.91
2,00
2.78

Table 10. Penetrat¡on and viscos¡ty dau for
Ìecoverd asphalts from l-10 cores.

Table 11. Comparison of viscos¡ty data.

Section Penetration
Number 

^t25 
C

Viscosity at AC
25 C (MP) (percent)

Average Viscosity Values at 25 C (MP)

1
8,9

r10
11
15
16
2t
2t
22

., 23

:26
26

'27
28,29,30

26
18
25
25
22
24
4t
37
43
3?
23
25
25
27
2l

15.6
42.0
18.0
20.8 to 23.0
31.1
25.4

13.9
8.09

21.0
19.1

19.6

Type ol
Asphalt

Original ExtractedFrom
Asphali Control Specimens

Extrâcted From
TFOT Weatherometer
Residue Specimens

is ,o s.s
6.2 to 6.5
6.5

A
B
c
D
E

0.8?5
1.11
1.25
1.05
0.99

1.6?
2.21
1.41

ltt

3.2t
6.61
2.57
1.98
3.43

4.98
6.48
2.49
1.86

6.3

5.4
5.5 to 5.9
5.2 to 6.1

Figure 5. Penetrat¡on-viscosity relations.
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Figure 6. Energy-strain ratio
relat¡onsh¡p for certain asphalts
at different temperatures.

Figure 7, Deformation-energy-
viscosity relations.
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energy decreases and the strain ratio increases as the temperature is lowered. This
effect was directly related to viscosity changes and brittle fracture as e4perienced rvith
asphalt A mixbures, which occurred near or at the glass transition temperature.

The split cylinder test, in particular the strain ratio, evaluates the èomposite ef-
fects of selective absorption or surface tension and viscosity or glass transition tem-
perature as influenced by asphalt hardening. The pressure exerted on asphalt films
between aggregate particles by loads on a pavement conceivably could inciease the glass
transition temperature. The pressure sensitivity given in Tâble 3 implies that glasl
transitio,n temperature would increase about 1 C for each pressure inõrease of 450 psi.
The combined influence of pressure and the greater absorption of asphalt A, as given
in Table 6, would justify the glassy, brittle fracture obtained in the Èptt tension test
at5C.

The relationship between asphalt viscosity and the strain ratio is illustrated in Fig-
ure 7. The viscosity data was based on extrapolation of the viscosity trend by using
viscosity curves for the original asphalt that included 5 C data. Viscosity values for
hardening that is caused by mixing or weatherometer processing were determined by
shifting the original viscosity curve to the viscosity corresponding to the measured val-
ues at 25 C. Asphalts C, D,. and E show the same general relationship for different
test temperatures (viscosity). The curve depicting asphalt B was based on the original
viscosity curve. However, if the hardening caused by mixing is taken into account by
using the shifted viscosity curve, the data come close to superimposing over the
viscosity-strain ratio curve for the other asphalts. This same technique appeared
to be valid for asphalt A although it was difficult to evaluate because of the brittle na-
ture and high viscosity of this asphalt at all test temperatures. A few test temperatures
above 5 C would have improved the range in values and hopefully the accuracy õt ttre
relationship.

CONCLUSIONS

The ability of an asphalt concrete pavement to resist cracking depends on the strains
induced by vehicular loading and the ability of the paving materials to accommodate
cumulative tensile strains without fracture at low temperatures. Conventional speci-
fications for bituminous materials cannot evaluate totally the adequacy of an asphalt as
it interacts with different types of aggregates. The sptit cylinder test is reiatively
simple and provides a direct evaluation of the tensile properties for paving materials.

It is envisioned that tensile testing methods could be devised to either control the
quaiity of asphalts as influenced by hardening and absorption by aggregates or use the
test parameters in pavement design by testing the actual materials to be used in con-
struction. Although additional research is needed, a pavement design approach may
be developed that incorporates the ratio of pavement tensile strain to frácture tensile
strain. In this approach the maximum pavement surface tensile strain is the sum of
load-induced strain and thermal strains that occur at some critical temperature. This
temperature depends on the pavement temperature gradient and the low temperature
properties of the asphalt such as fracture strain and nonrelaxed thermal tensile strains.

These are the specific conclusions obtained from the research.

1. Strain energy of asphalt concrete subjected to tensile stress decreases as the
temperature decreases or as the asphalt viscosity increases. Viscosity changes may
be attributed to temperature, hardening, or absorption.

2. Asphait viscosity appears to be an indirect measure of the strain ratio as ob-
tained in the split cylinder test. At viscosities of 11000 MP or more the material ap-
proaches a brittle condition or the glass transition temperature. At these higher vis-
cosities a strain ratio in excess of 2.0 was obtained.

3. Asphait content and density do not have any appreciable influence on the energy
or strain ratio.
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MOLECULAR INTERACTIONS OF ASPHALT IN THE

ASPHALT-AGGREGATE INTERFACE REGION

J. C. Petersen, E. K. Ensley, and F. A. Barbour, U.S. Bureau of Mines,
Laramie, Wyoming

Evidence for molecular interactions in the asphalt-aggregate interface
region was demonstrated by using 3 different approaches : a study of asphalt-
aggregate interactions by inverse gas -liquid chromatography (IGLC), chem-
ical analysis of strongly adsorbed species, and physÍcal measurements of
molecular adsorption. IGLC studies showed that polar asphalt molecules,
initially present or formed on oxidation, interact strongly with aggregate
surfaces. Asphalt fractions showed more interaction with limestone tha¡r
withquartzite. The catalytic effectof a mineral surface on the oxidation of
asphalt fractions was shown. Limited IGLCstudies also showeda correla-
tionbetween asphalt-aggregate interactions andwater-stripping resistance.
Ketones, dicarboxylic anhydrides, and carboxylic acids were found to be
the major asphalt components strongly adsorbed to road aggregates; they
ïyere concentrated in the strongly adsorbed fraction by factors of 1.9, 9.5,
and 14 respectively. Evidence for multilayer adsorption of asphalt mole-
cules on mineral surfaces was obtained by heats of immersion, flow through
porous media, and photomicroscopy studies, The results indicated that
adsorption, or molecular orientation, of asphalt molecules in the asphalt-
aggregate interface region is a slow process a¡rd often continues for many
hours and even days at 150 C (423 K). The adsorbed Iayer appears im-
moþile at 150 C (423 K), and its buildup rate, typicalty of the order of
20 L/mín withnormalaggregates, is affected by both the nature of the min-
eral surface ar¡d the composition of the asphalt. Speculation about the pos-
sible significance of the reported studies to asphalt paving technology is
prqsented.

TMINERALOGICAL compositi.on of aggregates appears to be of primary importance to
asphalt-aggregate adhesion and resista¡rce of the adhesive bond to the stripping action
of water. The chemical nature of the aggregate surface sometimes is altered inten-
tionally by treatment with lime, metal salts, or other materials. Adhesion promotors,
which are believed to affect the asphalt-aggregate interface, sometimes are added to
the asphalt to improve the adhesive characteristics of the road mix. The voluminous
literature in this area is summarized by Majidzadeh and Brovold (1),

In addition to the influence of the interactions between asphatt and aggregate at the
aggregate surface, the chemical nature of the aggregate has long-range influences that
extend deep into the asphalt-aggregate interface region. Mack (2) suggested that asphalt
molecules are aligned on the aggregate surface causing a similar alignment of molecules
within the liquid, which extends for a distance of thousands of molecules. Asphalt tech-
nologists know that mineral fillers have profound effects on the properties and perfor-
mance of asphalt mixes that cannot be precisely predicted from the well-recognized
properties of the fillers such as density and particle size. Watanabe a¡rd Aþe (3) ra-
tionalized this unpredictabiiity by assuming that a "solid asphalt" layer existsãround

Publication of this paper sponsored by Committee on Effects of Natural Elements and Chemicals on
B itumen-Aggregate Combinations.
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the filler particle. Asphalt technologists talk of "slow-setting" ot "tender't mixes
andthe effects of additives and asphalt components such as asphaltenes on therrsetting
rate'r of road mixes. These phenomena may well have their bases in long-range molec-
ular interactions in the asphalt that are promoted by the aggregate surface. Recent
work by Ensley (4) supports this.

In spite of theãpparent importance of asphalt-aggregate interactions, Iittle funda-
mental knowledge of the nature of the interactions exists. Chemical reactions between
asphalt components and the aggregate surface have not been shown conclusively even
though certain asphalt components apparently are strongly adsorbed and not readily ex-
tracted from the aggregate in road cores by commonly used solvents such as þenzene.
Alcohol often is added to the solvent to effect more complete recovery; however, meth-
ods for establishing the functional types strongly adsorþed on the aggregate surfaces
have not been readily available. Reversible changes in the bulk properties of the as-
phalt sometimes referred to as "steric hardening," wtrich may be promoted by the
aggregate surface, have eluded direct study in the past because this hardening is de-
stroyed during solvent recovery of the asphalt from road mixes.

Several years ago the Bureau of Mines's Laramie Energy Research Center began to
study both the chemical and physical nature of asphalt-aggregate interactions. Several
new experimental techniques have been developed and applied, and considerable prog-
ress has been made toward a more fundamental understanding of the asphalt-aggregate
interaction. The purpose of ttris Bureau of Mines paper is to highlight the current
findings of these studies and to suggest their implications for asphalt technology.

For convenience, the studies have been divided into 3 areas on the þasis of the
experimental approach.

First, the interactions þetween chemical functional groups in asphalt and the func-
tional groups on the aggregate surface were studied by IGLC. The IGLC technique (5)
was developed in our laboratory and applied originally to the study of asphalt composi-
tion (5, _q _1 q, Ð. In the present work, asphalt was coated on sized aggregate particles
that serÏeã ãs-the gas chromatographic column packing (!9), tnus allowing study of the
chemical interactions between asphalt and aggregate while they are in intimate contact.

Second, the chemical functional types strongly adsorbed on the aggregate surface
were studied þoth qualitatively and quantitatively by an analytical technique using both
selective chemical reactivity and differential infrared spectroscopy (11).

Finally, the interactions at the asphalt-aggregate interface a¡rd their long-range
effects on reversible changes in the properties of the asphalt binder while in contact
with the aggregate surface were studied by several physical methods. These included
heats of immersion of aggregate in asphalt (LP), flow through a porous medium of
aggregate particles (!Q, anO photomicroscoþy of the asphalt interface region previously
in contact with a minêlal surface (13).

EXPERiMENTAL WORK

Materials

Four study asphatts (B-2959, 8-3036, B-3051, and 8-3602) and 4 study aggregates
(quartzite "15," "HoI'r Limestone, Riverton limestone, and granite lrP-6t?) were sup-
plied by the Federal Highway Administration (FHWA) (1919 1_6). The FIIWA also sup-
plied 2 sets of 10 asphalts each that were recovered from duplicate 11- to 13-year-
old pavement cores. One set of asphalts was extracted from the pavement cores by
FIIWA personnel with benzene only; the other set was extracted with a 4:1 mixture of
benzene and 95 percent ethanol. Extractions in each case r,vere continued until the ex-
tracting solvent issuing from the aggregate was colorless. The sample numbers of
these asphalts correspond to those used in previous publications (]!-, l_q ß'20), The
Wilmington, California, asphatt and the preparation of the Wilmington asphalt fractions
by pentane precipitation of the asphaltenes and by chromatography of the maltenes on

þasic alumina have been described previously (l ß,?Lþ23,?!,?Ð.
The quartzite and limestone used in the IGLC study were obtained from the Laramie,

Wyoming, area. Fluoropak 80 was the nonpolar fluorocarbon gas chromatograph solid
support. Bauxite used in heat-of-immersion studies was regular grade Porocel.
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Aggregate surface area measurements were made on -35+48-mesh particles by using
the BET method with krypton as the adsorbate. The antistripping agent was Redicote
80s.

Procedures

Drverse Gas-Liquid Chromatography-Iclc characterization of the interactions be-
tween aggregates and asphalts or asphalt fractions was carried out by using a modifi-
cation (10) of the original IGLC procedure (5) in which the inert solid column packing
on which-the asphalt was coated was replacei by -20+40-mesh aggregate. Oxidation of
the asphalts in the laboratory was accomplished by repiacing the inert column carrier
gas wittr air (6). Both the oxidation and the test compound determinations rvere carried
out at 130 C (-403 K).

Analysis of Chemical Types-Ketones, carboxylic acids, and dicarboxylic anhydrides
in oxidized asphalts generally have overlapping and indistinguishaþIe aþsorption bands
in the carbonyl region of the infrared spectrum. The amounts of these functional types
were therefore determined by using a recently developed method that combines chemical
reaction a¡rd differential infrared spectroscopy (11). In brief, the acids and anhydrides
were reacted with sodium hydroxide and the acidFwere independently sitylated and re-
acted witì potassium bicarbonate; the resulting changes in the infrared absorption bands
of the tunctional types were measured quantitatively by using selected sets of differential
spectra from which concentration data were calculated (11). Ketone concentrations were
obtained by difference.

Physical Measurements of Multilayer Adsorption-Heat-of-immersion studies of the
asp d at 130 C (403 K) by using arr e>(-
tremely sensitive differential microcalorimeter designed and built by Ensley (4). This
calorimeter is capable of measuring temperature changes of less than 5 x 10-' K. The
rate of association of asphalt molecules was also measured in the microcalorimeter
(!Q. FIow-through-porous-media (FTPM) experiments were performed by flowing
melted asphalt through a porous bed of aggregate under a nitrogen atmosphere and
noting changes in the flow rate of the asphalt through the aggregate (1Ð . Photomicros -
copy using both optical and scanning electron microscopy were used in a conventional
m¿urner to examine striated fracture surfaces in asphalt samples (13).

Calcul.ations

Calculation methods used to determine the interaction coefficient (Ir) from IGLC data,
to determine the concentrations of functional compound types in asphalts, a¡rd to deter-
mine heats of immersion in the microcalorimetry have been reported previously (4, 5,

9.,1Ð.
The asphalt fraction strongly adsorbed to the aggregate surface in the FHWA road

cores was not isolated. It was therefore necessary to calculate the concentrations of
functional types in ttris fraction from the differences in composition between the asphalts
extracted from the road cores with benzene only a¡rd the corresponding asphalts ex*
tracted from the road cores with benzene-a1cohol. By assuming that the asphalts have
a specific gravity of unity, one c¿trr compare the concentration in moles per litre a¡rd the
weight of asphalt. If one assumes 1 litre of the benzene-alcohol-recovered asphalt, then

X=BA-B(1 -w) (1)

where

X = moles of functional type that was strongly adsorbed contaÍned in 1 litre of
benzene -alcohol - recovered asphalt;

BA = concentration of functional type as measured in þenzene-alcohol-recovered
asphalt, moL/L;

B = concentrati.on of functional type as measured in benzene-only-recovered
asphalt, molÁ; and

W = welght fraction strongly adsorbed.
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BA and B were calculated from the infrared analysis (lÐ, anO W was obtained from
the mass balance data obtained during the recovery of ihd-asphalts from road cores.
The term 1 - W corrects the term B for material lost on the aggregate in tåe þenzene
extraction.

Knowing X, then

100 = percent of functional type strongly adsorbed
x
BÃ.

and

(2)

(3)CF= x/BA
w

where CF = concentration factor representing the increase in concentration of the
functional type in the strongly adsorbed layer over that in tlte whole asphalt recovered
with benzene-al.cohol. If one assumes that the molecules are monofunðtional and have
a molecular weight of 700, Ûren

x. 700
ro-=;l1iÏätr,iffiri"##åi*"?*:i"percenrbvweight

(4)

RESULTS AND ÐISCUSSION

IGLC Studies of Chemical hteractions
hitiat investigations in our laboratory of asphalt-aggregate interactions were

carried out by using a modified IGLC technique. Dr brief, the technique involved pre-
paring a gas chromatographic column consisting of a thin'coating of asphalt or asfrtratt
fraction on 20- to 4O-mesh particles of aggregate. This asphalt-aggregate colurrir was
analyzed by passing known chemical compounds with carefully seleãte¿-tunctional groups
(test compounds) through the column and measuring the time required for them to
emerge. Interactions between the functional group of the test compound and functionatity
on the column increased the emergence time. From the emergence times, the specific
interaction coefficients-, Ir, were calculated (9). The I, is referenced to the behavior
of a hypotletical nonpolar-hydrocarbon of the-same molecular weight as the test com-
pgund; therefore, the I is a measure of the interaction of the chemical functional group
of the test compound with functionality on the column.

Interpreting the data was difficult because of the complexity of the interactions.
Emergence times, and thus ! values, can be increased by interactions of functional
groups in asphalt with the test compound or by interactions between ttre test compound
and chemical functionality on the aggregate surface. Of particular interest in thã pres-
ent- study were the interactions between the asphatt and the aggregate; these interaõtions
reduce the number of reactive asphalt and aggiegate sites tt¡ál are available for inter-
action with the test compound and thus reduce the 4. Thus, IGLC data on an asphalt-
aggregate column must be interpreted as the net re-sult of all these interactions. In
spite of tåe complexity of the system, qualitative meaning can be given to the results
9f the asphalt-aggregate data by comparing them witlr data obiaineã on the asphalt alone
by using an inert solid support instead of aggregate and data obtained on columns of
aggregate only.

ürteraction data for 3 test compounds (propionic acid, phenol, and 2-methylpyridine)
on 4 fractions from a Wilmington, California, asphalt côated on inert ntuoroþaÏ aO,
quartzite, and limestone ¿ùre given in Table 1. Data on 7 additional test compounds are
reported elsewhere (10). The test compounds were selected to represent fu¡rìüonal
types known to be pre-sent in asphalt and capable of forming strong molecular complexes.
Specific interaction coefficients on u¡coated quartzite and ümestone could not be c¿cu-
lated because emergence times for hydrocarbon references were too short for ac-
curate measurement and test compounds did not emerge from uncoated limestone
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after 150 min (5,9). Interactions with bare quartzite were much less intense than with
¡are fimesto"d;an¿ alt test compounds emerged from the quartzite column.

Data on the saturates fraction in Taþle 1 show that interactions on both quartzite and

[mestone were greater than on the inert Fluoropak. Test compounds permeated the

*"pãfu" saturatãs fraction a¡rd interacted with sites on the aggregate surfaces' Ú1

iaci tfre data on unoxidized saturate-coated limestone were similar to data on þare

Iimestone in that none of ttre test compounds emeÏged from the columns' The data show

that the unoxidized saturates fraction does not contain significant amounts of strongly

irrtéra"Uttg functional groups that are capable of interacting with reactive sites on the

aggregate-surface. Tñese sites are thus blocked from interaction with the test com-
pounds.

After oxidation of the saturates on quartzite, tÌ¡e Ínteraction of the test compounds

with polar groups produced by oxidation is apparent from the increase in the I. values

in the oxidiZed õolùmn. On úmestone, howeïer, interaction of the oxidation products

with ttre limestone surface, which þloóks reactive sites on the aggregate, is evidenced

by a decrease in the ç forþhenol and 2-methylpyridine. -Of additional interest is the

áþparent absence of sïgnifiõant amounts of oxidation products in the saturates fraction
oxidized on Fluoropakäs indicated by the absence of significant changes in the Ir -values
on oxidauon. The data on quartzite, when compared with the Fluoropak data, indicate

that the quartzite surface cät*yzeaine oxidation of the saturates fraction. Examination

of the infrared spectra of the räcovered fractions showed the virtual absence of oxidation
products in the iaturates oxidized on Fluoropak, the presence of significant amounts of

ãxidation products in the saturates oxidized õn limestone, ilId the presenceof even

greater amounts in saturates oxidized on quartzite'
The unoxidized aromatics fraction on filuoropak showed greater interactions with

the test compounds than did tÌre saturates, suggesting *-9¡9 polar groups are in this.

fraction. Tñe unoxidized aromatics apparentiy irave sufficient polar gr-oups to inacti-
vate enough sites on the limestone sutface to à1¡ow phenol and_2-methylpyridine to 

.

"*""gu 
fiom the column. Data for ttre oxidized aromatics on limestone sholr that the

net eflect of the interactions of the oxidation products with the limestone surface is

ä"ã"tã" than that ot Ure interactions of the oxidation products with the test compounds.

ön Ure other hand, data for oxidized aromatics on quartzite show t'hat the net effect of

interactions of the oxidation products with test compounds is greater.

The polar aromatics and âsphaltenes contain most of the highly pola-r functional
groups iniUatty present in the äsphalt as evidenced by their large I-B values on Fluoropak

ä¿ fiy their inffared spectra. ihe unoxidized potar aromatic-s and asphattenes have suf -
flcient polar groups to'interact with and block many sites_on,t¡e aggregate surfaces'

This is sho,,vn ny incrãases ratrrer than decreases in the I"s (except propionic acid) after

*id"tiol of theiractions on limestone; increase results from interaction of the test

"ä*õ"*"¿. 
with oxidation products in excess of those interacting with the aggregate-'

Evidence for the u""o"i"tio.t of asphaltenes into molecular aggregatesr- or micelles,
is found by comparing the Iss for theþolar aromatics and asphaltenes on both Fluoropak

and timeslone. 
-Data"on 

thd inert Fluoropak show that interactions between the test com-

pounds and the 2 fractions are very similar. Note, howev.er, that !".9". ilT::-t^1l","""
ãignificanily greater for asphaltenes than for polar aromatics._ This is interpreted as

atr increase in interaction between the test compounds and the limestone surface in the

asphaltene-coated sample. Aggregation of the asphaltene molecules would reduce the

number of fu¡rctionalà"oop" iñ-tneãsptrattenes thát are physicaliy able to interact with
ifte ugg"egate surfacel Mbre sites on tfre aggregate surface would, therefore, be ex-
posed to ttre test compounds.

IGLC data for a asptratts and 4 aggregates from the FHWA cooperative study are

shown in Tabte Z. Alio included in the iable are surface areas of the aggregates and

water-stripping data obtained by FHWA bv uginq qq9 iqIM -D 
1664 procedure m-odi.fied

ny changing^tirãimmersion temþerature tô tOO f'(Stt K). Ir spite of the complexity

oi Ute lõf,õ data, some generai differences between asphalts and aggregates are ap-

parent.' Upon oxidation of the asphalts, interactions of oxidation products with the aggregates

become apparent when data on FÍuoropak are compared with data on aggregates; this is
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Table 1. Specific interaction coefficients for unoxidized and oxidized Wilmington asphalt fractions on
Fluoropak 80, quartzite, and l¡mestone.

Specific lnteraction Coeff icient

Percent
of

Asphalt Fraction Total'

Propj.onj.c Acid 2-Methvlpvddine

Unoxidized Oxidized Unoxidized Oxidized Unoxidized Oxidized

Saturates
On Fluoropak 80
On quartzite
olr li.mestone

Aromatics
On Fluoropak 80
On qua¡tzite
On limestone

Polar aromatics
On Fluoropak 80
On quartzÍte
On limestone

Aspha.Ltenes
On Fluoropak 80
On quartzÍte
On limestone

31.0

25.0

13.3

oä
BO

118
t47
183

164
199
189

166
193
206

15
,j

78
roj

133
163
153

16
45

59
90

138
1?3

133
156

6',t

118

143
1?1
147

183

207

44
61

64
87

84
103
100

43

62

67
103

77

88
174
109

95
t23
t45

146
190

797 90
230 109
264 t20

47.4 percent loss during chromatographic separation. bRetention time grealer thân 1 50 min or emergence undetectable

Table 2. Specific interaction coeff¡cients and water-str¡pping data for FHWA study asphalts on mineral
aggregates.

Specific Interaction Coefficient

Propj.onic Acid Phenol 2 -Methylpyridine

Unoxidized Oxidlzed Unoxidized Oxidized Unoxidized Oúdized

Stripping
Test Surface
(percent Area
stripped) (m"/el

Aggregate-Asphalt
System

Fluoropak 80
Asphalt B-2959
Asphalt B-3036
Aspha-lt B-3051
Aspha-lt B-3602

Quartzite "15"
Aspha-lt B-2959
Aspha-lt B-3036
Aspha-1t B-3051
Asphâlt B-3602

"Hol" limestone
Asphalt B-2959
Asphalt B-3036
Asphalt B-3051
Asphalt B-3602

Riverton limestone
Asphalt 8-2959
Asphalt B-3036
Aspha,lt B-3051
Asphalt B-3602

Granite "P-6"
Asphâlt B-2959
Asphalt B-3036
Asphalt B- 3051
Asphâlt B-3602

61 95
57 90
85 108

148

92 104
84 94

108 113
93 148

107
104
729
13?

158
752
1?0
746

L7l
168
185
1?9

183
t72
t92
1?5

91
16
90
72

97 40
95 80

702 40
97 90

101 45
84 40

101 20
ot tç

855
103 5
111 10
90 20

720 1

998
106 0
945

OJ

63
68
69

80
88
oa

82
79
86
8?

't7
?8
99
86

90
88
86
89

0.51 5

0.104

1.09

0.561

t44
13?
t47
158

t12
101

113
105
728
t64

139
t52
160

113
t06
110
123

t52
143
155
169

163
t5't

740
134
r44
151

1?8
191
206
173

178
1?6
187
772

utletention time greaterthan 150 min or emergence undetectable.
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indicated by generally greater increases in ls for asphalts oxidized on Fluoropak tåan
for asphalts oxidized on aggregates. In some cases, such as propionic acid on lime-
stone õolumns, Iss were actually lower on oxidized columns than on unoxidized col-
umns, which indicates consideraþle interaction of the oxidation products with the
aggregate surface thus reducing the interaction of the asphalt and aggregate functions
with the test comPounds.

A significant observation relating water-stripping resistance to asphalt-aggregate
interactions ca¡r be made by comparing the changes in the Irs for propionic acid to the
stripping resistance of road mixes made from the corresponding materials. For ex-
ampte, the !s on aII asphalts increase with oxidation on quartzite "15," indicating a
minimum interaction of the oxidation products with the aggregate surface; the asphalts
when coated on quartzite "15'r are also readily stripped in the stripping test. On t;he

other hand, propionic acid did not emerge from any u¡toxidized asphalt columns o¡
granite rrp-6il althougtr after oxidation the propionic acid lss 

"i/ere 
as low as, or lower

than, the corresponding \s on any other aggregate except for 2 asphalts on quartzite
'r15." This indicates considerable interaction of the oxidation products with the
granite ttP-6tt. the asphalt-granite t?P-6?t mixes were also those most resistant to
water stripping. Mixes made with rrHol" and Riverton limestones showed interactions
of oxidation products with the aggregates and stripping resistances in between those
for quartzite t?15rr and granite 11P-6rr mixes; the Riverton limestone was more resis-
tant to stripping and showed greater interactions with the asphalts than did the r?HoI"

limestone.
Unlike the rest of the asphalts, asphatt B-3602 showed a decrease in the propionic

acid I, on oxidation on Fluoropak. úrdependent studies showed that this asphalt con-
tained an excess of strong base (possibly alkali) and the carboxylic acids present
were carboxylate ions. Oxidation either destroyed much of tlte base or produced func-
tional types that consumed it, thus reducing interaction with the acidic test compound
and restoring free acid in the asphalt. Whether the basic nature of the asphalt is re-
lated to its comparatively tower resistance to stripping is unknown.

Analyses of Chemical Ïlpes Strongly Adsorbed on Aggregate Surfaces

Chemical groups involved in the asphalt-aggregate interactions were identified and
quantitativeiy detérmined in a study of 10 asphatts recovered from 11- to 13-year-old
foad pavements. Ketones, carboxylic acids, and dicarboxylic anhydride¡ were identi-
fied and quantitatively determined in material that was strongly adsorbed by the aggre-
gates. The strongly adsorbed material (although not isolated) is delined as that not
áesorbed from the ãggregate with benzene but desorbed with a 4:1 benzene-ethanol
mixture. (AlI of the benzene-alcohol-recovered asphalts were soluþle in benzene when
separated irom the aggregate,) Quantitative results were calculated by using data on

inâependent sets of samples recovered with benzene and with benzene-al.cohol; thus the
data-on the strongly adsorbed material were calculated from the differences in the 2
sets of samPles.

The concentrations of the ketones, dicarboxylic anhydrides, and carboxylic acids
in the recovered asphalts a¡rd estimates of the amounts of these chemical types in the
strongly adsorbed material are given in Table 3. The amounts of ttrese functional types
present in the recovered samples vary from one asphalt to another. Except for small
âmounts of carboxylic acid initially present, this variation is primarily a result of the
oxidation that took place in the asphalt during construction and service in the roads.

The amounts of functional types are determined with reasonable accuracy unless
concentrations become unduly small. However, individual estimates of the amounts
of ketones in the strongly adsorbed material may be subject to consideraþle error
because of the compounding of several factors such as

1. Total ketones in the recovered samples are determined by difference after
determination of acids and anhydrides;

Z, Amounts of ketones strongly adsorbed are small relative to the total amount;
and

:

l

I
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3. Strongly adsorbed ketones are estimated by the difference between tlre asphalts
recovered with benzene-alcohol and benzene only.

Although results for the individual road cores may v¿ùry, it is believed tÀat the average
value reported for the 10 road core extracts is typical. Even though the estimates of
the strongly adsorbed arùydrides and acids are determined by difference, individual
estimates are inherently more reliable because they are determined directly, and the
relative amounts of the total functional type that is strongly adsorbed are much greater.
The accuracy of the determinations could have been improved by multiple determinations
or by direct analyses of the strongly adsorbed materials had they been available. The
number of significant figures given in the table for the individual determinations does
not necessarily represent accuracy þut is carried for computation of averages.

Calculated data on the ketones, dicarboxylic anhydrides, and carboxylic acids
strongly adsorbed from the asphatts by the aggregates are given in Tab1e 4. The con-
centration factor, which represents the concentration of the functional type present in
the strongly adsorbed material relative to its concentration in the benzene-alcohol-
recovered asphalt, is a measure of the tendency of the functional type to þe adsorbed
by the aggregate. The average concentration factor for ketones, the most weakly ad-
sorbed materials, was 1.9. Dicarboxylic anhydrides were next in their affinity for the
aggregate surface. The average concentration factor in strongly adsorbed material
was 9.5. Carboxylic acids, the most strongly adsorbed, had an average concentration
factor of 14.

Data in Table 4 show that although ketones were the most weakly adsorbed, they
represented a¡ estimated 61 percent of the strongly adsorbed material because of ttreir
great abundance. Anhydrides and acids accounted for a total of 13 and 10 percent re-
spectively of the strongly adsorbed materials. These estimates assume monofunctional
compounds with an average molecuLar weight of ?00 and are at best only approximate.
Based on these assumptions, the last column in Table 4 shows that 84 percent of the
strongly adsorbed material, on the average, was ketones, anhydrides, and acids. The
2 individual estimates that are greater than 100 percent probably reflect inaccuracies
in the assumptions-most likely, that no more than 1 functional group is produced on
an individual molecule on oxidation.

Physical Measurements of Multilayer Adsorption of Asphalt Molecules

Considerable evidence has been collected in our laboratory supporting the thesis that
many thousands of molecular layers of asphalt molecules are adsorbed on mineral sur-
faces (4, 12, 13). Oniy a summary of the lindings dealingwith tbis phenomenon, known
as mulãtã-yef-adsorption, will be presented here.

We first studied multilayer adsorption of asphalt by immersing -35+48-mesh aggre-
gate particles in melted asphalt in a specially built differential microcalorimeter (4)
to r4êasure the energy released from interactions between the asphalt and aggregate
as a function of time. The data are collected as a curve on a strip-chart recorder.
Immersion curves (4) characteristically have an initial peak believed to be largely
representative of thõ iniiiat interactions of asphalt with the aggregate surface, followed
by a long tail that remains nearly constant for hours or days. Ttris tail on the curve is
believed to represent energy released from multilayer adsorption or molecular orien-
tation of asphalt moleculed in the asphalt-aggregate interface region. The amounts of
.energy released in the heat-of-immersion studies are orders of magnitude greater
than normal heats of wetting a¡rd can only be explained by a chemical reaction or by
a continuous adsorption process. Arguments leading to the conclusion that heats of
immersion are primarily a manifestation of multilayer adsorption rather than chemicaJ.
reaction have been considered previously (4,11,t2).

Heats of immersion have been determinãd-on-a number of different asphalt-aggregate
systems at 130 and 150 C (403 and 432 K). Peak heights of tl¡e immersion curves were
typicaily in the range of 2 to 15 mcal/g. min. Tail heights aÍter 3 hours were 0.2 to
1.5 mcat/g.min. Values obtained on differing asphalt-aggregate systems were quite
different from each other. Immersion energy at 150 C (423 K) may be either higher
or lower tha¡ that at 130 C (403 K), depending on the particular asphalt-aggregate
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Table 3. Concentrat¡ons of ketones, dicarboxylic anhydrides, and carboxylic acids in asphalts recovered from
11- to 13-year-old FHWA study road cores,

Strongly
Adsorbed
Asphalt
(weight

Asphalt percent of
Number total)'

Concentration (mol'1-r x 1o-'?)

Strongly Adsorbed F\rnctiona-l
Type þercent of total)¿

Bù BA" Ketones Anhydrides

NonacidCarbonyls Dicarboxylic
a"s Ketonea Anhydrides

Carboxylic
Acids

19
25
30
61
6?
7L

?3
74

166

Average 2.87

51.9 52.5
50.8 52.õ
63.3 64.2
45.3 44.r
30.9 31.5
49.8 51.0
64.5 6?.5
33.3 35.3
40.5 42.6
21.3 22.5

45.16 46.3? 1,96 0.62

2.0
3.9

7.4
2.3
J. f

3.4
3.0
4.3
L.2

1.6
1.8
to
0.8
0.6
1.8
2.5
0.?
1.2
0.8

7.47

2.1
0.9
0.9
0.4
0.4
0.2
0.4
0.2
0.2
0.5

1.8
2.2
3.8
2.0
1.0
2.2
2.9
1.1
1.1
0.9

2.5
1.6
1.6
0.?
0.5
0.4
0.?
0.4
0.7
1.0

1.01

3.12
7.0
t, öo

-7.28
4.17
5.96
7.',r

8.5
9.03
6.47

5.40

12.9
2t.3
26.3
60.5
47.4
21.2
16. ?
JÕ. Ð

32.4
t2.2

27.r

t'|.7
46.0
46.1
43.7
21.8
51.9
44.8
51.5
72.6
50.6

40.5

âCalculated from differences between total amounts desorbed with benzene and w¡th benzene-alcohol.
bConcentration (mol/litrel of funct¡onal type ¡n benzene extract.
cconcentrat¡on (mol/l¡tre) of functional type ¡n benzene-alcohol extract.
dNot desorbed with benzene but wìth a 4: I m¡xture of benzene, 95 percent ethanol.

Table4. Calculateddataontheketones.dicarboxylicanhydrides,andcarboxylicacidsstrongly
adsorbed from asphalts by the aggregates in 1 1- to 13-year-old FHWA study road cores.

Asphalt
Number

Estimated Concentration Fãctor StronglyAdso¡bedMaterial
of Strongly Adsorbed Material' (percent of total adsorbed)b

Ketones Anhyd¡ides Acids Ketones Anhydrides Acids

Sum of
St¡ongly
Adsorbed
Materialsb"

19
25
30
61
67
'n
72
73
74

166

1.56
1.79
1.39

-0.92
1.81
1.61
2.26
2.83
2.10

6.45
5.4',t

43.1
18.0

5.73
4.91

12.8
7.55

10.1

L46

8.1
8.4

20.0
60.5
t2.6
8.8

10.0
9.8
9.0
6.4

13.0

6.5
13.2
14.6
15,3
óó.ó

3.9
6.5
4.8
8.3

29.5

9.9Averageu 1.88

8.85 5?.5
11.8 66.2
13.1 62.3
3t.2 -28.6
9.5 40.0

14.0 5't.3
13.2 10?
7',t.2 ?0.0
16,9 62.5
42.2 85.0

14.1 61.0

88
97
47
86
?0

723
85
BO

t27
84

sPercent of functional tvpe in strongly adsorbed material div¡ded by percent of total asphålt in sâme Tract¡on (compare
Table 3).

bCalcutated by assuming monofunct¡onal molecules and a molecuiar we¡ght of 700.
c Values are presented as percent of total strongly adsorbed asphalt.
dcalculat¡ons based on averages of concentrations (compare Table 3).
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system. This apparent contradiction ca¡r be explained by considering the processes
involved in multilayer adsorption. The rate of migration of molecules to adsorption
sites is diffusion- (viscosity-) controlled and increases with temperature; but, in a
reversible adsorption process, the tendency of the molecules to be adsorbed after col-
lision with the adsorption sites is reduced with increasing temperature. The tempera-
ture dependence of the total adsorption process is therefore a net result of these 2 op-
posing effects.

Adding 1 percent Redicote 80S (an antistripping agent) to the asphalt þefore deter-
mining the heat of immersion greatly increased the immersion energy of some asphalt-
aggregate systems, particularly that represented by the tail of the immersion curve.
Treatment of the aggregate surface with silylating reagents or with diazomethane ap-
parently inhibited multilayer adsorption because it caused a complete Ioss of the tail
of the immersion curve.

Of particular significance is the apparent slow rate of the proposed multilayer ad-
sorption process. Heat-of-immersion data suggest that this goes on for several days
at the test temperatures, The slow rate of the asphalt molecular association reactions
also has been demonstrated in independent microcalorimetric studies without aggregate.
Reversible interactions of the order of 1 to 2 caJ,/S have been shown to take place in
asphalt (12); these interactions take hours to reach equilibrium at 150 C (423 K) . The
slow natu-re of the interactions is undoubtedly influenced by viscosity a¡rd the complexity
of the system. Asphalt is a complex mixture of many structurally different molecules,
and the concentration of ary one is extremely low. Association reactions are specific
for molecular type and orientation; therefore the probability of a molecular collision
in asphalt resulting in an association reaction is low.

Additional evidence for multilayer adsorption was obtained from FTPM experiments
(1Ð. For example, when filtered asphalt B-3036 containing 1 percent of the antÍstrip-
ping agent Redicote 80S was flowed at constant staüc pressure through a bed of -100+150-
mesh phosphate slag at 130 C (403 K) in a nitrogen atmosphere, the flow rate decreased
in a regular fashion. AJter 9 days the flow rate decreased from 6.1 x 10-3 g/min to
0.33 x 10-3 g,/min, indicating that the 'rfree" volume through wtrich the asphatt could
flow was reduced from its initial 45 percent to 5 percent. Thus it appears that asphalt
molecules gradually build up on the surface of the aggregate in an immobilized layer to
restrict the normal flow through the plug. The calculated buildup rate was 1?.5 + L5 'A,/

min. Assuming molecular interactions in the adsorption process on the order of a ftac-
tion of a calorie per mole, the buildup rate is consistent with the energy released in
heat-of -immersion studies.

The immobilized asphalt material in the plug from the FTPM o<periment was dis-
solved from the aggregate with carbon tetrachloride. The recovered material was ana-
Iyzed by infrared spectroscopy and found to be essentially identical to the original as-
phatt. No significant concentration of antistripping agent was found in the material from
the plug. Molecular weight determinations by vapor pressure osmometry in benzene of
the material from the plug and the original asphalt were 910 a¡¡d 8?6 respectively. Thus
it appears that although the asphalt was immobilized in the plug it u/as not significantly
fractionated or altered chemically.

A general correlation exists between the data from the heat-of-immersion and FTPM
studies. For example, in a number of different systems the heat-of-immersion energy
and the decrease in flow rate in FTPM experiments were both greater when the a¡ti-
stripping agent was added to the asphalt. Also, in a model FTPM study, the flow of
asphalt B-3036 through a laboratory adsorþent of bauxite (AlzOs . 2H2O) nearly ceased
in an unusually short time-5 hours at 130 C (403 K)-indicating that 95 percent of tlte
void space had closed off; the calculated buildup rate of the immobilized layer was about
3000 Å/min. Heat-of-immersion experiments on this system showed peak and tail
heights of.264 and 3.6 mcaL/g' min respectively, much greater tha¡¡ for normaÌ aggre-
gates.

Recently, both optical and scanning-electron photomicroscopy provided evidence of
molecular orientation of asphalt on mineral surfaces (13). Oriented layers were pre-
pared by heating '/u to t/n in. of asphalt in an aluminum-clish under nitrogen atmosphere
for 10 to 14 days at 130 or 150 C (403 or 423 K). The aluminum surface may be replaced
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by mica, calcite, or some other mineral by placing a smooth wafer of the mineral in
the bottom of the dish before adding asphalt. After heating for the extended period,
the samples were rapidly cooled a¡d fractured perpendicular to the surface that was
previously in contact with the bottom of the pan. Microscopy showed a striated region
with sharply defined boundaries emanating from and perpendicular to the surface ini-
tially in contact with the mineral. A general correlation was found between the thick-
ness of the striated regions and the buildup rate of the immobilized layers calculated
from FTPM experiments. For example, when Asphalt B-3036 containing 1 percent
Redicote 80s was heated on a mica surface for 2 weeks at 130 c (409 K), cooled, and
fractured, a striated region 0.04 mm thick was observed. The calculated buildup rate
was 24 i¡/min, which is of the same order of magnitude as the buildup rate calcuiated
from FTPM.

POSSIBLE SIGNIFICANCE TO ASPHALT PAVING TECHNOLOGY

One might speculate on the significance of the work reported in this paper to asphalt
paving technology. The IGLC and chemical identification work showed that products of
oxidation in asphait interact with aggregate surfaces a¡rd that different aggregates have
quite different responses. Because considerable oxidation of asphalt occurs in a hot-
mix plant and while a road is being laid, amounts and nature of the oxidation products
adsorbed on the aggregate surfaces must be important to adhesion a¡rd water-stripping
resistance. Because these oxidation products and other interacting species must mi-
grate to the aggregate surface, the viscosity of the asphalt at elevated temperatures
may be quite important. Significant molecular migration is unlikely after the asphatt
has cooled to ambient temperatures, except over long periods of time. Furthermore,
multilayer adsorption to produce immobilized layers in the asphatt-aggregate interface
region appears to take place very slowly-even near plant-mix temperatures, 130 to
150 c (403 to 423 K). A '?solid?r layer of asphalt on the aggregate éurface might be of
considerable benefit in preventing deterioration of the mix by water. Thus, the potential
improvement of stripping resista¡rce by hot storage before asphalt lay-down should be
investigated.

Any immobilization of asphalt in the asphalt-aggregate interface region after the road
has been compacted should increase the bonding strength or friction at the points of con-
tact between aggregate particles, which would be reflected in the physical properties of
the asphalt concrete. This reasoning suggests that the cooling rate of a freshly laid road
mix may be important. The buildup of an immobilized asphalt layer may thus be related
to such phenomena as I'setting rate" and "tender mixes. " The possible relationship be-
tween the data presented in ttris paper, which suggest that certain antistripping agents
affect the rate of multilayer adsorption of asphalt molecuJ.es, a¡rd data reported from
field observations, which suggest that antistripping agents often alter mix character-
istics, might well be studied.
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STORAGE OF ASPHALT CONCRETE

Michael S. Zdeb and Ronald A. Brown, New York State Department of Transportation

The effect of asphalt concrete storage on asphalt cement properties andon
the variability of gradation and asphalt content was determined. One mix
stored in inert gai and 2 stored il normal atmospheres (a11 for 18 hours)
were sampled before and aJter storage. In addition.to these, 1 stored for
48 hoursin an inert gas and another stored for 24 hours ina normal atmo-
sphere were sampled solely to determine changes in asphalt cement prop-
erties. Four mixes were resampled from pavements after 1 year for fur-
ther comparison of properties of asphalts from stored and control mixes.
Properties of asphalt cement extracted from fine mixes were not altered by
storage in either inert gas or normal atmospheres. Coarse mixes stored
in normal atmospheres hardened significantly. For the4mixes resampled
after 1 year in pavements, atl initial similarities and differences vr'ere
maintained. Gradation variability of all mixes, both fine and coarse, was
increased by storage. Fine mix cores taken shortly aJter construction,
however, show stored mix to be no more variable tha¡r mix directly from
the pug mill.

¡THE FLEXIBILITY of operation ar¡d economic benefits accorded by asphalt concrete
storage bins have led to a marked increase in their use. With this have come numer-
ous types of facilities ma¡¡ufactured for storing asphalt concrete. This combination of
increased use a¡rd varying facilities has generated concern about the effects of storage
on asphalt concrete gradation, asphalt content, and asphalt cement properties. Several
studies have been initiated to determine the effects of storage on mix and asphalt char-
acteristics.

Many factors may influence the effects of storage on asphalt concrete. Table 1 gives
some a¡d the mix component they might aJfect. A number of investigators have at-
tempted to determine the significance of various combinations of these factors. How-
ever, because of the variety of possible combinations, no single study gave definitive
a¡rswers to all questions.

The effects of storage fall into 2 main areas-asphalt cement and gradation (asphalt
content included). Table 2 gives the correspondence between studies that have dealt
with measurement of change in asphalt cement characteristics. Methods of sampling,
sample sizes, and numbers of samples differed from study to study.

Tuttle (1) concluded that asphalt cement hardens significantly if asphalt concrete is
stored in tFe temperature range of 250 to 350 F (121.1 to 162.8 C) for prolonged periods;
neither segregation nor asphalt migration was investigated. Middleton, Goodknight,
and Eaton (2) stored fine-graded asphalt concrete for 4 days, sampling the mix period-
ically to the point of final discharge from the storage bin. Although a marked change
in the asphalt cement occurred during mixing in the pug mill, negligible change resulted
from storage. Again, segregation and asphalt migration were not specifically studied,
atthough past problems with asphalt migration were cited, which led to regular use of
a silicone additive. Thus, silicone was incorporated into their work not to prevent
oxidizing but to prevent nonuniform asphalt content. Pavements placed with mix from
Middleton, Goodknight, and Eaton's study and with mix placed at the same time but not
subjected to storage were cored after I year in service (3). No significant difference
was found between asphalt cement penetrations from the ã sets of cores; both pave-
ments had hardened approximately 20 penetration points since the original sampling.

Publication of this paper sponsored by Committee on Characteristics of Bituminous Materials.
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Table 1, Factors affecting hot-míx storage.

Mix Prope¡ty Influenced

Asphalt Asphalt
Cradation Content Cement
Variability Variability Consistency

Storage system
Type of loading device
Bi¡ shape
P¡esence or absence oI insulation md/or heating system
Normâl or inert atmosphere

AsphaÌt concÌete mix
Gladation. md asphâ.lt content
Compositiotr Ðd inherent properties of asphalt cement
Presence or absence of silicone or other dtioxidÐt

Situation -specif ic variables
Du¡ation
Tempe¡ature

Table 2. Effect of storage on asphalt cement.

Refe¡-
qce Descriptlon

Sto¡age
Temperature Duration

Atmo8phere (deg F) (trors) Additive

Asphalt
Content
(per_

C¡adation cent)

IÞcreæe
tn .Asphalt

Asphalt CeEetrt
Penetration PenetratlonÈ
Grade' þercent)

38
39
22

(60)
(5?)
(?8)

00
00
00
00

85-j
85-t
85-1

71 None Fine 6,5
66
19

Fully inslate4
hot-otl heated,
cylindrical silo

thtrd hot-oil
(cone), cylindricat s 5.0
silo

hot-oll heateq
cylind¡ical silo

16
3

24 SiUcone Fine "5.5 85-100 (?4) 16

No¡mal -300
Normâl 320

Normal È300 24 None Fine

4.s-----=l4sl Næ

12
24 None Fine
24 Proprietary Fine
72

59
4.9 85-100 (68) 46
4.2 40-50 (29) None

None
4.2 40-50 (32) None

hot-oil heated,
oval bln

12
No¡mal 24

None
5.2 - (59) 24

12 None
lnert 24 None Co¿¡se 5.0 - (ã5) 1

72 23
NormaL 24 5.0 - (54) 41

@
hot-oil heate4
¡vìindri.,l Filô

hot-oil heâted, 2t
3.6 ÂC-20 (48) 19Coaraecylind¡ical silo Inert È300 24

2t

hot-oil heated,
cyl.indrical silo

Nore: l'c = %{'F-32).
tNumb€rs ¡n frmths are pêætrat¡ons of a$hâ|Î åt 77 F {25 C) ext.aded immedidely befo¡e storâge.
bchångË in Fdratioñ mdred ð perceñt dærea9 froñ pefttrat¡oñ after pug m¡ll mix¡ng but before bin loåding; åll vâlu6 årå lor peætratioñ at 77 F (25 Cl,

Table 3, Storage installations sampled.

Bin

Instal-
lation

Num -
Year ber Description

Tempera-
Atmos- ture

Capacity phere (deg F) lÐading Device cradâtion'

Asphalt
Content
(per- Asphalt
cent) crade

Du¡ation
(hours)

19?1 2

1912 2

1913 2

19?1 2

l9?1 2.

Fully insulated,
hot-oil heate4
cylindrica-l silo

F\¡l1y in€ulated,
hot-oil heated,
cylindrical silo

Fully insulated,
unheated,
rectugular bin

F¡¡Uy inslated,
unheated,
¡ectugular bin

FUly inslated,
unheated,
rectÐgular bin

160 tons Inert gas
160 tons

150 tons Inert gas
150 tons

200 tons Normal
250 tons

140 tons Normal
180 tons

140 tons Normal
1B0 tons

Slat conveyor Fine (14 top)

SIat coDveyor Fine (1^A top)

Skip hoist Fine (14 top) 6.2

Skip hoist Coarse
(1A. binder)

Skip hoist Coarse
(14 bæe)

85-100

AC-20

AC-20

85-100

85-100

t8

6.4310

18275

18

Noter loo = % {oF - 321, 1 U.S. ron = 0.907 metric ron.
âNo add¡t¡vs âre ugd, New york State sFc¡ficâtioñs are given ¡n pârenthees.
bTm m¡x6 smpled ât d¡fferent tim6 ât the same læat¡on.
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Vallerga and White (4) attempted to assess the merits of silicone as a¡ antioxidant
during storage. They rõported that the hardening rate was significantly decreased by
adding silicone. In cases with and without silicone there was no asphalt cement migra-
tion or mix segregation.

Foster (g) atso fou¡d silicone to be a means of extending storage time. He stated
nothing conelusive about segregation and migration; he fou¡rd them to have occurred in
some of his investigations but not in others. Another study by Foster (6) concerned the
effects of an inert gas atmosphere on storage of coarse mixes. A combination of a
silicone additive and inert gas resulted in no change in asphalt cement penetration after
3 days of storage. Even without silicone, however, inert gas provided a significant
improvement over normal atmosphere in preventi.ng asphalt hardening. Segregation
and changes in asphalt content occurred, but asphalt content variations were shown to
be related to variations in mix gradation and were attributed to segregation.

Two other studies involving inert gas systems were conducted by Parr and Brock (7)
and Kandahl and Wenger (8). In neither case was silicone present. Parr and Brock -
found a statistically significant decrease in a-sphalt cement penetration after 7 days of
storage. They stated, however, that the percent of retained penetration after storage
still conlormed to many thin-fitm-oven-Ioss test specifications. Segregation within
trucks occurred as the mix was unloaded from the bin. Kandahl and Wenger found that
both fine and coarse mixes hardened at similar rates. AJter 72 hours, each experienced
a 21 percent increase in penetration. Ttrey also stated that only the normal variation
inherent in asphalt concrete production was evident in mix gradation and asphalt content.

In a recent.Louisiana study, Hearld and Lay (9) stored a fine-graded mix in a normal
atmosphere and fou¡rd 10 and 18 percent decreasãs in penetration after 1 and 2 days
respectively.

Because of the large number of factors involved, no one study answered all questions
involved with storage. However, several points are evident from past work. First,
both inert gas and silicone can extend storage times for asphalt concrete beyond those
possible with normal atmospheres and u¡treated asphalt cements. Second, the degree
of hardening of asphalt cement is situation specific, that is, no all-encompassing state-
ments can be made for different times and temperatures about how hard asphalts will
become because of storage in various systems. Third, little work has been done to
determine whether effects on asphalt cement consistency are transitory or lasting;
only 1 study involved resampling a stored mix that had been in place for an extended
period. Fourth, experience with mix segregation has differed from study to study;
timited work has been directed toward determining whether asphalt concrete variability
increased by storage is negated by the laydown process, that is, the remixing in the
paver.

The objectives of the study reported here were to determine the following for each
installation sampled:

1. Effect of storage on variability of aggregate gradation and asphalt content;
2. Whether increased variability that may be detected remains after stored mixes

are placed and compacted;
3. Effect of storage on penetration, viscosity, md ductility of asphalt cement; and
4. rvVhether storage effects on asphalt cement are transitory or lasting.

The situation of storage systems available for study in New York State made choos-
ing specific combinations of system and mix factors (the first 2 groups in Table 1) im-
possible. This investigation, which seeks to clarify the issue of the effects of storage
on asphalt concrete, should be viewed as a replication and expansion of previous re-
search of others.

SAMPLING AND TESTING

Storage systems were studied as they began operating on state contracts. In 1971,
only 2 were available for sampling and testing. Although the number of installations in
New York increased markedly beginning in L972, only 2 more'were sampled-l in 1972,
another in 1973. These installations were the only 2 both operating on state contracts
and offering a combination of factors different from the 2 sampled in 1971.
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AII installaüons were studied for changes in asphalt cement properties, but only
installations 1, 4, and 5 (Table 3) were studied for changes in gradation variability.
For each of these 3, sampling was a 2-day operation. On the first day, mix going di-
reclly from the pug mill to the pavement was sampled from trucks immediately after
discharge from the pug mill. Storage bins at each of these locations were loaded on
the first day with mix sampled from the loading device before storage. On the second
day the storage bin was emptied into trucks for hauling to the job site. Mix was sampled
from each truck immediately after discharge from the bin; cores were taken once the
mix was in place. Cores also were taken from a section of road containing mix directty
from the pug mill that was placed the lirst day.

Irstallations tested only for asphalt cement properties were sampled by coring sec-
tions paved with mix that came directly from the pug mill and with mix that came out
of storage bins. The numbers of samples taken from the 5 installations are given in
Table 4.

All loose mix samples were of a 1-gal (3.8-dml size; cores were 6 in. in diameter.
Cores \ryere not quenched or packed in dry ice, but they were stored at 20 F (-6.7 C)
until testing. Asphalt was extracted from all samples according to ASTM D2L72-67
(Vtethod B: trichlorethylene solvent). Asphalt cement was recovered by using the
Abson method (ASTM D 1856-69). Recovered asphalts were tested by using the following
procedures:

1. ASTM D5-65 at 77 F (25 C) for penetration;
2. ASTM D2171-66 at L40 F (60 C) with a Ca¡uron-Maruring vacuum viscometer and

ASTMD2170-67,275 F (135 C) \rrith a Zeitfuchs cross-arm viscometer for viscosity; and
3. ASTM D113-69 at 60 F (f 0.0 C) for ductiJity.

Aggregate was sieved according to New York State Materials Method 5.

ASPHALT CEMENT PROPERTIES

Summaries of results of tests on recovered asphalt cements are given in Tables 5
and 6 and Figure 1. Ductility results are presented as histograms because of the im-
possibility of computing statistics from data often reported as 100+ cm rather tha¡r as
discrete values. The following hypothesis was tested for all properties given in Tables
5 and 6:

Ho:pstored<pcontrol

Hr : ¡¡ stored >p control

where p = mean (asphalt cement property).
The t-distribution was used at the 0.01 significance level. Acceptance of the hypoth-

esis Ho indicates that there is no evidence showing asphalt cement to be harder a.fter
storage than from mix directly out of the pug mill. Rejection of He indicates that a
change has occurred-that a real difference was caused by storage.

Inert Gas

Storage of fine mixes in an inert gas atmosphere for periods of 18 a¡rd 48 hours did
not significantly alter their asphalt cement properties (penetration and viscosity) when
compared to a control mix placed directly from the pug mill. Although asphalt cements
from both stored and control mixes increased in consistency from their original state,
there is no experimental evidence to consider the stored asphalts harder. Figure 1

shows no change in ductility at 60 F (15.6 C) for the mix stored for 18 hours. After 1

year, asphalt cements can be seen to have hardened; both stored and control mixes
harden at the same rate. Thus, a fine mix stored in inert gas appears to have suffered
no detrimental effects. No data were generated on coarse mix storage.
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Table 4. Sample size.

Loose Mi¡

Insta.l-
lation

Afte¡
Pug
Mill

Alter
Fiom Loadiùg Sto¡age
Device Bin

Cores From Road

At Construction Afte¡ 1 Year

ls

75

*
75

To bin 1: 2ã
To btn 2: 25

To bin 1: 22
1o bln 2: 28
To bin L 22
To bin 2: 28

?2 (36 sto¡ed, 36 control) 30 (18 sto¡ed, 12 control)

22 (13 stored, 9 control) 20 (14 stored, 6 control)
31 (22 stored, 9 cont¡ol)
?2 (36 stored, 36 control) 30 (18 stored, 12 control)

?2 (36 stored, 36 cortrol) 19 (10 stoled, 9 control)

Table 5. Asphalt cement propert¡es in mixes stored in normal atmosphere.

Penetration ât
?7 F'

Viscosity at 140 F Viscosity at 2?5 F

Number
of
Smples

StÐdard
Deviation

Studard
MeÐ Deviation
þoises) þoises)

StÐdârd
Meu Deviation
(centistokes) (centistokeg)

Smpled at Conatruction

Flne, top c@rse, stored 24 hours
Stored
Control

Coarse, bitrder course, stored 18 hours
Stored
Control

Coar8e, bæe cqrEe, sto¡ed 18 hours
Stored
Control

113
70

58
48

40
45

625
?10

840
620

615
445

22403
9404

3ô383
34ã96

30465
32636

6 110 1 100
6 600 1 900

12 560 2 3?0
3 830 940

6 3?5 1 065
2 510 710

Smpled After 1 Year in Placeh

Coarae, binder courae, stored 18 hours
Stored
Control

Coârae, bæe course, atored l8 h@ra
Stored
Cont¡ol

18355
12623

10505
9626

17.600 5 160
4 870 410

5 250
2 880

r 415
450

105
25

?5
35

9?0
585

555
450

Note:îoc=7e(oF-32).

'0.1 mm, lm g. 5 s. bTop couræ plæed ¡n 1973; no datô âvqilable.

Table 6. Asphalt cement properties in mixes stored in inert gas atmosphere.

Penetration ai
77r'

Numbê¡
oI Stüdard
Suples Meu Deviation

Vlscosity al 140 F Viscosity a.t 2?5 F

Stmdard
MeÐ Deviation Mem
þoises) þoiees) (centietokes)

Stmdùd
Devietion
(centiÊtokes)

Supled at Conatruction

Fine, top cor8e, stored 18 hours
Stored
Control

Fine, top c@rae, stored 48 hours
Stored
Cont¡ol

28
27

50
10

325 460
580 455

910 590
180 555

33565
35556

13546
956 I

2 160
2 835

3 990
3 320

Smpled Afte¡ 1 Yeu in Place

Fine, top course, stored 18 hNrs
Stored
Control

Fü!e, top course, stored 48 houra
So!ed
Control

40
33

't0
I

r 0?0 590
1 000 590

1 080 655
110 640

14
6

364
364
466
4t6

5 280
6 255

5 030
5 355

Nore: loc= % i"F.321,

'0.1 mm, 100 9.5s.
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Figure 1. Asphalt cement duct¡lities at 60 F at construction.

CONTROL MIXES

o 20 ¿lo 60 80 100+

STORED MIXES

n 40 60 80 loo+ ?o ¿lo æ 80 loo+

t5
oz
5 ro
o!É
L

5

o 20 ¿lo 60 80 loo'

DUCTILITYICM (5CM PER MINUTE)

Table 7. Gradation variances on a sieve basis at different sampling locations.

Bin I Bin 2 In Place

Pug MiU In Pug Mill Sto¡ed SÞecification

Fine Mix, Top course, cylindlical Bio

0.00 6.25
9.92 12.25
5.95 12.25
3.24 L2.25
0.48 12.25
1.61 4.00
0.20 1.00
0.36 0.04

coarse Mi& Binder Cou¡se, Rectùgular Bi¡

20 40 60 80 loo+

'/" i".
'/, i¡
/6 rn.
No. 20
No. 40
No.80
No.200
Percert AC
Total sæpleg

0.00 0.00
4.30 1.O4
0.94 5.60'
1.65 2.10
0.45 0.45
0.14 0.44
0.11 0.r4
0.0? 0.03

22 35

0.00 0.06 0.00
3.93 29.96 9.80
1.99 12.03 7.90
0.32 3.31 3.88
0.22 0.63 3.28
0.04 0.30 0.19
0.04 0.18 0.10
0.02 0.05 0.41

24 34 36

0.00
9.67
4.59
1.51
0.83
0.21
0.10
0.04

?0

1 in. 0.04
'/" i¡. 6.45
fn¡". 5.38
'/u it. 2.56
Percent ÀC 0.20
Total smples 1l

0.06 0.00
4.62 15.?3
0.s0 9.24
0.45 2.94
0.02 0.05

2A 40

6.25
9.00
4.00
2.25

_ : 004

0.00
23.16
29.02

1.14
1.82
0.?5

33

1to2in.
1 in.
/2 rn'
'/, i¡
'/" ir.
Peicent AC
Total sæples

0.00
1.67
L.77
0.32
0.04

0.00
8.59
5.8?
1.34
0.08

Coarse Míx, Base Course, Rectugula¡ Bin

0.00 0.00 0.00
43.96 31.93 49.4L
30.91 13.35 40.94
?.08 6.60 13.26
2-50 1.65 2.47
0.16 0.03 0.14

68 22 32

0.00
16.82

5,23
2.56
5-28
0.13

28

16.00
12.25
9.00
4.00
0.04

NORMAL ATMOSP}IERE

Note: 1 ¡ñ. = 25.4 mm.
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Normal Atmosphere

Results of storage of a fine mix in a normal atmosphere paralleled those for storage
in inert gas. After 24 hours of storage, asphalt cement extracted from a fine mix was
not significantly harder than a control mix. Because stored and control mixes were
both placed in 1973, they have yet to be recored to determine asphalt hardening rate.

Both coarse mixes (binder and base) stored for 18 hours in normal atmospheres ex-
perienced significant changes in asphalt cement consistency and ductiüty. The consis-
tency differences have been maintained for a 1-year period, but neither has hardened
as much as the fine (top course) mixes stored in inert gas. The base course, covered
by both binder and top course mixes, has been protected from the effects of exposure
to air and zunlight. lhe binder course has benefited from the cover provided by the top
course. The very slow hardening rate of subsurface courses indicates that although
storage caused a significant change in asphalt cement consistency, the change possibly
could be tolerated. Observations of pavement condition where these mixes are in place
bear this out.

VARIABILITY OF GRADATION AND ASPHALT CONTENT

Gradation variances for each of the 3 mixes sampled are given in Tãble 7, whÍch also
gives specification variances for each sieve and for asphalt content. Sþecification tol-
erances are based on 2 standard deviations as determined in previous studies of mix
variability in New York State. The tolerances were halved, then squared, to determine
the specification variances given in Table 7.

Mean gradatÍons can be found in Table 8. No inferences were attempted about the
effect of storage through use of the mean values. If sampling of the storage process is
done to characterize all material entering and leaving a bin, mean comparisons should
always result in statistical equality. Wren statistically significant differences in mean
values are found, either of the following has happened: The aggregate has undergone
some physical change (degradation), or more tikèly, sampling at either the loading or
discharge points (or both) was inadequate to characterize the materÍal in question.

Mean comparisons, therefore, do have some value because they can indicate the
adequacy of sampling procedures. However, if the purpose is to compare all material
before storage to all after storage, variability should be considered.
. A multivariate approach was used to compare gradation variability at different points
(10). Covariance matrices 'rvere computed at each production point given in Tabte 7
(ex-cept the pug mi[) and compared as follows:

Ho : Ð into bin > E out of bin

Hr : Ð into bin < E out of bin

where E = covariance matrix (overall gradatiod.
In addition, for top course mix, in-place comparisons were made between pug mill

and stored mixes.
Asphalt content variability was compared using the univariate F-test as follows:

Ho : oP into bin > o2 out of bin

H¡ : d into bin < 02 out of bin

where 02 = variance (asphalt content). Both covariance and variance comparisons used
the F-distribution at the 0.01 significance level.

All mixes-fine and coarse-changed in overall gradation variability because of the
storage process. For the fine mix (top course) the greatest change was in L/n- andL/e-in.
(6- anA 3-mm) material leaving the bin. Ttre 2 coarse mixes were most affected on theL/r- and,'/n-in. (tZ- and 6-mm) materials. The l additional gradation comparison, be-
tween in-place fine mixes stored and direct from the pug mill, showed no difference in
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Table 8. Gradation statist¡cs.

Into Out of
Pug Mill Bin 1 Bin 1

Pug Mill
in Place

Stored
in Place

tnto Out of
Bin 2 Bin 2

Top Cou¡se

'/" in.
Meu
Studud deviatlon

'/^ in.
MeÐ
StÐdud deviation

'/" in.
MeÐ
Studard deviation

No.20
MeÐ
Studard deviation

No.40
Meu
Stildæd deviation

No.80
MeÐ
StÐdud deviation

No.200
Mem
StÐdard deviation

Percent AC
Mem
StÐdard deviatiotr

Total smples

99.94
0.08

?4.03
3.11

49.1 5
2.14

30.??
1.23

14.?3
0.91

3.21
0.52

1.93
0.31

6.1?
0.21

'70

99.99 99.99
0.02 0.02

?5.50 75.42
2,01 2.65

50.67 50.62
0.97 2.31

30.3? 30.??
L.28 1.45

14.?5 74.25
0.6? 0.6?

3.65 3.21
0.3? 0.6?

2.26 1.93
0.33 0.3?

6.16 6.10
0.26 0.1?

22 35

99.99 99.89
0.01 0.25

??.30 ?2.38
1.98 5.41

5t.24 48.08
1.41 3.4?

32.42 30.06
0.5? 1.82

15.32 14.48
0.46 0.79

3.38 3.15
0.21 0.ã5

2.00 2.18
0.20 0.43

6.12 5.93
0.15 0.23

24 34

99.99 100.00
0.00 0.00

78.24 ?8.48
3.13 3.15

51.96 53.12
2.81 2.44

31.05 30.95
1.9? 1.80

15.90 16.56
1.81 0.69

4.44 5.01
0.44 l 21

2.62 2.9r
0.31 0.45

6.53 6.40
0.64 0.60

36 36

Binder Cou¡se

1 in.
MeÐ
StÐdard deviatioû

lz r\.
Meu
StÐdud deviation

'/^ i¡'
MeÐ
StÐdud deviation

'/" i¡
MeÐ
StÐdard deviation

Pe¡cent AC
MeÐ
Studard deviation

Totâl smples

100.00 100.00
0.00 0.00

65.12 60.69
2.77 2.93

24.t9 28.23
1.33 2.42

11.10 18.21
0.5? 1.16

4.42 4.42
o.2l 0.28

21 33

99.92 100.00
0.25 0.00

62.42 63.32
2.t5 3.9?

24.04 24.24
0.95 3.04

tI.15 18.03
0.6? 1.11

4.40 4.59
0.14 0.23

28 40

99.98
0.19

61.30

25.lt

1ã.60
1.60

4.30
0.14

11

Base C@rse

I to lz ir.
MeÐ
StÐdard deviation

1 in.
Mem
stmdârd deviation

'/" i¡.
Meu
StÐdard deviation

ln in.
MeÐ
Studæd deviation

l" in.
Meu
Studard deviation

Percetrt ÁC
Meu
StÐdard deviation

Total sæples

100.00 100.00
0.00 0.00

66.56 64.18
5.65 ?.03

33.',t2 31.41
3.65 6.40

18.49 19.13
2.61 3.64

tr.92 12.68
1.28 1.57

3.46 3.63
0.1? 0.39

22 32

100.00 100.00
0.00 0.00

64.21 63.??
4.10 4.81

32.35 31.08
2.29 5.39

16.16 16.5?
1.60 2.61

8.79 8.30
2.30 1.35

3.44 3.80
0.3? 0.50

2A 33

100.00
0.00

59.68
6.63

23.23
5.56

11.89
2.66

9.93
1.58

3.13
0.40

68

Nore: I in. = 25.4 mm.
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overall variability. Apparently, the construction procedures produced enough remixing
of material to counteract any variability increase caused by storage of the fine mix.

Asphalt content variability comparisons were of questionable value when the changes
in gradation were found. Aithough changes in asphalt content variability occurred in 2

cases (binder from bin 2, base from bin 1), past research has shown that such changes
may result from variations in gradation (6). Iherefore, no conclusions were reached
about the effect of storage on variations in asphalt content.

Gradation variability data were analyzed in 1 other manner. Comparisons were
made to the variability allowed by New York specification tolerances rather than to
overall variability between production points :

Ho : o2 mix < o2 specification

Hr r o2 mix > oz specification

where 02 = variance (sieve).
All comparisons were done on a sieve-by-sieve basis by using the ¡2,/degrees of

freedom distribution at the 0.01 significance level. This test is commonly used when
comparison to a standarO (ln this case, mix specification) is necessary (ff).

This analysis showed only the following material to have been alteredõõyond vari-
ability that is normally allowed by specifications:

1. AL/q-ín. (O-mm) top course out of bin 2;
2. A1/z- and.t/4-iî. (13- and 6-mm) binder out of bin 2;
3. A'/r-ín. (t¡-mm) base out of bin 1; and
4. At/r-in. (t¡-mm) base out of bin 2.

The 1-in. (ZS-mm) base course coming out of bin 1 was also beyond the variability al-
lowed as was the 1-in. (25-mm) material going into bin 1. Therefore, nonconformance
of the 1-in. (ZO-mm) material out of the bin did not necessarily indicate a storage effect.

CONCLUSIONS

Storage of a fine asphalt concrete mix in an inert gas atmosphere for 18 and 48 hours
had no significant effect on asphalt cement consistency.

Fine asphalt concrete mix stored in a normal atmosphere lor 24 hours did not ex-
perience any significant change in asphalt cement consistency.

Storage of 2 coarse asphalt concrete mixes for 18 hours in a normal atmosphere
resulted in significant increases in asphalt cement consistency.

For 4 mixes resampled after 1 year in place, all initial similarities or differences
between asphalt cements from control mixes (direct from the pug mitl) and stored mixes
persisted.

Overall gradation variability was increased by storage for both fine and coarse mixes.
However, on a sieve-by-sieve basis, most material for all mixes was still within the
variability permitted by specifications.

ACKNOWLEDGMENTS

Work on this project was accomplished under the administrative and technical direc-
tion of Wiliiam C. Burnett and William P. Chamberlin, Engineering Research and De-
velopment Bureau, New York State Department of Transportation, in cooperation with
the Federal Highway Administration. Those playing a major role in sample collection
and processing and the data summation include Harold P. Sloan and John W. Alvey.
The authors also gratefully acknowledge the assistance of Hamy H. Mclean and James
J. Murphy of the Materials Bureau. Special thanks are also given George Marra of the
Materials Bureau Chemistry Laboratory for processing and testing samples. This
paperts contents reflect the authors' opinions, findings, and conclusions and not neces-
sarily those of the New York State Department of TYansportation or the Federal Highway
Administration.



88

1.

2.

3.

8.

9.

10.

11.

4.

5.

6.

7.

REFERENCES

T\rttle, L. Investigation of the Effects of Holding Hot Bituminous Mixtures in
Storage Hoppers for Short and Extended Periods of Time. Proc. Canadian Tech-
nical Asphalt Assoc., Vol. 11, 1966, pp. 237-248.
Middleton, S. C., Goodknight, J. C., and Eaton, J. S. The Effects of Hot Storage
on an Asphaltic Concrete Mix. Proc. AAPT, Vol. 36, 1967, pp. 180-191.
Parr, W. K., and Foster, C. R. Discussion of paper by Middleton, S. C.,
Goodknight, J. C., and Eaton, J. S., The Effects of Hot STorage on an Asphaltic
Concrete Mix. Proc. AAPT, VoI. 36, 1967, pp. 205-205b.
Vallerga, B. 4., and Vihite, R. M. Discussion of paper by Middleton, S. C.,
Goodknight, J. C., and Eaton, J. S., The Effects of Hot Storage on an Asphaltic
Concrete Mix. Proc. AAPTr VoI. 36, 196?, pp. 195-201.
Foster, C. R. Hot-Storage of Asphalt Paving Mixtures. Presented at convention
of National Asphalt Pavement Assoc., San Juan, Puerto Rico, Jan. 1967.
Foster, C. R. More on Hot-Storage of Asphalt Paving Mixtures. Presented at
convention of National Asphalt Pavement Assoc., Los Angeles, Feb. 1968.
Parr, W. K., and Brock, J. D. Statistical Study of the Effect of Hot Storage on
the Composition and Properties of Asphaltic Concrete. Proc. AAPT, Vol. 41,
1972, pp. L-20.
Kandhal, P. S., and Wenger, M. E. Storage of Bituminous Concrete in Inert Gas.
Highway Research Record 468, L974, pp. 61-72.
Hearld, J. L., and Lay, L. D. Variation in Temperature and Physical Properties
of Asphalt Concrete Due to Storage in Surge Bins. Louisiana Dept. of Highways,
Res. Rept. 67, March 1973.
Cooley, W. W., and Lohnes, P. R. Multivariate Analysis. John Wley and Sons,
Inc., New York, 1971.
Dixon, W. J., and Massey, F. J., Jr. Introduction to Statistical Analysis, 2nd
Ed. McGraw-Hill Book Co., New York, 1957.



SERVICE BEHAVIOR OF ASPHALT CONCRETE:

A IO.YEAR STUDY

Gordon W. Beecroft, John C. Jenkins, and James E. Wilson,
Oregon Department of Transportation

The 10-year study of asphalt pavement behavior described herein was ini-
tiated to follow the changes that occur with time and tra"ffic and to supple-
ment existing informati.on on material properties that contribute to more
durable pavements. Measurement of surface characteristics a¡rd sampling
of asphalt concrete and stone base were conducted twice yearly, during
spring and fall, at 32 test points. Properties of the asphalt concrete and
stone base important to performance were measured in the laboratory for
each sampling period. Samples were takenþothin wheel-track and shoulder
areas to indicate the effect of traffic. A linear regression program was
used to analyzethe various interrelationships of properties that affect ser-
yice behavior. The relative importance of the different properties to a
given dependent property is indicated by the order in which the variables
enter the regression equations. The correlation coefficients generally are
low, but the equations provide a usefulqualitative indication of thedifferent
relationships. A summary of the predominant indications provided by the
equations is presented.

¡DESIGN of asphalt concrete has developed from a rather uncertain art to a reasonably
well-defined science during the last 20 to 30 years. Laboratory methods to evaLuate
design properties have become well established and reliable. Studies of in-place ma-
terial have been less common. I¡r a¡r effort to refine the limits of the many properties
known to influence the performance of asphalt concrete, the Oregon Highway Division
has conducted several long-term studies of asphalt concrete pavements (1). This
paper presents findings from a 10-year study of the service behavior of pavements at
32 test points on 8 different projects. Samples of asphalt concrete and base rock were
obtained at 6-month intervals and analyzed for various aggregate, asphalt, and mix
characteristics. In addition to the sampling, wheel-track depressions were measured
and general pavement condition was observed. During the later years of the study,
Benkelma¡ beam deflections were oþtained each spring. The in-place density, mois-
ture content, and gradation were determined for the granular base at each sampling.
Hveem stability, density, relative compaction, penetration of recovered asphalt, air-
void, thin-film-oven-loss, asphalt content, and gradation of aggregate in mix tests
were performed on the asphalt concrete throughout the project.

The pavements studied on the project were designed on the basis of a predicted
lO*year life, although at the time of their design traffic was categorized as very
heavy, heavy, moderate, or light; calculation of equivalent wheel loads (EWLs) as
would be done at present was not done. During the study, normal maintenance prac-
tices were continued without regard to the test points. Most of the sections were
sealed during the study, and some of the test-point areas were patched. Materials
added to the surface in the form of seals or patches were removed from the samples
before laboratory analysis so that testing would be done on the original pavement only.
There would, of course, be some effect from the protection against weathering pro-
vided by the surface treatments.

Publication of this paper sponsored by Comm¡ttee on Mechanical Properties of Bituminous Paving Mixtures.
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PURPOSE

The project was initiated to evaluate the seryice performance of several asphalt
concrete pavements a¡rd to distinguish the changes that occur with age and traffic.
Principal physical characteristics were evaluated at construction to provide a base
for measurements of progressive changes. The locations of the test-point projects
were selected to provide a geographical distribution representing the state's different
climatic characteristics. Each point used the design established for the section; no
variations were made in the design or construction to intentionally create variations in
performance. The purpose was to measure any changes that occurred in pavements
designed and constructed according to the practices in effect at that time.

SCOPE AND PROCEDURE

Test-point locations were selected on the basis of not only different climatic con-
ditions but also heavy traffic. Eight projects were selected, each of which had 4 test
points. To represent the more severe climate, 3 projects-test points 1 to 12-were
chosen in eastern Oregon in an area having significant snowfall and hard freezing. Two
projects-points 13 to 20-were in the southern portion of the state having relatively high
summer temperatures, intermediate precipitation ¡32 in. (0.81 m) per yearl , and only
slight winter freezing. The other 3 projects-test points 21 to 32-were in western
valley areas having moderate freezing and rainfatl of about 40 in. (1.02 m) per year.
No construction of heavy traffic highways was in progress in the arid portions of the
state at the time the study was initiated. Identification of the projects and design in-
formation on the number of lanes, pavement structure thickness, and subgrade soil
classifications are given in Table 1.

Samples r¡¡ere obtained in the spring a¡d fall in the wheel track nearest the pavement
edge and in the shoulder area away from concentrated traffic. TVo samples were taken
in each case at the same longitudinal position along the road to permit comparison of
properties of pavements under the kneading action of traffic to those having little traffic.
Care was taken to remove both the shoulder sample and the wheel-track sample from
the same lay-down panel. Eachwheel-track sample consisted of two 4-in. (100-mm)
cores and one 16-in. (0.4-m) square cut with an impact chisel. The shoulder samples
consisted of two 4-in. (100-m) and two 6-in. (150-mm) cores. Each set of samples was
taken 4 ft upstream to traffic flow from the previous set to avoid roughness effects.

Sampling and testing determined properties of the þase and top lifts of asphalt con-
crete a¡rd granular base rock. Wheel-track depressions were measured and, during
the later portion of the study, Benkelman beam deflections were obtained once a year
at 50-ft (15-m) intervals.

Tests on the granular base included those on density, moisture content, relative
compaction, grain size anafysis, liquid limit, and plastic limit. An air-degradation
test was not included originally but was added about midway in the study. Density was
determined by using sand of a known loose density to measure the hole volume.

The asphalt concrete studies included the properties not only of in-place material
þut also samples having undergone laboratory compaction and specimens having been
remolded in the laboratory. The core analyses included those on in-place density,
air voids, stabilometer S value, and cohesiometer value. úr an effort to detect any
changes in compactibility caused by changes in particle orientation or aggregate deg-
radation caused by the traffic, we reheated the cores to 240 F (115 C) in molds and
recompacted them by applying 160 blows at 450 psi (3 102 kPa) with the kneading com-
pactor. Density and stability determinations were repeated for each core after t}te
recompaction, and this density was used for calculation of relative compaction.

The square-cut sample a¡rd the 6-in. cores provided material for aggregate gradation
analysis, asphalt content, and penetration of recovered asphalt. Asphalt recovered by
the Abson method (ASTM D1856-69) was tested for penetrationatTT F (25 C) and 39.2 F
(4 C); thin film loss and penetration after thin film loss were determined. For labora-
tory testing of the mix, any materials foreign to the original asphalt concrete such as a
tack coat at the bottom or seals and patches at the top were removed from the sample
by sawing. A portion of the cut sample was reheated a¡d used to fabricate additional



.l

Table 1 , Pavement structu re and su bgrade details.

Asphalt Conc¡ete Cushion Course Base Course (in.)
Test Point Numbe¡ of Thickness Thicloess' Subgrade

Highway Section Numbe¡s Lmes (in.)
Ì

(rn., Size Thickness Clæsification

Emigrut Hill,
Deadmm's Pass 1 to 4 4 4 l\/" t'/" to O 10 A-1-b(0)

Meachm-Glover,
stationl4o 5to8 4 4 ly, 2to0 g'/, A-2-?(0)

Meachu-Glover,
station 369 I to 12 4 4 l% 2 to 0 9y, A-2-?(O)

Jumpoff Joe Creekr
Louse creek 13 to 16 4 4 ly, 2 to 0 9y, A-1-b(0)

Myrtle Creek,
Ford'sBridge uto20 4 4 2 llátoo 6 A-1-a(0)

salem Bypæs 2l to 24 4 4 2 2 to 0 18 A-4(8)
Valley Junction,

Waliace Bridge 25 to 28 2 31" 2 7y2 to 0 16 A-6(12)
Lebeon Road,

Halsey Interchange 29 to 32 4 4 2 2 to 0 20'/" A-?-6(18)

Nole: 1 ¡n. = 25.4 mm.

'Mâtori¿t: 7. ¡n. to 0.

Table 2. Approximate asphalt concrete propert¡es.

Asphalt specific Air S Value Mate¡ial (perceDt) Ratio
Content Penetration Gravity Voids 

- 

ttoto: lZO0
Test Points (percent) Grade of Mix þercent) In Place Recompacted cohesion % to % in. t/o in. to No. 10 t/nto o þerceat)

1 to 4 5.3 85-100 2.28 11.4 22 43 293 34'1 30.3 0.51 6.8
5 to 8 4.9 85-100 2.18 13.5 22 53 190 42'2 26.8 0'51 3.4
9 to 12 5.9 85-100 2.18 13.1 23 52 216 36.9 29.3 0'51 3.6
13 to 16 5.4 85-100 2.rg 8.9 22 45 286 39.9 2'1.5 0.50 3.7
l7 to 20 5.2 85-100 2.2'l 9,1 23 51 250 47"1 24.2 0'45 3.5
2t to 24 4.7 85-100 2.21 11.4 25 54 2't5 42,2 26.6 0'50 5'0
25 to 28 4.8 85-100 2.30 13.2 20 59 316 3?.5 30.1 0.52 6.1
29 to 32 5.4 60-?0 2.24 11.1 22 49 239 39.0 2'1.9 0.50 3.8

, Nole: 1 in. = 25.4 mm.

. Table 3. lnitial properties of stone base.

Dry RelaJi.ve Moisture Materialþercent) Passingþercent)
Density Compaction Content Nominal Liquid Plasticity

Te6t Points þcf) (perõent) (percent) size 7\/zto3/4ir. 2 to 1 in. fnin. No. 200 Limit Index

1 to 4 r41 93.6 5.6 1y¿ iî, to O I'1,2
5 to 8 129 93.6 6.6 2 in, to 0
9 to 12 L22 89.? ?.9 2 it. to 0
13 io 16 136 98.3 5.9 2 in. to 0
t1 to 20 141 9?.1 5.2 1% itr. to 0 13.8
2l to 24 130 92.1 4,4 2 in. to 0
25to28 L42 94,2 4.8 t%ii. tol 22.9
29 to 32 126 90.5 6.6 2 in. to 0

41.8 7,9 22 1
74,5 43.3 4.6 26 1

17.t 38.9 4.1 35 I
19.5 42.7 5.5 25 2

52.3 1.8 21 2
11.r 32.8 4.0 18 0

41.0 8.9 22 2
22.t 32.5 5.4 30 I

Note: I pcf = '16.02 kg/m3. 1 ¡n. = 25.4 mm.
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stabilometer specimens that were subsequently tested for stability, density, and cohe-
sion and, after being reheated and subjected to a second compaction, the same prop-
erties vr'ere measured again. These tests were conducted to compare the in-place
properties as well as to determine any discernible changes in compactibility, stability,
or cohesion that accompany aging and traffic. Because the changes that occur in pave-
ment components during service would be somewhat aJfected by the general character-
istics at time of placement, the initial properties of the asphalt concrete are shown in
Table 2 and the initÍal properties of the stone base are shown in Table 3.

Failure of asphalt pavements ca¡r be categorized broadly as rutting or shoving in
mixes lacking stability, poor surface texture from too littte or too much asphalt, and
cracking from embrittlement or excessive flexing. Factors that contribute favorably
to high flexibility and fatigue resistance generally reduce stabitty. As all designers
know, asphatt concrete mix design involves compromise. One of the concerns that
led to this long-term study was that stability might be overemphasized at the expense
of flexibility. The various stabilometer measurements were made to provide infor-
mation on in-place v¿ùues and corresponding values for the same material subjected to
different laboratory compactions. Oþservations made at tlte time of sampling concern-
ing cracking, patches, seal coats, and other signs of distress were used to establish a
pavement condition code ranging from 0 to 4 as follows:

0 No cracks, no seal., and no patches
1 Sealed only, no patches
2 Minor cracking or patching
3 Major cracking or patching
4 Multiple patcNng or severe cracking

This code is arbitrary and imprecise, but a numerical rating was desired for the
analysis a¡rd no system of rating had been used during the study.

The other tests on the mixtures and components thereof were conducted with the
hope that correlations would appear between given characteristics and properties
associated with good service of long duration.

ANALYSß

Although some periodic examination was made of the progressive changes in several
of the factors under study, analysis during the study was limited. A preliminary report
was prepared when the test points had been in service from 7.5 to 9.5 years (2). It pre-
sented trends in changes of density of the base rock, specific gravity of asphalt con-
crete, air voids in asphalt concrete, a¡rd hardening of the recovered asphalt for length
of service. No analysis of the interactions between properties was attempted at that
time.

At the conclusion of the l0-year period of sampling and testing, the values were
tabulated for each property for each 6-month interval of time. Each property was
assigned an arbitrary code number so that the many variables in a computer analysis
of correlations and regression analyses could be handled. The properties and respec-
tive code numbers are given in Table 4. Taþulated values for the properties were
punched on cards to provide flexibitty in computer analysis so that the points could
be handled individually or in various combinations. The code 99 values, cumulative
5,000-lb (2 268-kg) ElVLs, were estimated by using traffic volumes recorded at loca-
tions near the test points, classification counts from the nearest permanent recorder
station, a¡rd factors to convert truck counts by axle classification to 5,000-Ib (2 268-kg)
EWL. Information on the division of truck traffic between the outer and median lanes
was not obtained during the study, and review of available literature provided litüe þasis
for an estimate. Ten percent of the outer lane EWL was used as arr approximation for
truck loads on the median lanes.

A stepwise regression analysis progrnm, referred to as Biomed 2 or BMDO2R, avail-
able through the Data Processing Unit of the Highway Division, was used for the project
(Ð. In addition to the regression equations, this program provides a simple comelation
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Table 4. Propert¡es included in study.

Code Prope¡ty

Year Length of time in service
51 Field density of stone base, pcf
62 Relâtive compactlon of Btone bæe, percent
53 Moisture content of stone base, percent
54 Stone bæe passing lr-in. sieve, percent
55 Stone bæe passing No, 200 sieve, percent
56 Wheel-trackdep¡essions,inches
57 Spestfic gravity of æphalt concrete, in lme, base Uft
58 Speciäc gravity oÍ asphalt concrete, in lme, top lift
59 Speciflc gravity of asphalt conc¡ete, sh@Ider, base litt
60 Specific gravity of asphalt concrete, shoulde¡, top lift
61 Air voids in asphalt concrete, percent, in lÐe, base lift
62 Air voids in asphalt cotrcrete, percent, in lÐe, top lift
63 Air voids in asphalt concrete, percent, shoulder, base llft
64 Air voids in asphalt concrete, percent, shoulder, top lift
65 Sta.bilometer S value in-place, in lÐe, bæe lift
66 Stabilometer S value in-place, in læe, top lift
6? Stabilometer S value in-place, shoulder, base lift
68 Stabilometer S value in-p1ace, shoulder, top lift
69 Relative compaction of æphalt concrete, in lme, base ìift
?0 Relative compaction of asphalt concrete, in lÐe, top Uft
1l Relative compaction of æphalt concrete, shoulder, base lift
72 Relative compaction oI asphal.t concrete, sh@lder, top lift
73 Stabilometer S value recompacted, in lÐe, bæe Uft
14 Stabilometer S value recompacted, in lÐe, top lift
75 Stabllometer s value recompacted, shoulder, bæe lilt
'16 stabilometer s value recompacte4 shoulder, top ltft
71 Cohesion va-lue in-place, in lue, bæe lift
?8 Cohesion value in-place, in lÐe, top lift
?9 Cohesion va-lue in-place, shoulder, bæe lift
80 cohe6ion value in-place, shoulder, top lift
81 Peûetration of recovered asphalt 77 F, ir lue, base lift
82 Penetration of ¡ecovered asphalt 7? F, in lue, top lift
83 Penetralion of recovered aspha-lt 77 F, shoulde¡, bæe liIt
84 Penetration of recovered æphalt ?? F, shoulder, top lift
85 S value of remolded mix, secoûd compaction, bæe lift
86 S value of ¡emolded mix, second compaction, top Uft
81 Asphalt content, percetrt by weight of mi& base llft
88 Asphalt content, percetrt by weight of mi& top lift
89 BenkelmÐ bem deflections, 15-kip axle, iûches
90 Pâvement conditiotr code
91 Mix aggregate retained on /r-in. sieve, percent, bæe Uft
92 Ratio of 7r in. to No. 10: '/n in. to O mix aggregate, bæe lift
93 Mlx aggregate retajned on %-in. sleve, percent, top lift
94 Ratio of % in. to No. lot '/a iî, to 0 mix aggregate, top lift
95 Mix aggregate passing %-in. sieve ud retained on No. 10 sieve,
96 Mlx aggregate pæsing %-in. sieve md retained on No, 10 sievg
9? Mix aggregate passitrg No. 200 sieve, percent, base lilt
98 Mix aggregate pæsing No. 200 sieve, pe¡cent, top lift
99 Cumulative 5,000-Ib EwL'S millions

percent, base lilt
percent, top lift

Note: 1 ¡n,=25.4mm. (1 F-32)/0.8=1 c.1 k¡p=444.8N. 1 lb=0.45ks.
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matrix comparing each variable with every other variable. Although many of these
comparisons have no meaning, the data processing specialists considered it easier
to include all the data rather than sort out those for which some correlation might be
conceivable. Ir determining coefficients for linear multiple regression equations, the
variables to be considered were limited to those items thought to have some logical
chance of influencing the dependent variable. Primarily, the purpose was to exclude
the irrelevant factors between shoulder and traveled lane, between granular base and
base lift, and between base lift and top lift of pavement. Equations were generated for
38 different variables of the 49 coded items in Table 4. The regression equations are
in the Appendix. The remaining variables were properti.es expected to influence other
factors but not to be influenced by other factors.

A numþer of alternatives were tried in the analysis of data. Points were processed
individually, all were averaged, regional groups were averaged, and, finally' the con-
catenate data for the regional groups and for the 32 test points were processed. The
early computer runs were made with a high degree of significance required for a vari-
able to be included in the equations (variance ratio, F = 4). It was found that the inter-
relationships of properties often were not indicated when this high degree of signilicance
was required. Because the principal interest in the regression equations was to identify
these interrelationships in a qualitative way, ttre requirement for inclusion in the equa-
tions was lowered appreciably (F = 1). 'With this change, the concatenate data for the
32 test points together were quite effective in bringing out the desired influence between
properties.

Properties of Stone Base

The density ofthe stone þase showed an insrease during the study for all of the proj-
ects. The equations for the different regional groups of points a¡rd for the 32 points
comþined used years of service as the most significa¡¡t correlation. Although the change
in density shoutd have been traffic-related, the cumulative wheel loads were found less
significant than time. Comelation coefficients for density were low, so most of the
variation remains unexplained. The trends indicated by the equations for all points
combined showed an increase in density with years of service, an increase with higher
percentages passing a No. 200 (75-¡¿m) sieve, a decrease with trigher percentages pas-
sing a [-in, (0.1-mm) sieve, and an increase with increased ETWL (importance to the
correlations as in the order listed). OnIy years of service and percent passing a
No. 200 (75-pm) sieve showed up in the equations for regional groups of test points.

The relative compaction of the stone þase had a higher correlation coefficient
because properties such as particle shape, texture, and specilic gravity were removed
as variables. For the 32 points combined, the equation for relative compaction had a¡t
inverse relationship to moisture content as the most important variable, ,followed by
direct relationships of years of service, percent passing a No. 200 (?5-¡¡m) sieve,
EWLs, and percent passing a L/a-in. (6.3-mm) sieve.

Properties of Asphalt Concrete

The various properties of asphalt concrete will be discussed first by general trends
and then by more speeific comments on the regression equations.

The specific gravity of the asphalt concrete generally related first to the air-void
content and then to the percent passing a No. 200 (75-¡¡m) sieve, decreasing with higher
air voids and increasing with higher amounts passing a No. 200 (75-¡¡m) sieve. In some
cases, the higher amount passing a No. 200 (?5-¡¡m) sieve was first and higher air
voids second, but these rvere consistently the first 2 variables in the equations for the
concatenate data. The third variable was usually the relative compaction followed by
other gradation variables. Beyond the third term, though, there was little consistency.

The air-void percentage equations generally were most influenced by the relative
compaction and then frequently by the stabilometer S values of the recompacted mix.
Air voids increased with reduced relative compaction and increased S values. Fre-
quently high in the order of influence was the ratio of l/nin. to No. 10:% in. to 0
(6.3 mm to 2.0 mm:6.3 mm to 0); the higher the ratio, the greater the influence.
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Effects of years of service a¡d cumulative wheel loads were found to have little influ-
ence on the air voids.

The stabilometer S value of the in-place material had the strongest correlation with
relative compaction, high S vaLues being associated with high relative compaction.
There was also a strong positive effect in the traveled lanes from the EWLs. Enter-
ing the equations with less regularity are cohesion, percent passing a No. 200 (?5-¡¡m)
sieve, air-void content, and years of service.

A.fter the in-place stabilometer values were determined, the cores were heated a¡d
recompacted to provide a basis for evaluation of relative compaction. The regression
equations for relative compaction usually related first to the in-place S value and second
to the air-void percentage, increasing with higher S values and decreasing with Ngher
air voids. The ne>rt most frequent was a negative relationship to the percent passing a
No. 200 (75-¡¡m) sieve. Less consistent, but common,. were entries of percent of as-
phalt (negatiie coefficients), ratio oLL/nin. to No. l0:r/+in. to 0 (6.3 mm to 2.0 mm:
õ.S t"- tã 0) þositive coefficients), and percent passing aL/q-ín. (6.3-mm) sieve and
retained on a No. 10 (2.0-mm) sieve (negative coefficients).

Stabilometer S values of the recompacted samples related first to percent of asphalt
for the top lift; this variable, hotvever, never entered the equations for the bottom lift.
Apparently some top lift samples were close to the critical asphalt content and lost
siaUiiity on recompaction, while this did not occur in the bottom lift samples. Other
items importa¡rt in the equations were air-void content, in-place S values, cohesion,
and ratio of Lfqin. to No. L}:lqin. to 0 (6.3 mm to 2.0 mm:6.3 mm to 0).

Cohesiometer values increased with years of service, which was the most impor-
ta¡rt variable, followed generally by the percent passing a No. 200 (75-pm) sieve (pos-
itive coefficients). Then came as important variables in-place S values (positive co-
efficients) a¡rd the air-void percentage (negative coefficients). For the equations for
concatenate data for alt 32 test points, both percent of asphait ard penetration of re-
covered asphalt had negative coefficients although these variables entered equations
for several regional groups with positive coefficients. I¡ neither case did the variables
contriþute appreciably to the correlations.

Without exception, the equations for penetraüon of the recovered asphalt showed a¡r

inverse relationship with years of service being most important. The next 2 factors
were percent of air voids (negative coefficient) and percent of asphalt (positive coeffi-
cient). Items that appeared irregularly were relative compaction, percent passing a
No. 200 (?5-¡lm) sieve, and cumulative wheel loads. The hardening of the asphalt as
measured by loss in penetration occurred rapidly at first; the rate declined progres-
sively with longer service.

None of the various aggregate properties of the mix were considered to be dependent
variables except degradation with time and traffic. Inspection of the data did not indi-
cate any change in gradation, so only the percentages passing a No. 200 (75-¡¿m) sieve
in base and top lifts were incLuded in the computer analysis. The resulting equations
confirmed that there 'ffas no significant degradation. When included, years of service
generally had a negative coeflicient and EWLs a positive coefficient, but neither was
significant.

Performance Properties

Several factors involve the performance of the total pavement structure, asphalt
concrete and granular base combined. These are wheel-track depressions, Benkelman
beam deflections, and pavement condition code. All variables thought to have any con-
ceivable effect on these items were included in the analysis. TVenty-six items for
wheel-track depressions, 28 items for Benkelman beam deflections, artd 28 items for
pavement condition code were included.

The equation for wheel-track depressions, resulting from the data for all 32 test
points, included the foltowing variables, listed in the order of their importance to the
correlation: EWLs, cohesiometer value for base lift, in-place S vaLue of base lift,
air-void percentage in base lift, percent of relative compaction of top lift, percent
passing a No. 200 (75-¡¿m) sieve in top lift, percent of asphalt in top lift, and the per-
cent passing a|/n-ín. (6.3-mm) sieve and retained on aNo. 10 (2.0-mm) sieve in top
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Uft. Except for the last 2 variables, the coefficients had positive signs' Several of

these signs were opp;;iie to wtrat míght be g)rp cted if the given va¡iable were viewed

"i;;;,-iîa; 
co"sioöiins the complex lnteractión between properties as affected bv time

anA tratic, they seemãd 
"easottäble. 

The major influence on wheel-track depressions

was the cumulalive wheel loads, as would be expected
Atthough tne regressiãr, 

"qnáuott" 
for wheel-lrack depressions trvere influenced

*rirrv 6llo"¿" 
"ti¿ 

*ix prope"ues, the Benkelman þeam deflections related heavily

iã p"o"p"iUus of the stone ¡ase. The variables selected in the Ber¡kelman beam regres-

sion for the concatenate data for all 32 test points were (the sign of the coefficÍent is in

ñ""""ttt""ã"): wneet-tracX depression (+_), percent passing aL/+-in. (6.3-mm)-sieve in

;t";ú;" 1'-¡, percenl óf u"pit"tt.in øp riü1-¡, .qercent -P|fsing 
a No'-200 (?5-¡¿m)

;i;ll! i";i";é'¡ã"" tii, "ati" "t '/a1*. îo No.'lij:% in. to 0 (6.3 mm to 2.0 mm:6.3 mm

;;ïtinïtulttil, òéícent of air voids in base lift (-), cohesiometer value for base

iifr iJ; "ri¿1"ùá'oi 
rã"ui"" (-). of 28 variabtes to choose from,- these. provided the

¡àst ãó""etaiion. Again, some'of the signs for Benkelman beam deflections were oppo-

site to anticipated reiaUônships, but it i; ditricult to visualize the various subtle effects

that one variable has on another.
The final regression equation for the project was for the pavement condition code'

This code was est¿þtished to express numerica[y the serviceaþility of tlle naye¡nenf
in terms of the prevalence of cracking or patching that-occuffed during the study' -The
regression equation for the overall ¿ata irrctu¿ed]he following variables (in the order of

i*"po"tao"" tó tfte cor"ãtation): years of service, in-place S value of top lift, percent

of moisture content i" ;;o"; baså, wheel-lqack depressions, percent of air voids in

¡ã"ã fift, EWLs, raUo ot L/nin. t6 No. 10:% in. tob (6.3 mm to 2.0 mm:6.3 mm to 0),

arrã pãnetragon ôt ttt" asphalt in the top lift. Each coefficient had a positive sign' . The

iããt tnat the equation retäte¿ first to yêars of service instead of EWLs was probably

caose¿ by the îact that tþin patches wère often placed over both the median and outer

la¡res for smoothness and uniformity even tnougn only the outer lane may have needed

maintenance at the time. Records were not detaileðenough to permit adjustment of

Iil" p.tã*"tt condition code for this type of case. The variables selected in the regres-

"ïóti*Jyris 
c¿ù¡ne from 28 possibilities, and it is interesting to note those of major im-

portance. The second item, in-p1ace S í¿ue of top lift, is logical in that high values

result from dry or urittte *i"""-u" does pavement cracking. Third in the coffelation
was the moisture content of the stone base, trigtr moisture leading to early distress'

The tifth item was Urã pércent of air voids'in the base tift. The high air-void content

of thus" mixes woutd rãsult in rapid embrittlement which, in turn, would lead to pave-

ment cracking.

Multipte Regression Equations

Although the principal benefit of the regression equations in this study was to bring

out the intepelatio;hit; of properties inã qualitative way, it may be useful to il-
lustrate some of t¡e aciual còefficients. e taOutaüon of all the equations from tlrc

anatysis of the concatenate data from the 32 test points is provided in the Appendix"

The equations were all of the form:

Y = Ao + ArXr + Afiz + Afls+ ... A"X"

where

Y = desired relationshiP,
Ao = constantr

A, to .\ = coefficients, and
Xt t" X" = dependent variables measured in the study'

The number of variables included in the equations lvas controlled ny 1l F level for in-
clusion of 1.0 with a marimum of 8 variabies. The coffelations resulting from the

concatenate data from all 32 test points generally were not too precise. Devi-ations

resulting from sampling and testing were high, and measures of the quality of -con-
struction were lacking. Also, cliriaUc conditions and subgrade properties had no
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input into the equations. Correlations for individual projects and regional groups
were higher, but tlte combined data served to bring out the variables that were impor-
tant to overall pavement performance.

To illustrate the equations, the percent of relative compaction of the top asphalt
concrete in the traveled lanes can be estimated by:

Percent of relative compaction = 100.29 - 0.277 (percent of air voids) + 0.089
(in-place S value) - 0.0015 (in-place cohesion)
- 0.01?? fpenetration at77 F (25 C)] - 0.446
(percent of asphalt) - 0.0796 [percent passing
t'/n-in. (6.3-mm) sieve and retained on a
No. 10 (2.0-mm) sievel + 0.109 [percent
passing a No. 200 (?5-¡¿m) sievel + 0.0157
(EWL, millions)

Penetration of the recovered asphalt at 77 F (25 C) for the top lift pavement is approx-
imately

Penetration = 99.63 - 3.244 (years of service) + 4.088 (percent of asphalt)
+ 0,467 [percent passing a No. 200 (75-¡¡m) sieve] - 0.463
(percent of air voids) - 0.793 (percent of relative compaction)

The pavement condition eode can be determined by

Condition code = -5.359 + 0.196 (years of service) + 0.062 (S value of top lift)
+ 0.L77 (percent of moisture i.n stone base) + 0.659 (wheel-
track depression) + 0.075 (percent of air voids in base lift)
+ 0.026 (EWL, millions) + 3.027 [ratio LAin. to No. 10:1l in.
to 0 (6.3 mm to 2.0 mm:6.3 mm to 0) in top liftl + 0.0094
fpenetration at'17 f (25 C) in top lift]

Values near 0 indicate encellent service and values near 4 denote pavements requiring
extensive maintenance. The variables in these examples are arrrurged in descending
order with regard to their importance to correlation.

The equations illustrate the type of output obtained for 38 different variables for
which some interdependence seemed likely. As mentioned, their principal value is
in showing the general order of importance of the various properties. Equations
similar to those illustrated were obtained for the various asphalt mix properties for
top lift and base lift at locations in traveled lane and shoulders. Thus, 4 equations
were available for many given properties. Generally, the first 2 or 3 variables im-
portant to a correlation were fairly consistent between equations, but the less impor-
tant items were not consistent. Because regression coefficients depend on the partic-
ular variables included, numerical values difïer appreciably between equations.
However, the solutions obtained from substitution of iypical values into the several
equations for a given property are similar.

SUMMARY

Measurements made during the 10-year study were inspected to identify changes
occurring with time, But, to determine the interdependence of individual properties
on the overall service behavior, a multiple linear regression analysis was employed.
This analysis confirmed in a qualitative way the known relationships between properties
such as compaction, air voids, asphalt content, and penetration of recovered asphalt.
In addition, some measure of the inlLuence of time ar¡d traffic was obtained for many
of the properties. The following summary statements are based on indications provided
by the regression equations. Dn many cases, the order of importance of independent
variables on a given dependent va¡iable is not unanimous, þut the statements represent
predominant indications.
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1. Densities of the stone base showed an increase for all projects; outer lanes had
a greater increase than media¡r lanes. Values during the final 4 years remained nearly
constant; the early years showed most of the change. Time proved a better correlation
than did equivalent wheel loads although both caused increased density. Stone þase
densities also increased; greater percentages passed a No. 200 (75-¡¡m) sieve and
smaller percentages passed at/q-íî. (6.3-mm) sieve.

2. No degradation of the stone þase occurred,
3. Density of the asphalt concrete was increased primarily by reducing air voids

and by increasing the percent passing a No. 200 (?5-pm) sieve. The densities of mixes
used on the test projects were increased only slightly by equivalent wheel loads and
years of service.

4. The percent of air voids related inversely to relative compaction and directly to
the Hveem stabilometer S value of the recompacted mix, which were the 2 most common
variables. As the ratio of L/ELn,to No. 10:%in. to 0 (6.3 mm to 2.0 mm:6.3 mm to
0) increased, the mix became more "open'r a¡rd air voids increased. The cumulative
EWLs term indicated an average reduction in air-void percentage of about 1 percent in
the base lift and 2.5 percent in the top lift that was caused by 10 years of freeway
tra"ffic.

5. Stabilometer S values for in-place materials increased with higher relative com-
paction, higher traffic volumes, higher percentages passing a No. 200 (75-¡¿m) sieve,
and higher cohesion. Although the in-place S values vrere generally low, no pavement
instability existed on the test projects. S values of the in-place materiaJ. were predom-
inately between 15 to 25, Additional compaction of the cores in the laboratory increased
the stability values to the range of 50 to 70 for most pavements, Ln a few insta.nces, the
additional compaction caused a reduction of stability on samples having high asphalt
content,

6, For correlation, cohesiometer values increased in this order-years of ser\¡ice,
percent passing a No. 200 (75-¡,¿m) sieve, and in-place S values, Also, cohesion in-
creased with a reduction in penetration of the recovered asphalt.

7. Penetration of the recovered asphalt had inverse relationships to years of service
and air-void content a¡rd a direct relationship to asphalt content as the 3 most important
variables.

L Wheel-track depressions increased with EWLs as the most important factor in
the correlation. Following this are various materials properties, several of which
have signs opposite to expected values. The depressions correlate directly with cohe-
sion of base lift, S value of base lift, air voids in base lift, and relative compaction of
top lift, in that order. No properties of the stone base enter into the regression equa-
tion.

9, The Benkelman beam deflections related first to the wheel-track depressions and
then, by inverse correlations, percent passing aL/+-ín. (6.3-mm) sieve in stone base
and percent of asphalt in top lift, and, by a positive relationship, percent passing a
No. 200 (75-¡¿m) sieve in stone þase. It is interesting to note that these tests indicate
Benkelman deam deflections are reduced by having more passing a'/n-in. (6.3-mm)
sieve and Iess passing a No. 200 (75-¡¿m) sieve j.n the stone base. Aithough no properties
of the stone base affected the wheel-track depressions, the stone base had a major infl.u-
ence on the Benkelman deflections.

10. An arbitrary numerical pavement condition code was devisedto enable a corre-
Iation with the other properties in the multiple regression analysis. The regression
equation for condition related first to years of service instead of EWLs probably because
maintenance was extended over both the outer a¡rd median lanes to provide a smooth
surface. Second in importance was the stabilometer S value for the top lift; higher
S values corresponded to pavements having more cracking and needing more mainte-
narrce. Third was the moisture content in the stone base; higher moisture resulted in
poorer seryice. These were followed by wheel-track depressions, percent of air in
base lift, EWLs, ratio of r/nin, toNo. 10:% in. to 0 (6.3 mm to 2.0 mm:6.3 mm to 0)
in top lift, and penetration of asphalt in top lift. I¡r each case, higher values correspond
to pavements needing more maintenance. The last item contributes very litile to the
correlation, but its effect is opposite to that expected. The correlation is probably
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coincidental. The other factors affected performance as would be expected, with more
maintenance being needed for more brittle mixes.

IMPLEMENTATION

In a long-duration study of this type, implementation of findings takes place as the
study progresses. Many changes in pavement structure and asphalt concrete mix de-
sign have been made since the 10-year study was initiated. A number of these changes
were influenced by results and observations of the service behavior study.

1. To achieve optimum moisture for compaction of aggregate bases and to prevent
segregation of the material during processing, all base materials are plant-mixed to
uniform moisture and then placed rvith a spreader.

2. Specifications rrvere introduced to more closely control the gradation of aggregate
bases by requiring that the ratio of '/nin. to ¡lo. 10:% in. to 0 (6.3 mm to 2.0 mm:
6.3 mm to 0) be between 40 and 60 percent. This provides a gradation that gives high
density without loss of strength from oversanding.

3. The Oregon air-degradation test was developed during the study to identify
troublesome aggregates. Values obtained during the 10-year study helped to fix per-
missible limits. Also, the study indicated that no significant change in air degradation
values occurs in service.

4. Recognition that better control of stone base properties was important to good
service led to adoption of the sand equivalent test for aggregates. Although they were
not a part of the service þehavior study, observations made during the study contributed
to a¡r understanding of aggregate properties.

5. Specifications to require 95 percent relative compaction of aggregate bases were
introduced during the study, and again there was some influence from observation of
the test points. Previous specifications had been based on weight of roller and cover-
a.ges.

6. Evidence that even though the in-pLace stabilometer S vaLues were low there
was no problem with pavement stability led to several changes in mix design. One of
these was to increase the asphalt content to provide a more dense and more flexiþle
pavement. Control of the ratio of.L/qín. to No. L}:'/qin, to 0 (6.3 mm to 2'0 mm:
6.3 mm to 0) between 42.5 and 57.5 percent provides a relatively open gradation that
permits thick asphalt films without flushing. More fatigue-resistant pavements have
resulted.

7 . Emphasis in design has centered on control of air-void content and on the index
of retained strength on immersion-compression specimens since it was established
that stability is not a problem with normal gradation and crushing requirements.

8. The low densities and high air-void contents found so frequently in the 10-year
study influenced putting greater emphasis on construction control. Compaction require-
ments were changed, and a greater effort was placed on obtaining adequate compaction.
Data from the test points demonstrated a very rapid loss in penetration of the recovered
asphait in mixes having high air voids and a much less severe loss in mixes having lower
air voids. Mixes having the higher retained penetration exhibited better fatigue resis-
tance, as one would expect.

9. The drying of aggregates for asphalt concrete received additional attention as a
result of the eastern Oregon projects. Residual moisture in the aggregate caused the
mix to have the appearance and consistency associated with excess asphalt although it
actually had a low asphalt content. Although specifications limiting moisture to 0.5 per-
cent existed, more careful testing for compliance resulted from observing these proj-
ects.

The regression equations generally confirm relationships between variables known
to exist, but occasionally unexpected correlations appeared. Also, the order of impor-
tance and the nature of the effect sometimes differed from that anticipated. Further
study wiII be made of these equations to determine if other design changes are suggested
by them. For instance, the ratio of L/+in. to No. 10:% in' to 0 (6.3 mm to 2'0 mm:
6.3 mm to 0) in the asphalt concrete enters many equations and in a majority of cases
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the effect of increasing the ratio is to worsen the dependent va¡iable. This suggests
that the limits for the ratio may be higher than they should be, a possibility thái will
be investigated. Other things that indicate that improved performance may be ob-
tained by modifying proportions or procedures also will be investigated to continue
implementing the research results.

CONCLUSIONS

This systematic evaluation of pavement performance has provided a measure of the
interrelationships of variables over a long period of time. Frequently, this merely
confirmed known factors, but the study did show the relative imþortance of va¡ious
items. The study has had an influence on improvements in asphatt concrete design
and construction control, and, as a result, better service is expected from pavements
pLaced today.
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APPENDIX

REGRESSION EQUATIONS

The following tabulation provides linear regression equations for the concatenate
data from the 32 test points. Tc) conserve space the variables are represented by their
respective code numbers. The independent variables are listed in declining order with
regard to the contribution they make to the correlation. The property reprãsented by
a given code number is given in Table 4.

cd51 = 102.76 + 3.230 (year) + 3.551 (Cd55) _ 0.476 (cd54) +

Cd52 =

0.224 (cd99)

92.45 - L,542 (cd53) + 0.540 (year) + 0.825 (cd55) + 0.107

(cd99) + 0.088 (cd54)

cd53 = \6.48 - 0.714 (cð,52) + 0.048 (cdss)
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cd54 = -2.50s - 0.190 (cd99) + 0.39L

Cd55 = -5.453 + 0.L22 (cd52) - 0,0604

(cd52) + 1.L79 (Cd53) - 0.216 (year)

(year) - 0.0L42 (cd99) + 0.0704

i.t
I

\

:l

I

{'l
i

(cds3)

cd56 = -0.940 + 0.018L (cd99) + 0.0001-7 (cÃ77) + 0.00409 (cd55) + 0.oL26

(cd61) + 0.01"13 (cd70) + 0.0262 (cd98) - O.O422 (cd88) -
0.00082 (cd96)

cd57 = 1.331 - O.OL6 (cd6L) + O.O27L (cd97) + 0.00686 (Cd69) + O.OA4L7

(cd91) + 0.0048 (c.195) + 0.00108 (cd99) + 0.00037 (cd81) +

0.00107 (year)

c<158 = L.451 - 0.00L5 (cd62) + 0.0231 (cd98) + 0.0109 (cd70) - 0.0253

(cdss) - 0.4976 (cd94) + 0.00484 (cd96) + 0.00138 (cd99) +

0.00056 (cd8z)

cd59 = 0.943 - 0.0195 (cd63) + A.0279 (cd97) + 0.0L196 (cd71) + 0.00338

(cd9!.) + 0.0A467 (cd95) + 0.00118 (year)

cd60 = 2.565 + 0.0313 (cd98) - 0.0189 (cd64) + 0.00233 (cd84) - 0.0464

(cd88) - 0.2L93 (cd94)

cd61 = 69.853 - 0.6913 (cd69) + 0.0848 (cd73) + 18.382 (cd92) -

0.0579 (cdsl) - 0.00396 (cd77) - 0.0691 (cd91) - 0.0404

(cd99) - 0.1-394 (cd87)

Çd62 = 76.aaL - 0.7937 (cd7Ð) + 0.0709 (cd74) - 0.0978 (cd99) +

0.3438 (year) - 0.00/+71- (cd78) + 15.389 (cd94) + 0.0623

(cd66) - 0.4241 (Cd8B)

cd63 = 53.575 + 0.0951 (cd95) - o.s6vL (cd71) + 0.0793 (cd75) -

0.00698 (cd79) - 0.0278 (cd83) + L7.387 (Cd92) + 0.1.651

(year) - 0.1608 (Cd87)

cd64 = 59.008 + a,a627 (td76) - o.s7L2 (cd72) + 1s.981 (cd94) -

0.1-852 (cdgS) - 0.00436 (cd8O) + 0.1966 (year) - 0.1852

(cd93) - 0.2/¡99 (cd88)

!il
I
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cd65 = -167.356 + L.923 (cd69) + 0.2537 (cd97) + 0.L818 (cd99) -
0.607 (year) + b.00876 (cd77) + 0.4241 (Cd61) + 0.1_715 (cd91)-

1-r-.579 (cdg2)

cd66 = -88.893 + o.22L6 (cd99) + 1.0288 (cd70) + 0.0L49 (cd78) +

0.0943 (Cd93) + o,4J,44 (cd62) + 0.0497 (cd82) - 0.5s09 (cd98)

0.2951 (year)

cd67 = -130.913 + 1.668 (cd7l.) + 0.209 (cd97) + 0.00766 (cd79) -
0.3814 (year) - 18.131 (cd92) + o.2s26 (cd63) - 0.0211 (cd83)

cd68 = -1-30.s97 + 1.s19 (cd72) + 0.00908 (cd80) + 0.0939 (cd93) + 0.0262

(cd84) + 0.2456 (cd64) - 0.1004 (year) - 4.4ú (ca94)

cd69 = 93.2L3 + 0.LL22 (C.t6s) - 0.2019 (cd61) + 0.0397 (Cd99) -
0.1859 (cd97) - 0.00s9 (cd8l) + 5.391 (Cd92) - 0.0s37

(cd9s) + 0.00s3 (cd73)

Cd70 = L00.293 - 0.2769 (cd62) + 0.0891 (cd66) - 0.4456 (cd88) -
0.0177 (cd82) - 0.0796 (cd96) - 0.00152 (cd78) + 0.1080

(cd98) + 0.0r.s7 (cd99)

cd71 = 88.364 + 0.15s3 (cd67) - 0.2LL3 (cd63) - 0.1939 (cd97) +

0.0298 (cd75) + 1-0.9s7 (c.r92) + 0.0580 (year) - 0.0655

(cdgs) - 0.0475 (cd87)

cd72 = 91.358 + 0.L470 (cd68) - 0.0249 (cd64) + 0.0116 (cd76) +

0.0224 (cd93) + 3.089 (cd94) + 0.0386 (year) - 0.1-348

(cd88) - 0.000s1 (cd80)

cd73 = -L0.830 + 2.263 (cd6L) + 0.792 (cd65) + 0.0153 (cd77) -

43.779 (cd92) - L.2L2 (year) - o.L372 (cd81) + 0.188 (cd99) +

0.466 (cd69)

cd74 -- 45.019 - 7.216 (cd88) + r_.391 (cd62) + 0.698 (cd66) - 0.3L8

(Cd82) - 1.147 (year) + 55.008 (cd94) + 0.155 (cd99) - 0.432

(cdeB)
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.i cd75 = -L67.9L2 - 0.530 (cd67) + L.962 (Cd63) + 0.01-88 (cd79) -

0.693 (year) + 2.L75 (cd71) - 8L.476 (Cd92) + 0.562 (Cd95) +

0.522 (cd97)

cd76 = _34.80 _ 8.049 (cd88) + 1.592 (Cd64) + 0.765 (cd68) _

0.2L4 (cd84) - 0.s92 (yea¡) + 0.977 (cd72) - 1.109 (cd98) +

0.498 (cd96)

Cd77 = -226.942 + 23.8L9 (year) + 30.336 (cd97) + 5.441 (cd6s) -
3.278 (cd99) - L0.427 (cd61) - r_.s17 (cd8l) + e.s99 (cdgs) +

2.997 (cd97)

cd78 = LL9L.29 + 29.977 (year) + 31.328 (Cd98) + 10.280 (cd66) -
I

' 1l.9oz (cd62) - 27.99L (cd8g) - Lz.Bsz (cd70) + 363.78 (cd94) -

0.932 (cd82)

cd79 -93.26L + 19.804 (year) + 7.8O2 (Cd67) + 27.764 (cd97) -

L9.L79 (Cd63) + 667.L4 (Cd92) - 1.796 (Cd83) - 4.252 (cd87) +

0.981 (cdgl-)

cd80 = 187.80 + 24,945 (year) + 28.375 (Cd98) + 8.666 (cd68) -.:
'i

15.3s0 (cd64) - 2L.54L (cd88) - 1.432 (cd84) + 136.93 (cd94)'I
l

I cd81 = L52.9L - 3.475 (year) - 1.982 (cd61) - 0.939 (cd97) - 0.864
I

' . I (cd69)+0.s73(cds7)
I

cd82 = 99.635 - 3.244 (year) + 4.0sS (cdBB) +0.457 (cdgS) *

" 0.463 (cd62) - 0.792 (cdzo)

, cd83 = 48.447 - 3.148 (year) - 0.615 (cd63) + 0.537 (cd87)

'I
i autn = 0.02s8 + 0.00868 (cd56) - 0.00028 (cd54) - 0.00220 (cd88) +
I

I 0.00060 (cdss) + 0.0240 (cd94) - 0.00030 (cd61) + 0.00001
.l

r (cd77) - 0.ooo36 (year)
I

C¿gO = -5.359 + 0.196 (year) + 0.0622 (cd66) + 0.177 (cd53) +

0.659 (cd56) + 0.0751 (cd61) + 0.0260 (Cd99) + 3.027 (cd94) +

0.0094 (cd82)



I

I

I

1 to+

I cagz = 36.L42 - O.OO4ss (cd77) - 0.347 (Cd69) - 0.148 (vear) + 0.0279

(cd99) + 0.oL92 (cd6s) - 0.00s99 (cd8l)

cdg8 = 2.324 + 0.00627 (cd78) - 0.0823 (cd66) + 0.0153 (cd82) +

0.392 (cd88) - 0.119 (year) + 0.01-s9 (cd99)
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LABORATORY EVALUATION OF RHEOLOGICAL BEHAVIOR OF

AN ASPHALT CONCRETE CONTAINING AN SBR ELASTOMER

C. Verga, G. Battiato, and C. La Bella, SNAM PROGETTI, S.p,A., Milan, Italy

The subject of this paper isthe influence of synthetic ruþber fan elastomer
styrene-butadiene rubber (SBR)l ontherheological behavi.or of asphalt con-
crete. The viscoelastic functions ofa wearing course asphaltconcrete with
and without rubber have been evaluated with unconfined tensile creep tests
and tensile-compressive stress dynamic tests at various frequencies and
temperatures. Thetests were carriedoutwith an electrohydraulic system.
The results obtained in the creep tests were perfectly comparable to those
obtained in the dynamic tests, confirming the validity of the linear visco-
elastic approach. The addition ofruþþer to concrete increases stiffness at
high temperatures, long stress times (in creep tests), and low frequencies
(in dynamic tests). Moreover, a general improvement in the elastic char-
acteristics is found when phase angle between stress a¡rd deformation is
reduced. Rubber contriþution to asphalt concrete has also beenevaluated
in terms of fatigue behavior in a series of tests carried out in the labora-
tory under different loads.

oDURING recent years the increase in heavy traffic on Italian highways has necessi-
tated research into the rheological behavior of pavement materials, with particular
reference to the wearing course, both for the construction of new highways and the
reinforcement of existing ones. It seemed indispensable to direct the research toward
the improvement of asphalt concretes considering the effects of both aggregates and
asphalt cement. The Italian Nationat Hydrocarbons Authority (EÌ.II) research ].abora-
tories, responsible for the study of petroleum products, directed their work toward
the improvement of the elastic properties of asphalt concrete. The contriþution of
latex of SBR elastomers toward improving the elastieity, deformation resistance, and
fatigue life of asphalt concrete was investigated.

Ð(PERIMENTAL EQUIPMENT AND TEST METHODS

Research lyas camied out with an electrohydraulic system on specimens of wearing
course asphalt concrete, which were subjected to static and dynamic tests at tempera-
tures of 32 F (0 C) a¡rd 68 F (20 C) (1).

Static tests under unconfined axiaÏ tensile stress were carried out to define creep
compliance for times from 10-1 to 103 sec. Stress was 1.5 bar at 32 F (0 C) and 0.3
bar at 68 F (20 C). Dynamic tests urder tensile and compressive stress (a short period
of tensile stress followed by one of compression) on specimens of the same kind to
evaluate the complex modulus at frequencies of 0.03, 0.3, 3, and 30 Hz at the same
temperatures were carried out. Stress levels were selected to remain in the field of
linear visc oelasticity.

The last investigation vras the definition of fatigue behavior of the concrete under
examination. Tests were carried out only at 68 F (20 C) by applying to the specimens
a sinusoidal ærial stress (tensile amplitude equal to compressive) at a frequency of
I0 Hz.

Publication of this paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.
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The enperimental equipment included a MTS servo-controlled electrohydraulic
testing machine by which dynamic stress functions were imposed and which could
be programmed to different frequencies (Fig, 1). The specimens were lodged in a
thermostatic cell with an aßcuracy of *1 F (+0.5 C); the temperature was checked by
2 thermoresistors, one free in tåe environment and the ottrer immersed in a reference
specimen. Ærial strains were measured by 2 strain gauges cemented at the middle of
tåe specimen on diametrically opposed sides and inserted in a Wheatstone bridge cir-
cuit, which included 2 strain gauges belonging to the unstressed reference specimen
used to compensate for temperature effects, A carrier frequency amplifier and a
photographic galvanometer recorder were used for strain output measurement. The
phase angle between stress and strain was directly measured by a frequency response
analyzer.

COMPOSITION AI.ID PREPARATION OF TEST SPECIMENS

Figure 2 shows the gradations of aggregates and the volume characteristics of the
concrete mix used.

The enperimental tests were carried out on cylindrical specimens (ø = 6 cm; h = 12
cm) compacted into molds of the required bulk density by applying at the same time the
necessary load at 2 ends of tlte cylindrical molds by 2 opposed and free plungers.

The concrete was obtained from totally crushed stones composed according to spec-
ifications for the building of national highways from an 80-100 penetration grade asphalt
produced by the Italian National Petroleum Agency (AGIP) and optimized in concentration
by the Marshall method (ASTM D 15õ9-71). Both pure asphalt and that wittr 5 percent
SBR latex (produced by ANIC of tl¡e ENI Group) added in dry weight were used for the
production of concrete. This was carried out with mechanical mixers under strict
temperafure checks. fire preparation of the specimens was carried out with systems
that guaranteed the best uniformity of the bulk densities and tlre best repeatability.

For fatigue-test specimens, the same concrete was used, but the specimens were
plarured differently, because the creation of a weaker section where failure could occur
was necessary. They were therefore produced in the shape and size shown in Figure 3

by using the above-mentioned methods. The concrete was compacted into molds tlrat
consisted of 2 specular parts firmly bound together that were easily separable after
compaction.

Before testing, all the specimens were left for 3 weeks at room temperature to allow
a suitable weathering of the concrete. They were then capped wittr steel caps as shown
in Figure 4.

CREEP AÀID DYNAMIC TESTS

In Figure 5 the experimental creep compliance fu¡¡ction is shown at 68 F (20 C) for
concretes with a¡d without rubber. The creep compliance reported on double log scale
as shown in Figure 6 can be represented by the function

J(t)=4+Jute (1)

which fits the experiment¿l data well for times up to 103 sec at 32 F (0 C) and up to
30 sec at 68 F (20 C) (?). J" and o axe practically temperature independent. J" is the
elastic component of th? creep compliance (1/J" represents the upper limit of the
absolute value of the complex modulus at low temperatures); its value was determined
experimentally during the tests at 0 C. The values of J", d, and Ju obtained at 20 C
are as follows:

Specimen q-
Concrete with rubber 5.5 x 10-6 bar-r ?.8 x 10-5 bar-r x sec-a 0.32
Concrete without rubber 5.0 x 10-6 bar-r 12.7 x 10-5 bar-r x sec-d 0.37

Concrete with rubber shows less tendency to strain during prolonged stress periods.
Its resistance to permanent strain can therefore be seen.

J*
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Figure 1. General view of the experimental apparatus.

Figure 2, Asphalt concrete characteristics'

 GNEG TE GNADII'.G CURYE

to

20
q
I
z30¡
ÞI
3

40,
z
I
0so!
I

60:
F
o

70

80

9()

90

8()

o

trro,
I

60
ts
z
T

8soI
I

¿40
F
o
F

30

20

to

¡IEY¡ ¡UM'¡I

¡I-VE æ¡¡I¡G

o_t8 2 5 lO t5 20 T)40 7l
r l I I I I t ll I I lll
r z ¡ s a lo 15 8 .1050 70 l--

0.06 0.t 02 (l3 O.¡l 05 t 2 3 ¡ls6 8þ Ñ 3 4O5O?Ol--

coxciEfE
cHlR^ctEttslÉ3

BULÍ
EXSttY

2aa2 eÞ^t
YOTOS

a.a

SIABILITY
r!@ K.

a,ß



108

Figure 3. Dimensional view of specimen used in
fat¡gue tests,
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Figure 5. Creep compliance. experimental values at 20 C.

Figure 4. View of spec¡men used in creep and
dynam¡c tests.
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Figure 6. Creep compliance, experimental values at 0 and 20 C'

Figure.7, Absol.ute value of complex modulus, calculated from
cr,eep compliance,
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Based on the linear viscoelastic theory, an analytical expression of complex modulus
from Eq. 1 ca¡r be obtained (3). The relationships of phase angle and absolute value of
the complex modulus to the fÏequency calculated by creep compliance are shown in
Figures 7 and I respectively. These values can be correlated to those measured di-
rectly with dynamic tensile-compressive tests at the same temperatures and in a fre-
quency range from 3 x 10-2 to 30 Hz.

The experimental values of E and p are shown in Figures 9 and 10. The good cor-
relation confirms the validity of the phenomenological approach.

In terms of stiffness, rubber proved to þe essential with increase of temperature
and reduction of frequency in dynamic testing.

FATIGUE TESTS_GENERAL CONSIDERATIONS

The fatigue behavior of the asphalt concrete was the subject of various laboratory
studies with stress or strain imposed, which often produced contradictory results (4,5).
Analysis of the fatigue phenomena of asphalt concrete under real traffic conditions - -
shows that fatigue behavior with strain imposed is correlated to the phenomena to
which the intermediate layers of flexible pavement were subjected because these layers
have to follow the subbase strains. Otherwise, wearing course fatigue behavior is
better representable in the laboratory through stress tests (6). It was decided to carry
out dynamic tensile-compressive tests with constant stress ãmplitude until failure with-
out intermediate rest periods.

This program justified the need both to observe the behavior of an asphalt wearing
course and to evaluate the rubber contribution.

RESULTS

As is well-known, fatigue behavior studies in asphalt concrete are made difficult by
considerable data dispersion. The statistical interpretation of these phenomena was
done by the law of normal distribution of the failure cycle logarithm, L¡r our case, the
sta¡rdard deviation of this distribution varied from a minimum of * log 1.3 to a maximum
of + log 1.7 (15 specimens were used for each type of concrete and level of stress
applied).

The axial strain versus time encountered during a fatigue test is shown in Figure 11.
The specimen failure was observed to occur generally when the strain became twice
the initial one. In the case of a concrete with rubber added, a failure strain was obser-
ved at about 3 times the initial value.

This behavior is consistent with the best ductility characteristics of asphalt cement
at 68 F (20 C). The curve of the failure cycle numbers is shown in Figure 12 (mea¡r
values of tog N) with respect to the stress applied, *o" (tensile stress is indicated by
+, and compressive stress by -). The experiment¿l data were comelated with the func-
tion

logl.¡=alogo.+É (2)

where the a and B values were calculated with a Linear regression. As .shown in Fig-
ure 12, the elastomer contribution is clear, especially for the lowest values of applied
stress. Compared with nonrubberized concrete, there was an increase in life from 2 to
5 times in the stress rarige considered.

The failure cycles and the initiat strain values are given in Table 1 together with cor-
relation results and strain standard deviations. The a value varied from -4.5 for the
concrete without rubber to -6.0 for the concrete with rubber. This is in accordance
with the fact that the angular factor e is generally greater (in absolute value) for stiffer
concretes (2).

In Figure 13 failure cycles are shown with the mean values of initial strains obtained
at 3 stress levels where e" represents the peak amptitude of the dynamic strain. The
behavior of log N witå respect to log €o c¿rn be represented in this case by a relation
analogous to Eq. 2
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Figure 9. Absolute value of complex modulus,
experimental valuee
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Figure 12. Tensíon compression
fatigue test, failure cycle number
versus stress applied.

Table 1. Results of fatigue tests
of sinusoidal stress of constant
ampl¡tude.

Figure 13, Tension compression
fat¡gue test, failure cycle number
versus in¡tial st¡a¡n.
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logN=a1og6"+y (3)

The best fatigue behavior observed in the rubberized concrete seemed to be a con-
sequence of its greater stifiness. The curves in Figure 13 (log N versus log 6.) show
in fact that the initial strain is the parameter that principally affects the number of
failure cyeles; the 2 curves differentiate in their sÍope, intersecting at €o - 2,5 cm/cm
x 10-a. Ttris may partially explain the apparent contradiction þetween the results ob-
tained in the fatiguè tests with apptied strain and stress. For the latter, a better be-
havior for the stiffer concrete was found particularly in a limited field of values of
applied stress; in the constant strain tests, a longer life for those with a lower modulus
was generally noted.

For the high initial strains, the faster the fatigue process, the higher the modulus
of the material was according to the hypothesis that the length of cracks appearing in
material increases in time proportionally to oa.

CONCLUSIONS

The laboratory tests showed the vatidity of employing a laten of SBR because
of tlte mechanical characteristics observed, in terms of both deformation resistance
and fatigue behavior.

This improved performance is assuming particular importance in Italy because of
the continuous increase of heavy traffic and loads over 10 tons/a:rle.
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METHODS FOR PREDICTING MODULI AND FATIGUE LAWS
OF BITUMINOUS ROAD MIXES UNDER REPEATED BENDING
Louis Francken and Jean verstraeten, centre de Recherches Routieres, Belgium

The use of mod.ern pavement design methods to prevent cracking necessi-tates, among other things, determining the moãu[ and fatiguõ raws in
bending of the bituminous road mixes (base courses and *"""iþ"ã,r;""J:
These determinations are now possible, but they involvè sophislicated ex-periments that are not well adapted to'practicai purposes. The objectiveof this paper is to present an originai contribution to the prediciion ofmoduli and fatigue laws in sinusoidal bending (controlled strãss tests) óibituminous mixes. The results obtained u,Íth; hrge variety of mixes hav-ing different bitumenr. composition, and size dÍstrlbufion of the aggregates
show that this prediction iequires only the knowledge of the volumetric
composition of the mix- (aggregate volume content, bifuImen volume content,
and void content) and the knowledge of some characteristics of the bitumeá
used-(asphaltene content and penelratiod. on th" ;;#;f the experimentalrezults obtained, general formulas are presented to permit the prediction
of the moduli and the fatigue Law of a mix. Practicai criteria fôr the se-
lection of the bitumen are also proposed.

twgR{ on -predicting moduli and fatigue laws of bituminous road mixes (under re-peated ?ending/ is part of a more general research project on pavement design in pro-gress at Belgium's Centre de Recherches Routiêres^. itris pró;ect covers aeîign ãri-teria, vehicles and traffic, multilayer theoryr- mechanical properties of road niaterials,influence of climatic effects, and experimental roads (1).

MIXES AND BITUMEN
The particulars of the mixes investigated are given in Tâble 1. Mixes cut out of ex-perimental roads are designated rvith an """ (4 gL The other mixes were manufacturedin the-laboralgry by static compaction. The m-á"F.mum size of ih" 

"o"""" "eg"ãgã|g;varied from 12 mm to 32 mm. . The sand, which varied from 74 ¡tm to 2 mñ] *ä" imixture of natural sands elcept for the mixes.plr to p6r, p20 to p2B, and s12 to s19r,
where it was a mixture of /3 natural sand and /3 crushed sand. Tlr. fih;; i¿74 i;i-was a limestone filler except for mixes Pl 5, P16, and 017 where it was a mixture ofIimesto¡e and clay; limestone and chalk; and timestone, ctay, ãnd chalk 

"u"pu"tiuuty.The letter symbol under weight percentage of a mix 
"efe"s 

tõ tne una of stones in themrx (P = porphyry, G = rounded gravel, s = hard sandstone, L = limestone, and pv 
=Voutre porphyry).

The characteristics of the bitumen used are given in Tâbte 2. The meanings of thesvmbols are as fotlows: penetration at25 c/toó s/5 s = nén; 
-oftening pointîin!-;d

ball-=,Tre; penetrationìndex = IP; asphaltene contént defined ás the puicä"tugu oíthã-insoluble phase of the bitumen in normal heptane at the ambient temþeratu rö = el
specific. gravity = yl; (O log ped/(A tog t) = ãerivative B; viscosity it ZS C for toishear stresses = ?oi and the ratio betùeen viscosities aí Zs C for low and high shearstresses = n,/n-.

Publication of this paper sponsored by Committee on Mechanical Properties of Bituminous paving Mixtures.
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Table 1. Particulars of the mixes. fable 2. Characteristics of the bitumen.

Weight Percentages Type of
Bitumen n" x lo-s N/m' n./n-Volume Percentages

Voids Aggregates Bitumen Bitumerf

TPTm

0.9
9.?

Mix
Stones Sæd Filler
(P) (s) (F)

Bitumen
(L) L 80 107

D80 83
H50 39
880 81
E50 42
sG 80 83
sK 80 81
E80 ?9
sK 50 49
LA 80 70
H 50' 33
B 80' 74
E 50' 29
sc 80' 114
sK 80' '16
E 80' 39

sK 50' 43
LA 80' 76
T1 50-70 60
'r2 50-'.t0 64
T3 50-?0 57
T1 80-100 84
T2 80-100 80
T3 80-100 92
DT 40 46
DT 80 93
DT 180 208
DU 40 42
DU 60 57
DU 80 97
HN 80 ?3

45.6 -2.04
46.6 -1.00
60.1 +0.89
49.1 -0.31
55.1 -0.02
46.4 -0.23
48.4 -0.18
49.7 -0.61
55.? +0.?5

:' ..
50.0 -0.49
53.5 +0.31
55.5 +1.01
 '.t .0 - 1.07
49.0 -0.23
49.0 +O.27
57.9 +0.40
48.5 +0.03
3?.3 -L.rz
59.0 +2.01
54.5 +0.42
47.5 -0.13
48.5 -0.48

0.99 5
1.031

29.3 1.046
22.4 1.033
24.7 1.028
16.4 1.020
19.8 t.022
23.4 1.021
23.4 1.025
25.4 1.056
32.9 1.056
26.7 1.054
29.2 1.044
18.6 1.025
23.7 1.033
2',1 .4 1.040
27.9 1.040
27,2 1.056
74.7 1.038
25.8 1.028
27.9 1.030
15.3 1.032
22.8 1.02'.t
26.4 t.027
24.3 1.028
18.0 t.o24
12.',t 1.019
24.7 1.028
22-9 1.023
19.6 1.029
L8.2 1.032

0.495 0.56
0.4?1 0.79
0.312 30.0
0.404 t.57
0.345 74.40
0.440 1.10
0.384 7.46
0.429 1.86
0.332 2.32
0.386 2.20

- ?0.40

- 3.41

- 54.10

- 1.37

- 2.'.19

- 25.30

- 21.00

- 2.42
0.438 2.56
0.360 6.76
0.336 5.46
0.458 2.37
0.400 2.91
0.40? 2.99
0.31? 5.65

- 0.?3
0.500 0.27
0.321 22.30
0.349 4.46
0.429 0.93
0.400

I.Jó

1.36
7.50
2.28
4.74
7.72
l.'11
2.',l0
4.48
2.00
8.66
2.34
4.92
2.40
2.0't
4.36
4.43
1.79
1.20
3.30
4.',to
2.40
1.80
3.40
2.60
2.00
1.30
7.20
2.90
1.80

P0 58
Plr 53.8
P2r 53.8
P3r 53.8
P4r 53.8
Pãr 53.8
P6¡ 53.8
P? 58
P8 80
P9 58
P10 80
Pl1 50
P12 55
P13 ã5
P14 55
P15 55
P16 5ã
Pl? 55
P18 35
P19 55
P20 55
P27 65
P22 80
P23 55
P24 55
P25 53
P26 55
Pz',t 53
P28 ã6
L1 55
L2 55
L3 55
G1 55
s1 55
s2 55
s3 55
s4 55
s5 55
s6 55
s? 55
s8 55
s9 55
s10 35
sll 55
S12r 55
S13¡ 55
S14¡ 55
S15r 55
3161 55
S17r 55
S18r 55
S19r 55

4.8 82.3
3.5 83.2
3.5 83.5
3.5 83.5
J.C öó.¡
3.5 83.9
ó.Ð öó,o
4.9 82.5

12.5 77.4
4.7 82.6

t4.2 ?6.8
3.9 81.?
6.2 80.3
6.1 80.9
4.7 82.3
3.5 83.3
4.9 82.L
3.7 83.2
6.9 76.9
4.8 82.6
5.3 81.5
6.3 80.2

70.2 ?6.9
4.4 82.0
8.3 81.0
8.7 8t.2
6.9 81.5
8.1 80.8
5 82.5
6.1 80.8
6.2 80.7
6.2 80.8
5.1 82.3
5.1 81.3
5.5 81.4
5.7 81.3
6.6 80.4
6.6 80.4
6 80.8
6.4 80.5
6.8 80.1
5.1 81.6
7.3 76.7
6.1 80.8
2.7 83.9
1.9 84.5
t.7 84.9
1.8 84.9
1.9 84.1
2 84.4
2.4 84.4
2.7 84.4

35 7 5.8
36.2 10 6.1
36.2 10 5.9
36.2 10 6
36.2 10 5.8
36.2 10 5.1
36.2 10 5.9
35 7 5.8
18 2 4.9
35 7 5.8
18 2 4.4
40 10 6.',1

3',t.7 7.3 6.2
37.7 7.3 6.2
3696
36 7+2 6
36 8.5+ 0.5 6
36 6.5+2+0.5 6
52.8 12.2 I
36 I 5.8
38 7 6.1
35 - 6.4
18 2 6.25
3? I 6.3
36.4 8.6 5

38.4 8.6 4.'.t5
36.4 8.6 5.4
38.4 8.6 5.2
3',t I 5.6
37.7 7.3 6.2
37.1 7.3 6.2
37.7 ?.3 6.2
B7 I 5.8
37.7 ',t.3 6.2
3?.7 7.3 6.2
31.1 7.3 6.2
31 .',| 7.3 6.2
37.7 7.3 6.2
37.7 7.3 6.2
37.7 ?.3 6.2
3'.t.1 7.3 6.2
37.',t 7 .3 6.2
62.8 12.2 I
37 -7 7.3 6.2
37.7 ?.3 6.2
37.7 ?.3 6.2
}',t.'t 7.3 6.2
s',t .7 7.3 6.2
31.1 7.3 6.2
37.7 7 .3 6.2
37.7 ?.3 6.2
37.7 7.3 6.2

12.9
13.3
13.0
13.0
12.8
12,6
t2.9
12.6
10.1
72.7
I

14.3
13.5
13.1
13
13.2
13
13.1
16.2
t2.6
t3.2
13.5
12.9
13.?
10.?
10.1
11.6
1 1.1
72.5
13.1
13.1
13.0
12.6
13.6
13.1
1 3.0
13.0
13.0
t3.2
13.1
13.1
13.3
16.0
13.1
1 3.4
13.6
13.4
13.3
13.4
13.6
13.2
13.5

DU 60
T3 50-?0
T2 50-?0
T1 50-?0
T3 80-100
T2 80-100
T1 80-100
DT 40
DT 180
DT 180
DT 80
DU 80
L80
D80
DU 60
DU 60
DU 60
DU 60
DU 40
DU 60
DU 60
DU 40
DU 60
HN 80
DU 60
DU 60
DU 60
DU 60
DT 80
DU 40
DU 80
D80
DT 80
L80
D80
H50
880
E50
sG 80
sK 80
880
sK 50
DU 40
LA 80
sK 80
sK 50
LA 80
H50
E50
sG 80
880
E80

ôB¡lumen recovered from cores cut oot of weârin9 couræ.

'From Table 2
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EXPERIMENTAL CONDITTONS

'The tests were performed on specimens having trapezoidal shapes (bases were g cm
and 3 cm; height was 35 cm; thickness was 3 cm) that were fixed a:t ttreir larger base
and detached at the other base in sinusoidal bending (controlled stress tests).

Frequencies ranged from 3 to 100 Hz; temperatures ranged from -20 to +80 c.
Moduli were determined for a stress level such that fatigue failure would not occur
for fewer than 10 

7 repetitioqs. In fatigue tests, the ttr*"be" of cycles (rt) ¡"to"e taiture
varied between 5.10" ahd 10o.

Manufacture of the specimens and the description of the equipment are presented in
a detailed research report (4).

METHOD FOR PREDICTING STIFFNESS MODT]LI
Experimental Results

Table 3 identifies the moduli that have been determined on 52 of the mixes siven
in Table 1. Each mix is characterized by the stiffness modulus, lrx l, and th"e loss
tangent, tg g, both of which are functions of temperafure, T, and ireqúency, f :

lnxl = JEÆ
tg ç = Er/n'

where

El = storage modulus and
Ea = loss modulus.

_. Ttre v_alues.of Er, Ee, le*1, and.tgg were determined for b frequencies (3, 10, 80,
54,. and 97 llz) and 4 temperatures (-zo, -5, +1b, and +80 c). Tt¡e numerical values
of lPll__and tg p-obtained for the 52 mixes given in Table 3 are for 3 frequencie"lã,-¡0,
and 97 Hù and the 4 temperatures mentioned. The interpretation of theJe values côn-
firmed previously obtained results:

1:. ft".1e*l moauu of bituminous mixes obey the frequency-temperafure super-
position pr.inciple-for every temperature, T, a factor dT can be found, such tha:t
the curve (ln*l versus o¡r xf) at lemperature T coincides with ttre curíe (n*t-vàrsus t)
at a chosen reference temperature T.. Ttre shifting factor g is given by an equation of
the A¡rhenius form

T and T" are in kelvins, R is the.universal gas constant, and AH (apparent activation
glgrc.y) is practically a constant (5). tr'or aIl the mixes invesugateäÏere, AH - 2.09 x
10"/mol and T" = 288 K (tS C).

2. The complex moduli E*(iûJ) = Er r iEz can be written as the analytical formula-
tio¡ of a rheological model made of springs with 2 so-called parabolic óells (i.e., cells
with a power-law creep functiod.

dr = €4P +s(+ +) (1)

E*(iûr)/n. = L/lL + o(ic,rr)-k + (ior)-ol (x)

where

E- - purely elastic modulus characterizing the mix at very low temperatures
or at very high frequencies or both,

o = angular frequency,
r = parameter with the dimensions of a time, and

hrk, and ô = empiricat factors (6).

The values of h, k, ô, and E. obtained for the 52 mixes are given in Tâble 4.

Q)



Table 3. Numerical values of lE* | and tg ip.

3Hz 30 Hz 97 Hz

30c 15C -5C -20c 30c 15C _bC _20C 30C 15C -5C -20c

lE-f ts d El' te .e' Ef' t- r" ET ts,r" E-t ts d El' ,r tJ El' ,- d El' ,- d Þ-f ts d E-l' ,- d l¡fltg,o lE*f ts eo

P0 13 55
P1r 11 '18
P2t 8.3 83
P3¡ 10 128
P4r 5.8 82
P5r 6.8 88
PGr 9.6 128
P7 72 78
P8 3.8" 111'
P9 4.3" 106"
P10 5.2 80
Pll 4.8 88
Ptz 7 110
P13 6.5 104
Pt4 10 ?1
P15 19 109
P16 9 68
P1? 74 73
P18 8 59
P19 22 51
P20 11 69
P27 74 60
P22 8.1 75
P23 10 97
P24 11 78
P25 10 ',t2

P26 10 69
P27 10 '.tl
P28 10 ',t7

Ll 15 6',7

L2410
L3 9-2 100
G1 5.',1 85
s1 6.6 141
s2 8.6 111
s3 19 69
s4 10 82
s5 22 51
s6 7.7 91
s? ?.1 86
s8 13 63
s9 14 61
s10 8.3 54
sl1 I 83
S12r 7 89
S13r 27 62
S14r 12 74
S15r 30 54
5161 36 51
S1?r 9 102
S18¡ 11 92
S19¡ 20 62

181 t2
165 13
174 15
245 I
162 19
180 15
217 I
190 13
tz't 20
13? 22
118 15
149 19
203 6
182 I
t79 t4
18? 18
t'tz t7
185 16
126 16
t75 9
151 13
151 t2
tz't 15
190 14
140 74
153 16
151 14
144 L4
183 L4
156 72
130 19
194 I
742 L7
227 I
206 I
18? 11
170 10
1?5 I
166 72
141 t2
164 I
160 11
t25 15
757 15
168 L4
196 10
192 13
219 I
236 I
206 I
199 13
222 10

227 I 283
202 I 273
275 10 289
280 5 331
206 11 297
221 10 29t
250 5 303
22',1 I 2A7
163 13 223
181 13 264
747 11 199
190 13 265
226 6 264
205 5 248
210 I 274
228 13 295
208 11 277
224 11 287
156 72 223
198 I 239
185 I 249
784 I 24',1

160 10 212
225 I 286
772 9.5 227
186 12 230
184 10 246
77'.t I 239
226 10 275
184 I 230
168 13 229
220 5 252
176 11 250
248 5 315
230 5 277
2t2 9 268
200 I 256
19? I 238
196 I 261
172 10 230
792 7 245
188 I 245
155 9 211
190 11 250
203 10 277
233 7 296
230 I 300
253 6 308
265 5 318
250 8 322
236 8 300
254 ',t 314

119 24 246
109 26 222
110 30 238
t77 25 300
98 36 232

114 31 243
153 22 266
119 2',t 245
65 48 181

76 48 203
12 33 162
84 37 220

t46 19 238
L7'.t 22 2t9
r72 28 233
133 30 257
105 28 22'.1

725 27 245
?6 25 1?5

t24 16 209
103 26 209
101 24 207
?8 30 176

120 30 245
94 30 18?
97 29 204
98 28 203
9? 28 195

110 26 253
10? 2t 203
74 33 188

135 2t 231
89 34 197

156 22 264
t44 24 245
138 22 23r
115 23 216
t24 16 209
109 24 271
8? 31 189

110 20 205
106 20 202
81 24 168

100 30 208
106 31 226
747 19 255
135 25 254
t62 t7 2'.15
777 74 285
140 29 274
134 25 258
159 18 275

41
47
47
45
ao
28
aó
29

53
56
44
59
4t

41
30
36
36
65

81
87
49
49
65

J

2
<1

3

3
4
4

33 51 92 29
27 66 8? 32
23 '.17 83 36
40 93 144 32
t7 78 ',t2 40
2t 82 87 37
36 84 t25 28
32 64 96 31
14" 101" 46 60
16" 99" 52 59
15 '.t3 55 39
15 81 63 45
28 98 rzt 2'.1

24 90 93 33
26 70 88 3'.1

35 80 105 43
24 '.í 81 3?
31 '.t1 98 36
19 65 61 35
44 44 108 20
2't 62 ?9 32
31 53 80 30
27 62 61 3?
32 78 95 35
z'.t 62 76 33
z'.t 65 ?6 33
27 63 ?8 33
27 63 ?5 34
28 69 85 35
32 56 8? 27
11 93 55 49
31 85 109 32
L7 80 66 41
29 t77 728 30
33 97 119 30
40 52 107 25
28 ?3 93 32
44 46 10? 20
24 ?8 8? 3?
18 73 70 36
29 56 91 26
32 56 86 27
20 61 66 31
24 81 81 40
2t 77 80 37
45 48 721 23
33 65 107 29
60 42 138 19
66 37 153 16
30 85 111 36
30 77 106 31
46 51 133 22

4
6
7
3
,7

5
J

6
6
,|

5
6
2
2
6
I
I
6

10
4
4
5
7
4
7
7
6
6
5

5
6
2
7
J

4
4
5

6
6
6
5
5

4
4

<1

5
6

246
262
311

266
283
261
202
240
183
236
252
236
248
269
255
263
204
224
226
222
187
265
203
207
22t
27'.1

248
2t4
209
2t9
234
300
258

224

210

227
190
237
248
267
275
285
298
295
27't
290

53 39
50 42
45 51
92 56
36 55
46 57
70 48
56 45
77 81
20 86

29 62
7L 46
49 53
48 45
66 56
43 52
56 45
35 4L
76 23
44 45

33 51
49 56
42 48
42 48
43 47
47 50
45 50
56 38
26 56
64 51

76 57
70 51
I ó JJ

56 44
?6 23
47 53
37 46
58 32
54 34

45 54
43 50
82 30
63 42
97 26

115 22
58 57
61 46
91 29

3
4
J

1

5
2

4

J

4
1

1

3
5
4
5

7

3

2

50
42
óð
þþ
31

61
48
26'

26

ÐJ

45
42
53
39
48
30
59
42
45

4t

44

oó
69
65
74

äb

7L'
60
61
58
54

63
52
58
45

51
44
61
68
61
58
62
58

42
42

'12

75
48

45
47

45
OJ
66

6 298 <1

82873
93031

_ JJJ

10 30? 3
83052
4 312 <1

83012
10 233 2

10 277 2

92082
92783
22701
3 255 <1

82823
83152
82902
83003
82242
5 239 <1

62671
7 26'.t 2

92254
't 298 0
92284
9.6 242 4
82532
82492
62951
52381
ó ¿õt ¿

3 260 <1

92592
J Jf ¡ D

3 280 <1

6 276 <1

5 262 <1

5 239 <1

52611
7 239 <1

4 253 <1

4 250 <1

92175
72552
82923
63134
73142
5 326 <1

5 335 <1

63362
?31ã1
5 329 <1

4l
56
36
óJ

72
62
43

ô lE*l x 10.8 ¡n N/m2. btgpx 102 ¡n N/m2, cTemperature= 25 C.
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In view of these 2 conclusions,

lr*l =E-xlR*ßR)l

where

¡n*(tr) I = a reduced modulus varying between 0 and 1 and
fn = â reduced frequency equal to eT x f.

Relation Between E. and Mix Composition

On the basis of the numerical values of E- as given in Tbble 4 for the 52 mixes and
for.20 other mixes investigated by Van der Poel (7), Bazin and Saunier (8), Harlin and
Ugé (personal communicatlon), an¿ Huet (O), it was'possibte to estab[sh-lirat E- depends
only on the composition of the mix and is frven by

s-(N/m') = 1.436 x 1010 x R0'55 x e4p (-s.a+ x 10-2 x v) (¿)

where

n = V¡/Vu, the ratio between the aggregates percentage volume (V^) an¿ the bitumen
percentage volume (VJ (range of variation for the 72 mixes: 0.12 to 12) and

v = void contents (range of variátion for the ?2 mixes: 1.5 to 32 percent).

Figure 1 shows t}le comparison between the observed values of E- and the values
calculated on the basis of Eq. 4.

Relation Between lR*(fn) I and Bitumen Characteristics

lfie analysis of the numerical values ot lnx(tr) | = | f x 
| ,/8. gives rise to the conclu-

sion that ln*(f*) | is dependent only on the bitumen characteristics Pen, B, or d.
Fitting a satisfactory formula on the basis of the empirical correlation to predict Rx

from f¡ could only be achieved piecemeal. The best formulas derived for 3 ranges of
values of fn are shown in Figure 2. A complete derivation of these formulas is pre-
sented in a detaited research report (9).

Predicting lE* I

On the basis of the results presented by the Federal Highway Administration (1),
Huet (X), and Verstraeten (4) ánd those in Figure 2, lE* l, for different temperafires
and frequencies, can be predicted solely by knowledge of the volumetric composÍtion of
the mix (V^, V,-, and v) and the characteristics of the bitumen (Pen, B, or a). A com-
puter program has been wrÍtten to facilitate use of the formulas. Figure 3 shows the
rezult of the comparison between the measured values and the calculated values of I nx I

for mix P17.
Ihowledge of lf * | is sufficient to apply pavement design methods based on the theory

of elasticity (multilayer theory). For methods based on the theory of viscoelasticity,
knowledge of the storage moduli (nr) and t}re loss moduli (Ez) would be necessary. A
method for predicting these moduli based on Eq. 2 is presented in detail in a research
report (9).

METTTOD FOR PREDICTING FATIGUE LAWS

Elperimental Results

Table 5 identifies fatigue laws for 42 of.the mixes that were givenin Table 1. The
results presented here complement the precise results presented by Verstraeten (5).

For the mixes investigated, the fatigue law in sinusoidal bending may be written-

(3)

where

o/16,*l =8,(¡¡)=KxN-' (5)
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Table 4. Nun¡erical values of k, h, o, and E-,

E- x lo-3 N/m'¿

Figure 1. Comparison of observed and calculated
values of E-.

Figure 2, Formulas for predicting lR*tfn)1.

P0 0.182 0.480
Plr 0.146 0.493
P2r 0.186 0.511
P3r 0.184 0.6?ã
P4r 0.180 0.501
P5¡ 0.193 0,5?6
P6r 0.183 0.665
P7 0.182 0.512
P8 0.223 0.621p9 0.205 0.598
P10 0.200 0.510
Pll 0.19? 0.532
P12 0.238 0.666
P13 0.16? 0.58?
P14 0.186 0.495
P15 0.212 0.633
P16 0.185 0.495
Pl? 0.193 0.546
P18 0.141 0.446
P19 0.205 0.525
P20 0.165 0.463
P21 0.152 0.419
P22 0.161 0.471
P23 0.200 0.580
P24 0.148 0.480
P25 0.225 0.545
P26 0.184 0.4'.t7
P27 0.151 0.467
P28 0.203 0.ã36
L1 0.1?8 0.485
L2 0.215 0.516
L3 0.208 0.612
cl 0.1?? 0.513
s1 0.103 0.681
s2 0.191 0.669
s3 0.180 0.475
s4 0.154 0.624
s5 0.193 0.497
s6 0.116 0.519
s? 0.1?8 0.528
s8 0.145 0.440
s9 0.15? 0.461
s10 0.133 0.410
s11 0.1?9 0.538
S12¡ 0.164 0.525
S13r 0.10? 0.415
S14r 0.159 0.48?
S15r 0.744 0.414
5161 0.130 0.383
51?¡ 0.772 0.582
S18r 0.195 0.5?1
Sl9r 0.74'1 0.444

1.91
7.74
1.?5
1.58
1.69
1.?6
1.81
1.88
1.9 5

1.78
7.72
2.tt
2.78
1.34
1.59
1.61
2.07
1.88
2.16
2.65
1.ã4
L.42
1.69
1.60
1.31
2.41
1.5?
1.38
2.23
1.84
2.65
1.37
1.55
1.78
1.52
1.60
1.42
2.86
1.36
1.81
1.43
L.72
1.62
1.52
1.65
1.46
1.46
1.?8
1.39
1.35
1.93
7.62

303.1
325.6
320.2
351.8
338.9
319.3
309.6
325.5
246.3
294.9
219.2
303.?
264.7
253.8
300.4
334.?
314.1
331.5
290.0
298.1
272.6
269.7
253.9
298.7
275.6
267.4
267.6
277.8
303.4
262.3
250.0
258.1
284.0
335.6
2',15.5
294.4
273.6
257.6
309.2
247.7
261.0
262.2
255.7
2 89.9
322.6
365.5
342.9
343.0
3 58.6
336.5
325.0
350.1

t
\.

'i

i

Rt = RÈ{ T= 25.c
PED

H = -9.2?x l0-2.

P = õ.28 x I0-2 *.

d = asphaltênê contant

t=.¿secl:6.55 x Pen

l.352xB = -58-3x l0-¿xc2

.2¡9 x B = .172-1.86 x l0-5x ú2

B =(d loE penl/ld lo9 t )

x calc.
o ña¡¡.

T¡ = -2O'C
T¡ = -5'C

T¡ = 15'C

Tr = 30'C

Figure 3. Comparison of observed and
calculated values of IE*1.
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s = assigned stress,
I n* | = initial modulus,
E"(N) = initial strain,

N = number of cycles to produce failure,
K = a factor depending on the mix considered but practically independent of the

temperature and frequency, and
a = an empirical factor.

Val[es of log K and a for the 42 mixes are also given in Table 5. For the mixes
considered, the a slopes of the straight lines [og <,(l¡) and log N] are nearly the same
(ä = O.Zf; standard deviation = 0.02). On the basis of this, the fatigue law presented by
Verstraeten (5) may thus be replaced by the approximation

<"(N) = K'x N-o'" (6)

K'was chosen so that Eqs. 5 and 6 would yield the same €r value for N = 106.

Predicting Fatigue Laws

The results given in Tabte 5 suggest that the factor K'in Eq. 6 depends on the com-
position of the mix and bitumen. E>rplicitty, the fatigue laws of bituminous mixes in
repeated bending (controlled tests) may be written independently of frequency and tem-
perature in the general form

e"(¡¡) = 
^x 

c x [v,_/(v.. + v)] x (N719u¡-0."

where

Ã = a coefficient given by Figure 4 depending on the asphaltene content of the bitumen
and

G= an empirical factor equal to unity whenthe following conditions are fulfilled:
(a) agáregate volume õontent is between ?8 percent and 85 percent; (¡) ¡itumen
content, without having an excessive value is such that the aggregates are fully
coated; (c) aggregates are made up of fine aggregates and at least 50 percent
coarse aggregates; ana (d) 0.s x t0-4 = E" (N = 106) < 1.3 x 10-4.

This is the case for most mixes used in road construction; therefore, the case C I f is
only of academic interest and is not further discussed.

tr'igure 5 shows the comparison between the e>iperimental values of e 
"(N) 

derived
from Table 5, Pell and Taylor (10), anA Tâylor (if) tor 40-50 bitumen mixes (o¿> 20_
percent) with a calculated vatueõf e"(N) derived from Eq. ? for N = 105, 106, and 101

Equation 7 thus permits prediction of the fatigue law in bending of a bituminous mix
when the Vr, Vr, v, and a in the bitumen are known. The influence of factors such as
grading, nature and shape of aggregates, and mode of compaction on the critical strain
<"(tt) is taken into consiãeration through the factor v./(Vr. + v).

Criteria for SÈecting the Bitumen

The factor Âof the fatigue law-Eq. 7-can also be related to other characteristics
of the bitumen besides a, for example, T¡er ?o at 25 C, and 4o at 25 C/n- at 25 C. Con-
sideration of the values of these characteristics given in Table 2 and of the coefficient
Â given in Table 5 shows that a high and fairly constant value of Â generally is obtained.
Therefore, the following may be taken as criteria for the selection of the bitumens:

1. a>18percent,
2. 1'u > 4g C,
3. n"at25 C > 1.3 x 105 Ns/m2, and
4. n. at 25 C/n- > t.75.
Furthermore, observations made on experimental wearing courses (3) give rise to

the following criteria, which complement the preceding ones:

(?)
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Figure 4. Variation of À by c.
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Table 5. Fatigue laws,

Figure 5. Comparison of measured and calculated
values of er(N).

Mix Ìog K a
€,(N = lou)
x 104 ^Ãx 104 x 104 ^c

P1r 2.800
PZr 2,680
P3r 2.9t'l
P4r 2.693
P5r 2.822
P6r 2.925
P7 2.892
P8 2.640
P9 2.787
P10 2.729
Pl1 2.61L
P72 2.888
P13 2.9L7
P14 2.882
P15 2.832p16 2.887
P1? 2.772
P18 2.626
P19 2.64L
P20 2.877
P?L 2.974
P22 2.697
P23 3.141
P24 2.919
P25 3.009
P26 2.926
P27 2.557
cI 2.?86
sl 2.828
s2 2.992
s3 2.806
s4 2.941
s5 2.1t2
s6 2.860
s? 2.866
s8 2,188
s9 2.736
s10 2.7?S
L1 2.920
L2 2.821
L3 2.888
Pvl 2.686

0.20 1.00
0.22 1.00
Q.19 0.80
0.22 0.9?
0.20 0.95
0,20 0.75
0.19 0.93
0.27 0.55
0.23 0.69
0.25 0.59
0.22 1.02
o.2+ 0.4?
0.22 0.58
0.19 0.95
o.20 0.93
0.19 0.94
0.21 0.93
0.21 1.30
a.24 0.83
0.20 0.8ã
0.19 0.'t7
o.24 0.?3
0.15 0.91
o.20 0.?6
0.19 0.?1
0.19 0.86
0.19 0.80
a.r 0.90
o'.24 0.54
0.2L 0.56
0.21 0.86
0.19 0.83
0.23 0.81
o.22 0.66
0.20 0.86
0,22 0.78
o.22 0,88
0.19 1.32
0.19 0.87
o.21 0.83
0.23 0.54
a.za 0.86

1.010 1.0
1.015 1.0
1.086 1.0
0.s88 1.0
0.971 1.0
0.993 1.0
1.034 1.0
0.996 t.4
7.O',14 1.0
0.933 t.4
1.038 1.0
0.966 1.0
1.030 1.0
1.034 1.0
0.942 1.0
1.035 1.0
0.954 1.0
0.988 1.5
0.91? 1.0
0.963 1.0
0.903 1.0
1.000 1.0
0.992 1.0
1.039 1.0
1.064 1.0
1.06? 1.0
1.069 1.0
1.090 1.0
1.045 1.0
0.964 1.0
0.990 1.0
1.000 1.0
0.977 1.0
0.951 1.0
t.024 1.0
0.943 1.0
0,985 1.0
1.025 1.5
1.020 1.0
0.978 1.0
1.021 1.0
1.026 1.0

1.263
7-269
1.01 5
1.235
7,214
0.953
7.292
0.8?6
0.945
1.082
1.298
0.686
0.850
L.293
1.171
t,294
1.193
1.235
1.146
1.191
1.129
1.250
1.240
r.299
1.330
1.334
1.336
7,264
0.742
0.795
L.237
L.26t
L.22L
0.960
1.280
1.1?9
1.23t
t.28!
1.275
1.223
0.842
1.283

1.250
1.250
0.935
1.250
1.250
0.960
1.250
0.880
0-880
1.160
1.2ã0
0.?10
0.825
1.250
1.2ã0
1.250
1.250
1.250
1.250
1.à50
7.250
1.250
1.250
1.250
1.250
1.250
1.250
1.160
0.?r0
0.825
1.260
1.250
1.250
1.010
1.250
1.250
1.250
1.250
7.260
1.250
0.825
L.250
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1.
2.

d, < 27 percent and
Pen > 40.

These 2 criteria aim at limiting the unfavorable effects of aging and effects caused by
an increase of the rigidity of the mixes and excessive britileness.

CONCLUSIONS

The research results presented in this paper give rise to several conclusions.

I' The In* | moduli = E- X n*(fr) of a bituminous mix can be predicted, for differ-
ent temperatures and frequencies, on the basis of knowledge of tñe volumeltic co*po-
sition of the mix, which inJluences the value of the modulus of elasticity, and charaì-
teristics of the bitumen (B or a and Pen), which influence the value of tle reduced
modulus. On the basis of the formulas presented for this prediction and to facilitate
their-use, acomputerprogramgrvingtñecomponents In*^¡ andgof thecomplexmod-
ulus for any temperature or frequency has been written.

2. The fatigue law in sinusoidal bending (controlled stress tests) of a bituminous
mix can be predicted on the basis of knowledge of the volumetric composition and as-
phaltene content of the bitumen.

- .!. _F1om the point of view of fatigue strength, the fotlowing criteria for the selection
of -the bitumen are brought out: o from LB to p,7 percent, T^, >"49 c, r¡o at 2s c > i.¡ x
105 N/m2, 4" at 25 C/n- at 25 C > 1.?b, pen > 40.

- 4: E4periments are now in progress to complement the results obtained in repeated
þending (cracking) rvith results in repeated compression (rutting). For this pu"pô"u t
special apparatus was developed at the Centre de Recherches Róutières (fZ, i¡).
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HIGHWAY MATERIALS AS AGGREGATE.BINDER COMPOSITES

Robert L. Alexander, California State University, Long Beach

For many years engineers and scientists in geology, soil mechanics, and

paving technology have contributed their efforts to improve the quality and

ècotto*y of materials used in highway construction. Yet there has been a
tendency to neglect the fact that the materials these specialists study pos-
sess a common denominator: All are aggregate-matrix composites. This
paper provides a tentative classification of the materials involved in these
ã tletAs to support the claim that they can be organized by the systems ap-
proach. UnfllieA binders, such as clay and asphalt cement, occur at one

èxtre*e of the composite spectrum; unbound fillers, such as clean sand

and rock base, occur at the õther. Examples are cited from particulate,
viscoelastic, and graphic models that have interdisciplinary acceptance in
displaying tire rneótogical behavior of highway materials. In education, it
is notônJugh that the student be taught how much different one conventional
paving material is from another. More use should be made of those phe-
nomeãological tools and physical testing procedures that will enable the

student to usethe diverseiombinations of fillers and binders being created
to meet pressing economic and ecological needs.

.BEFORE an engineer can understand and intelligently apply the principles of the de-
sign of highway pavement structures, he or she must be fully aware of the mechanical
präpertieã of thô materials r¡¡ith which pavement systems are constructed. It is com-
mon t<nowledge that these systems consist of 1 or more layers of materials called
courses suppãrted on a foundation material catled the subgrade. These materials
belong to iôategory called composites; composite materials are classified as particle-
reinfõrced, fibe-r-reinforced, a^nd sandwich-reinJorced. In pavement technology, the

particulate system can be called an aggregate-binder composite.
In the pu"i, high*ay aggregates have usually consisted of natural gravel, crushed

rock, sla-g, or t ót a variely óf recycled products used on an ex¡lerimental basis. The

binder has consisted of a màterial such ai portland cement paste, tar, cohesive soil,
lime paste, or asphalt cement and may havè contained a property-modifying admixture'
It seerns reasonable to expect that those involved with research, design, or construc-
tion of pavement systems possess adequate training in geology, soils, and concrete
technology. Tradiiionally, ttte"e has been a tendency to compartmentalize the efforts
of the späcialists in ttresõ îietas. Standard American textbooks on highway engineering
have tended to emphasize the differences, for example, between portland cement a¡d
asphalt concretes-rather than present a comprehensive approach to the understanding
ofboth. The absence of such ãn approach to the mechanics of roadway materials re-
flects the past state of an industry content with such unqualified terms as "blacktop"
and "cemdnt pavement" in its tecñnical vocabulary. The present annual investment
of billions of dollars for research, development, and manufacture of highway pavements
justifies a more rational attitude toward this important subject' A unified approach to
pavement systems would facilitate education and design and, ultimately, make a more
economical use of various highway materials.

This paper covers viscoelãstic behavior of pavement joint fillers, expansion device
materials, and elastomeric bridge bearings.

Publication of this paper sponsored by Committee on General Asphalt Problems.
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AGGREGATE-BINDER SYSTEIÂS

How well do geology, soil mechanics, and concrete technology fit into a unified
classification system? Tâble 1 gives a classification of the materials in these sys-
tems. The engineering geology column should apply only to sedimentary rocks and
geologically unconsolidated sediments, but because these sediments sometimes con-
tain igneous and metamorphic rock particles, they also are included. The soil mechan-
ics column indicates that clean sand and remoJ.ded, fully saturated clays form the ex-
tremities of behavioral response in soil mechanics; usually, a little less than one-third
of these by volume of cohesive soil are required to give a mixed soil rheological char-
acteristics. Only the more commonly used concrete composite materials are included
in the fourth column.

The highway cross section shown in Figure 1 is an example of a layered system that
contains a variety of aggregates and binders including, remarkably, a strain-relieving
interlayer that contains a binder almost as rigid as its filler. The shortage of economi-
cal sources of natural aggregates in some parts of the world has led to an e4ploration
for suitable synthetics, and the technical literature is replete v¡ith a bewildering variety
of binder admixtures, modifiers, patented cements, joint compounds, and bridge bear-
ing materials. The conventional "theyrre either rigid or flexible" approach to highway
materials has been abandoned because in layered-systems technology the number of
mathematical combinations of compatible aggregates and binders spans the rigidity
spectrum (1).

A studyõf Highway Research in ?rogress reveals the extent to which research in
geology, soils, and paving materials is now going on (2r 3). Bituminous binders are
being modified by rubber latex, asbestos fillers, chopped='fiberglass, colored synthetic
resins, tar-asphalt blends, powdered glass, and synthetic textiles. Portland cement
is being used with polystyrene, silicones, polymer latex emulsions, synthetic polyester
systems, alumina filaments, and in self-stressing, e¡pansive applications. Cement-
stabilized chalk, spent oil shale, gypsum, formed plastics, synthetic and organic poly-
mers, bamboo fibers, and lignosol are some of the materials being used here and abroad
to remedy structural deficiencies in base course and shoulder materials. Dramatic,
ecology-promoted innovations are taking place in aggregate technology. Among the new
materials being researched are ceramics, porous particles, cement-stabilized soil
nodules, crushed moraine, sideritic concretions, anthracite mine waste, steel fibers,
calcined bauxite, recycled plastic chips, cement clinker, building rubble, boiler slag,
marine deposits, burned garbage, crushed glass, cast iron, vulcanized rubber particles,
and reclaimed pavement surfacings. It seems reasonable to e4pect that as the use of
more of these materials becomes economically feasible, the classical distinctions be-
tween portland cement and asphalt-bound materials will become increasingly blurred.

PHENOMENOLOGICAL MODELS OF AGGREGATE-BINDER
MATERIALS

Particulate Models

During the years when the art of soil mechanics was becoming a science, particulate
moclels were used as a research and teaching aid by such outstanding engineers as
Casagrande, Taylor, and Terzaghi. Figure 2a shows a model of the honeycomb struc-
ture found in fine silts and clays and represents, therefore, the binder fraction of soil
or material passing the No. 200 sieve (4). Figure 2b is taken from Gilboy (S) anA
clearly indicates that the flexural response of the mica platelets in a sand-mica soil
causes excessive compressibility in this material. A model referred to by Holmes (6)
is shown in Figure 2c as an example from physical geology, Sandstones can be thoug-ñt
of as natural concretes in which the aggregate frequently consists of fragments of dis-
integrated older rocks. This model shows graded graywacke; such Iayers often extend
over large areas and are surprisingly uniform in thickness.

Figures 2d, e, and f are examples of particulate models on a larger microscopic
scale than the preceding 3. To emphasize to students the importance of a rough ag-
gregate surface texbure to the stability of an asphalt concrete mixture, Monismith (?)



Table 1. AggregatÈbinder systems used in highway engineering.

Category Engineering Geology Soil Mechanics Concrete Technology

Unbound aggregate subsystem

Unfiued binder subsystem

Aggregate-binder system

Marine shells, mica flakes,
silts, quartz sands, gravels,
boulders, talus, volcanic
ash, and fragments of
detritus

Silica, carbonate, dolomite,
clay, gypsum, haematite,
Iimonite, clay shales, and
other cementing minerals

Loess, alluvium, moraine,
muddy grits, Iimestone,
sandstone, siltstone,
brelccias, conglomerates,
porphyrys, and grouts

Clean sand, river-run gravel,
boulders, rubble, riprap, and
other cohesionless construction
materials

Remolded clay, fine silts,
water binders, lime, chemical
additives, and other soil
stabiUzers

Glacial tiu, mamade com-
pacted mixed-soil roadway
embankments, soil cement,
and asphalt mixtures

Clean granular base course
materials, unbound
macadam, crushed rock,
and selected imported
granular fills

Portland cement paste, road
tar asphalt cement, cutbacks,
emulsions, elastomeric
bearings, and joint fillers

Portland cement and asphalt
concretes, grout, sand
asphalt, bituminous
macadam, filled elastomers,
and bridge bearings

Figure 1. Cross section of a complex layered system of
composite hi ghway mater¡als.

Figure 2. Particulate models from geology, soil.
concrete. and composite materials technology.
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used the model of Figure 2d. The exaggeration of the roughness at the rock interfaces
with the asphalt film is intentional. In a paper on the fracture mechanism of portland
cement concrete, Popovics (8) useO the model of Figure 2e to illustrate crack initiation
and propagation in the mortar. At about 70 to 90 percent of the ultimate load, cracks
(shown as broken lines in the model) through the mortar begin to increase appreciably;
because of bridging between nearby bond cracks, a continuous network of cracks is
formed. Figure 2f was used by nana (9) in a paper on the viscosity of rocks. Rana
stated that design criteria in rock technology, until quite recently, were based on the
classical theory of elasticity, and he found that there were very few e>cperimental data
on solid viscosity of geological materials.

The model of Figure 29 was used by Paul (10) in his general solution to the problem
of an elastic particle in an elastic matrix. Thãmodulus of this system is a function of
the modular ratio and the volume ratio of particles to matrix. Paul's analogy of a par-
ticle within a cubic matrix is restricted in usefulness to composites with a low volume
ratio and no particle interlock. These limitations are critical for highway materials
where volume ratios are relatÍvely high and aggregate interlock may be very significant.
Counto (11) use¿ a cylindrical particle within a cylindrical matrix as his model to de-
termine-the effect of the modulus of the aggregate onthe elastic modulus, creep, and
creep recovery of portland cement concrete. To compare his model response with ac-
tual test results, he prepared concrete specimens that contained steel, flint, cast iron,
and polythene coarse aggregates in order that the particles possess a wide range of
elastic moduli and low water absorption.

Figure 2h was used by Krokosky (fZ) in illustrating the effect of temperature on the
mechanical properties of an asphalt c-oncrete. The asphalt film separating the particles
of aggregate is depicted as a Kelvin material; this hybrid model was suggested by
Krokosky as a rough approximation of the response of an asphalt concrete tested at
temperatures between glass transition and about 100 F. Although conventional portland
cement and asphalt concretes are sometimes described as 2-phase composites, the mix-
ing operation usually creates an air-void phase even when air entrainment is not inten-
tional. Figure 2i is from a paper by Iqbal and Krokosky (13) on their analysis of an
idealized elastic composite system using the finite-elemen-t-method. Each circle in the
model can be used to represent either a cylindrical particle or an air void. They
selected a particle to binder modular ratio of 100 and treated the voids as particles
possessing a very small but finite dummy modulus. Hackett (t4) used a model similar
to Figure 2i and conducted a stress ânalysis for the case of an-elastic particle in a
viscoelastic binder, a solution that could fit those construction materials with marked
rheological properties.

Viscoelastic Models

The use of viscoelastic or rheological models in analyzing the physical properties
of aggregate-binder materials in geology, soil mechanics, and concrete pavement tech-
nology is well established. Int927, Terzaghi (15) presented a paper on the importance
of sound foundation engineering in the constructiõ-n of portland cement concrete roads.
He used the rheological model in Figure 3 to approximate the response to load of a layer
of fully saturated clay. A rheological model can be used for highway composites in 3

different ways. It can model an unfilled binder such as a paving asphalt or a bridge-
bearing elastomer; an unbound filler such as crushed rock or clean sand; and a com-
plete system such as portland cement concrete, a mixed soil, or a consolidated sedi-
mentary rock. To conserve space, alphabetical symbols have been used for the models
and their elements in Figures 4 and 5. The conventional spring and dashpot element
symbols are shown at the left of Figure ¿a (fO).

In Figure 4b, block M represents a spring and dashpot series configuration with each
element equally stressed; block K represents them in parallel with each equally strained;
the former model has been used by Emery (f Z) in the field of rock mechanics. Dennis
(tA) has suggested that the firmo-viscous dfformation of some unconsolidated geological
m-aterials under stress can be approximated by a Kelvin model. A Maxwell and a Kelvin
model connected in series are indicated in Figure 4c as block B; George (19) used this
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Figure 4. Some commonly used viscoelast¡c models
and symbols,

Figure 5, Additional viscoelastic models using
elements from Figure 4.

Figure 6. Unspecified load on a

hypothet¡cal material.
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mechanical model in his analysis of shrinkage stresses in a sand-clay base course
stabilized with portland cement. Using the model of Figure 5a, Abdel-Hady and Herrin
(!Q) applied the theory of rate process and fairly accurately approximated the nonlinear
vi-scoelastic response of an asphalt-stabilized soil. In their model, the free spring is
modified by usebt a stop (horilontal arrow) to represent the initial plastic deformation
of this material under creep loading. Majidzadeh and Schweyer (21) subjected aged
and unaged specimens of asphalt cement to creep tests at 32 F to better understand ag-
ing phenomena. The model they used to fit their data is shown in Figure 5b and con-
sists of a Maxwell part in series with a selected number of multiple-parameter Kelvin
parts that are, in turn, in series r¡¡ith each other. The Hansen model \2Ð f.or creep in
portland cement concrete is shown in Figure 5c. The free spring represents the rela-
tively elastic response of the aggregate phase; the dashpot represents the water and
voids; and the Burgers part incorporates the effects of the gel, unhydrated cement, and
crystalline products of hydration. The model of Figure 5d consists of a spring and a
Maxwell part parallel to each other and collectively in series with a free dashpot; Secor
and Monismith (23) used this model to predict the response to constant rate of compres-
sion loading of a-particular asphalt concrete mixLure.

The rheological models presented in Figures 3, 4, and 5 are deterministic because
they represent ideal materials; that is, they predict response to load with a probability
of unity. Gabrielson (24) useO the concept of random spring and dashpot components in
stochastic Maxwell and-Kelvin models. This stochastic approach to viscoelastic be-
havior is particularly relevant to highway engineering materials because scatter of
test data for particulate composites is more pronounced than for more homogeneous
materials.

Graphic Mode1s

In the context of this paper, a graphic model is defined as a plot of a theoretically
or empirically derived modulus dependency function. Such a function has modulus or
stiffness of a material as the dependent variable and time, temperature, or other sig-
nificant factor as the independent variable or argument (16). The time-dependent mod-
ulus is a common example of a modulus dependency function. Figure 6 shows a sche-
matic time-dependent modulus for an unspecified mode of loading (!!); it incorporates
both the viscous and elastic responses of a rheological material anilcould logically be
called a viscoelastic modulus. Could the viscous parameter of this hypothetical ma-
terial be made to approach infinity, its viscoelasti.c modulus would degenerate to
Youngts modulus as indicated on the figure; and at very short times, of course, all
rheological materials tend to pedorm elastically.

A stress relaxation modulus is a time-dependent modular function for a material
Ioaded in a specified environment under a constant-strain model. Figure 7a is the stress
relaxation modulus in unconfined compression for a sand-asphalt mixture tested by
Moavenzadeh and Soussou (20) at 35 C. Values of the argument of a modulus dependency
function can be continuous õFdiscrete; the plot of Figure 7a is an example of the con-
tinuous case and that of Figure 7b is discrete. Figure 7b is from a Pagen and Jagannath
stu¿y (2?) in rvhich Linear viscoelastic theory was used to provide a more rational
methoriõf determining the optimum moisture content in highway subgrade compaction
operations. The ordinate represents the elastic part of the unconfined compressive
creep modulus at 30 sec and the abscissa represents the molding ',vater content of spec-
imens compacted at 25 blows. The curve was fitted to data points plotted at discrete
values of water content for specimens of clayey sand, a classical aggregate-binder
material. In portland cement concrete technology, the dynamic modulus of elasticity
has been used to measure the effectiveness of a silicone admixture in improving the
resistance of a concrete bridge rteck to repeated cycles of freeze-thaw. In Figure 7c,
from Patterson (28), the upper plot contains dynamic modular data for silicone deck
concrete and the-lower one for normal concrete. This modulus is freeze-thaw-cycle
dependent.

The moduli of bituminous materials and bearing elastomers are highly susceptible
to temperature change; those of soils and other geological deposits may be sensitive to
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moisture content or confining pressure, but fatigue-damage susceptibility is a property
of all pavement and subgrade materials. Because major highways are subjected to mil-
Iions of repetitions of a variety of axle loads during their service lives, the effect of
cumulative fatigue damage on the moduli of highway materials is of interest to research-
ers and stuCents in all areas of pavement materials technology. Figure 7d is from a the-
sis by Deacon (ZS) in which he provided dynamic deflection data from stress-controlled
fatigue tests on-an asphalt concrete mixture. He plotted the stiffness modulus of the
mixture as a function of the number of load applications under a 113.5-psi flexural stress
at 75 F.

This author has found that the behavioral response of a wide variety of highway ma-
terials can rapidly be demonstrated by plotting the appropriate modulus dependency
functions.

CONCLUSIONS

An interdisciplinary approach to understanding the response of paving materials
must begin in our educational system. I am not suggesting that courses in engineering
geology, soil mechanics, and highway materials be replaced by a catch-all course in
composite materials technology or aggregate-binder systems but that the first course
in highway engineering or pavement materials be designed to devote a few lectures to
a holistic approach to the behavior of stone-matrix materials. Table 1 presents a
tentative classification of geological, soil mechanics, and concrete materials in an at-
tempt to support the betief that they can be conceived in terms of aggregate-binder
systems.

It is important that every available teaching aid be used to impress on students that
predicting the behavior of complex rheological composites demands exacting interpre-
tations of their loading histories. I recommend using 3 time-tested phenomenological
models to achieve this end: particulate models, viscoelastic models, and graphic
models. Particulate models develop a feeling for material response at the largest
macroscopic scale; viscoelastic models give physical analogy to linear theory; and
graphic mìdels (modulus dependency functions) provide a ready tool for displaying em-
pirical data. Some of the models presented in this paper are taken from the writings
of eminent engineering educators and others from technical papers e:rpounding impor-
tant advances in the field of paving technology. Because these phenomenological aids
were used to communicate new theoretical and empirical concepts to experienced re-
searchers in the field, it seems reasonable to conclude that their use is even more
vital in presenting a unified system of highway materials to students headed for careers
in highway engineering.
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TENTATIVE MIX.DESIGN CRITERIA

FOR GAP.GRADED BITUMINOUS SURFACES

C. P. Marais, National Institute for Road Research, Pretoria, South Africa

Since the turn of this century, extensive use has been made of gap-graded
bituminous surfacing mixtures in the United Kingdom. The design of these
mixtures has targety been empirical, and specifications have been of the
recipe type. The excellent performance given by these mixtures, even
under the most severe traffic conditions, has prompted engineers in other
parts of the world to use these surfaces. Experience has shown that under
some climatic conditions the United Kingdom specifications did not always
produce the most satisfactory mixtures, and a national method of design
was urgently required. This paper covers a research study into factors
that affect the performance of gap-graded surfaces and isolates those that
are of particular importance. It is shown that the Marshall test method,
when used in combínation with air permeability and indirect tensile tests,
can be used to design gap-graded mixtures. Tentative criteria are estab-
Iished for the mix design of gap-graded bituminous surfaces; they will
satisfy normally accepted standards with respect to distortion, fracture
strength (toughness), fatigue, imperviousness, and durability.

rTHE AMERICAN chemist and highway paving technologist, Clifford Richardson, in-
troduced stone-filled, sand-sheet asphalt surfacing mixtures that could withstand heavy
traffic and cold , wet climatic conditions to the London authorities at the turn of this
century (! 2). These mixtures have been modified over the years to meet changing
traffic coiditions in the United Kingdom and are covered by British Standard 594,
which is updated from time to time to keep pace with advances in asphalt technology.
This type of mix is characterized by the fact that its stability or distortion resistance
is derived almost wholly from the stiffness of the mortar, that is, the bitumen-sand-
filler mixture. For this reason the correct selection of the aforementioned com-
ponents is important. Experience has shown that low stone content mixtures specified
in BS 594 are more durable than those with high stone contents and are therefore
favored for important highways. A disadvantage of the low stone content mix is its
sandpaper texture, which is not suitable for high-speed traffic in wet weather. This
problem has largely been overcome by introducing during construction carefully
selected coated chippings to give a rugose surface texture.

The good performance of experimental gap-graded mixtures of low and high stone
content òn a heavily trafficked urban street in South Africa led South African road
authorities to take a keen interest in gap-graded surfacing mixtures (1). During the
past decade, gap-graded surfaces have, generally speaking, replaced the more critical
õontinuously graded asphalt concrete; their use has become standard practice on urban
and rural freeways. Because of the warm climate in South Africa, mixtures con-
forming strictly to BS 594 did not always perform well, so modifications to this speci-
fication were necessary. Varying natural materials such as sand and filler also re-
sulted in varying performance. A need therefore arose for a design method whereby
the properties of the mixture could be determined for the selection of an acceptable
mixtu"e composition by applying suitable design criteria. Research to meet this need
has been in progress in Souttr Africa and the United Kingdom (l 5).

Publication of this paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.
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This paper describes a laboratory study and field data aimed at establishing the
factors that control the performance of gap-graded surfaces and suggests design cri-
teria to ensure adequate distortion resistance, fracture strength, fatigue resistance,
imperviousness and durability of these mixtures.

LABORATORY STUDY

Mixture Composition

To cover a wide spectrum of practical gap-graded compositions, we selected a
number of stone contents between 30 and 50 percent. Crushed coarse stone of 2 maxi-
mum sizes was used in combination with 2 different types of sand. The binder used
was a 40-50 penetration grade bitumen vacuum distilled from Middle East crude oil.
The bitumen content of each mixture was varied over a wide range. The typed filler
and content, 7 percent by mass of aggregate (stone + sand), were not varied in thÍs
study. Combined aggregate gradings used in the study are shown in Figure 1. Physical
tests carried out on the 2 sands used in this study are given in Table 1.

Mechanical Tests

From performance records of gap-graded surfacing mixtures laid in the United
Kingdom it is clear that distortion is far more serious than fatigue cracking. There-
fore, this study emphasized the deformation eharacteristics of the selected mixtures
by using an apparatus similar to that used in the British Transport and Road Research
Laboratory wheel-tracking test in which a 300- by 300- by 50-mm-thick compacted
specimen of surfacing mix was subjected to to-and-fro motion, at 50 passes per min,
of a 200- by 50-mm-solid rubber-tired wheel having a contact pressure of ?80 kPa
(fie. 2) (6). In addition, Marshall tests (ASTM D 1559-?1) were carried out on speci-
mens compacted with 75 blows on each face at test temperatures of 40 and 60 C.

Studies carried out at the National Institute for Road Research (NIRR) have shown
that gap-graded mixtures have a superior fatigue life to asphalt concrete and that, for
thin surfaces, Iow rather than high stiffness is desirable for high fatigue resistance
q). A study by Maupin (Ð showed that indirect tensile strength is a useful indicator
of the fatigue susceptibility of asphalt mixtures, andfor this reason the indirect tensile
strength of the mixtures was measured at 30 and 40 C. Twenty-five-mm-wide curved
loading strips were used to apply the load to the specimens at a rate of loading to 50
mm/min 8). The apparatus used in these tests is shown in Figure 3.

Physical Tests

An important function of a surface is to protect the base layer of the pavement from
the entrance of surface water. To accomplish this the surface should be reasonably
impervious without being too dense because this would cause fatting up and instability
during periods of hot weather and heavy traffic. To study these characteristics we
determined the air permeability in fundamental units at a pressure difference of 25 mm
water on Marshall, 2 x 75-blow-compacted specimens by using the apparatus shown in
Figure 4.

The durability of a surface can be controlled by the air permeability of the mix,
which limits the transfer rate of oxygen, water, and microorganisms from the surface
to the interior and that of volatile constituents from the interior to the surface (1q).
The film thickness of the bitumen also plays an important role in the durability of
bituminous mixtures. Film thicknesses were calculated for the various gradings and
bitumen contents by using the surface area factors recommended by the Asphalt In-
stitute (11).

PERFORMANCE OF IN-SERVICE SURFACES

It has not been possible to observe the in-service performance of all the mixtures
investigated in the laboratory. However, a gap-graded mixture containing mine sand,
30 percent stone, and 6 percent 40-50 penetration grade bitumen was laid on an ex-
perimental pavement on route S12 early in 1969 (1¿ 1Ð. The dynamic properties and
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Figure 1, Gap-gradings used ¡n laboratory study.
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Table 1. Results of physical tests on sands used ¡n this
study.
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fatigue life of this mixture were studied in detail at the NIRR. In situ deformation ob-
servations were taken periodically with a precise level on the various pavement design
sections, This information has been most valuable in assessing the applicability of
some of the laboratory data and will be discussed under the section dealing with the
results obtained from the study as a whole.

COMPACTABILITY OF GAP-GRADED MD(TURES

A detailed study has been made of densification aJter construction on gap-graded
and asphalt concrete mÍxtures (3). Cores rvere removed from the surface in the wheel
tracks of vehicles, and their bulk specific gravity was compared with the Marshall 2 x
?5-blow laboratory density of these mixtures. In Figure 5, sections 5 and 34 are con-
tinuously graded asphalt surfacing mixtures and sections 83 and 84 are gap-graded
with 30 per cent stone content. The rates of increase in bulk specific gravity of the
2 types of surfaces were significantly different; the asphalt concrete densified pro-
gressively under the tra"ffic for a period of 3 years after which it reached an asymptotic
value close to the Marshall 2 x 75-blow density. The gap-graded mÍxtures, however,
showed hardly any traffic compaction and were, at the time of laying, close to the
Marshall 2 x ?5-blow density. The same construction compactions were used on both
types of mixtures except that a pneumatic-tired roller (intermediate) was not used for
gap-graded mixtures. The same traffic passed over the 2 groups of surfacing mix-
tures. The ease with which gap-graded mixtures reach their final density signifies
their excellent in-service performance and their compaction control required during
construction. In practice, then, control of compaction of gap-graded mixtures should
be at a level of not less than 98 percent of 2 x ?5-blow Marshall density.

DISCUSSION OF RESULTS

With regard to the deformation properties of gap-graded mixtures attention was
directed to a possible relationship between the results obtained from the wheel-tracking
test and the Marshall test.

Wheel-Tracking Test

Tracking tests were continued for approximately 100 min in cases where excessive
distortion of the mix did not take place before this time. Measurements of rutting were
taken every 10 min throughout the test period. Rut depth-time curves all followed a
typical pattern in which a rapid increase in rut depth occurred during the initial period
of 10 to 20 min and thereafter stabilized to a reasonably constant rate of tracking. After
45 min of tracking, the rut depth and rate of tracking were determined and used as
parameters to characterize the distortion properties of the surfaces under dynamic
wheel loads. Tests were carried out at 40 and 60 C. Results have been tabulated by
the Asphalt Institute (11).

Marshall Test

Complete Marshall stability, flow, and voids analyses were completedonallmixtures
studied. The bearing capacity and angle of internal friction of the mixtures were de-
termined according to the procedures put forward by Metcalf (14). The stability index
was calculated by using the stress-strain relationship applicable to the Marshall bri-
quette, that is

Stability Index = S/F x 15.7 MPa

where

S = stability value in kilonewtons (corrected) and
F = flow in millimeters.
A detailed examination of the data from both the wheel-tracking and Marshall tests

revealed that there were significant relationships among rate of tracking, bearing
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capacity, stability index, and the ratio of stability to flow at both test temperatures.
Rut depth did not present as clear a trend as Ín the case of rate of tracking. However,
because both rate of tracking and rut depth are important parameters with respect to
permanent deformation of a surface, we decided that their product, the "trackingindex,"
would be used. This iridex, at 40 C, was compared to the stability-flow ratio at 60 C of
the various mixtures studied. There were 2 reasons for choosing 40 C for the tracking
data. First, it was considered to be a reasonable average road surface temperature for
hot climates like those in South Africa, and, second, at 60 C information tvas more
[mited because of the deep rut depths obtained in the tracking apparatus after only a
few passes with the less st¿ble mixtures (11). The relationship found is shorün in Fig-
ure 6. On analysis, these data were fou¡rdJlo fit a mathematical equation of the form

logroTl = 3.2353 -

where

TI = tracking index (rate of tracking x rut depth at 40 C) in square millimeters x
minutes"-r,

S = Marshall stability at 60 C in kilonewtons, and
F = Marshall flow at 60 C in millimeters.

An examination of Eq. 1 reveals a large increase in the tracking index for stability-
flow ratios above 1.5 kN/mm; it was concluded that this would be a limiting criterion
to control excessive permanent deformation under traffic. Data feedback from practice
have indicatedthat mixtures with stability-flow ratios below 1.5 kN/mm give rise to
compaction problems and early traffic rutting.

A closer examination of the tracking data shows that the mixture containing mine
sand, 30 percent stone content (maximum stone size: 26.5 mm), and 6 percent bitumen
content falls on the acceptabte side of the suggested limit of 1.5 kN/mm for the
stability-flow ratio (Fig. 6) (11). This mixture is virtually identical with that laid on
the experimental pavement on route S12. Measurements of pavement deformation (?5-
mm-thick, gap-graded surface supported on a 150-mm, cement-treated base)from 1969
until 1971 have been analyzed. This section was chosen especially because any mea-
surable deformation was considered to result largely from distortion of the surface and
not from the stabilized underlying layers. Deformation data was available only for 23
months under heavy traffic and showed the average permanent deformation over a 2.7-
m-wide area in the center of the traffic lane to be 1.89 mm. The cumulative equivalent
80-kN axle load was approximately 7 .4 x L05 in this lane for the 23 -month period.

If a 25-mm rut depth is considered the limit value for retiring a pavement because
of poor ridability, then this pavement had reached approximately 7.5 percent of the
allowable deformation. However, on the basis of a 2O-year life, the pavement had
reached 10.5 percent of its life. Possibly this mixture would not deform excessively
during the life of the pavement. These field performance data to a limited extent con-
firm the laboratory results and permit some confidence in the suggested laboratory
criterion.

The limit value of 1.5 kN/mm for the stability-flow ratio determined from this study
was also confirmed by Brien (4) who suggested stability-flow ratios for conditions in
the United Kingdom of 0.98 kNZmm and 1.96 kN/mm for the most extreme climatic con-
ditions (high temperatures). South Africa certainly does not have the most extreme
climatic conditions in the world; therefore, a value of 1.5 kN/mm seemed appropriate.

To comply with this criterion, the surface-design engineer should have an under-
standing of the effect of binder content, stone content, maximum size of stone, and type
of sand on the stability-flow ratio. From this study it appears that the sensitivity of
this ratio to different bitumen contents depends on the type of sand in the mixture
(Fig. 7). In the case of mixtures with mine sand, the bitumen content was not a critical
factor with respect to the stability-flow ratio but was very critical in the case of mix-
tures with pit sand. At the same bitumen content, the mine sand had a lower stability-
flow ratio at the lower stone content mixtures; the opposite was generally true for pit

L.2lg6loCr, (Ð (1)
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Figure 6.
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Rat¡o of stability to flow at 60 C versus tracking index at 40 G for gap'graded mixtures.
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sand. There was no significant effect of maximum stone size on the stability-flow
ratio for the 2 sizes tested. From this it is clear that type of sand is of paramount
importance when one designs gap-graded mixtures.

Indirect Tensile Tests

The purpose of introducing the indirect tensile (split cylinder) test was to use the
indirect tensile strength of the mixtures as an index to ensure that they are not de-
signed with too high a stiffness, as defined by Van der PoeI (15), or poor fatigue re-
sistance (7). Published data on the relationship between indii-ect tensile strength, or
for that matter direct tensile strength, and fatigue life are limited, and for thÍs reason
controlled-strain fatigue tests at 20 C at a strain level of 600¡¿e were carried out on a
range of gap-graded mixtures used in practice. Results are given in Table 2 where
they are compared with the indirect tensile strength of these mixtures at 40 C. A
linear regression analysis of all the data with respect to indirect tensile strength and
Marshall stability showed the best relationship between these 2 parameters to be as
follows (1!):

x=0.014y+1.246

where

y = indirect tensile strength at 40 C in kilopascals and
x = Marshall stability at 60 C in kilonewtons.

The coefficient of correlation of these data is 0.86, which indicates that the relationship
could be used with reasonable confidence.

A similar analysis of the data in Table 2 indicates a strong linear relationship be-
tween direct tensile strength and log of service life of the form

y = 298e - 588 log N(x) (3)

where N(x) = service life (Table 2). The coefficient of correlation of these data is 0.8.
The relationship is of great significance; it enables a reliable estimate to be made of
any desirable level of service life from the indirect tensile strength at 40 Cofapartic-
ular gap-graded mixture. Indirectly from Eq. 2, Marshall stability may be used to
determine the fatigue service life; however, this obviously would not give as good an
estimate as would the indirect tensile strength.

From a prevÍous fatigue study it is recommended that surfacing mixtures of a thick-
ness not greater than ?5 mm should have a minimum fatigue service life of 5 x 10"
repetitions of load at 20 C and a strain level of 600 pe. From Eq. 3 this gives a maxi-
mum indirect tensile strength at 40 C of 810 kPa or, by using Eq. 2, a maximum
Marshall stability of approximately 12.5 kN.

AÍr Permeability Test

A search of the literature dealing with the fundamental measure of permeability of
bituminous surfacing mixtures failed to produee any criterion that could be applied
directly. Most workers have adopted limits suggested by researchers dealing with
drainage problems related to soils. However, the 2 problems are not related directly
because, in the case of soils, water is permanently available in a draining situation at
substantial pressure heads whereas, in the case of bituminous surfaces, water is avail-
able only when it rains and the pressure head is low (except possibly under the ve-
hicle tire). It would seem that the limits of permeabilÍty of 1 x 10-" to 1 x 10-'a cmz
set for soils are overrestrictive with respect to surfaces (16). A reasonable limit of
permeability of 1 x 10-8 cm2 is suggested for gap-graded nÑtures to ensure that sur-
face water would not enter readily into the surface and thereaJter into the base of the
pavement. An investigation by Mclaughlin and Goetz-($)^of gap-graded surfacing
mixtures used in Indiana showed that a limit of 1 x 10-" cm" was applied to these mix-
tures, which presumably gave good in-service performance, thus corroborating the limit
of permeability suggested.

(2)
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The pore structure of a gap-graded mix is controlled largety by the type of sand
used anã the filler and bitumen content, which in turn control the voids content. The
relationships between air permeability and voids content of the mixtures used in this
study are shown in Figure 8. As can be seen, at a constant voids content, the mixtures
with pit sand were more permeable than those with mine sand and, for both ty_qes o^f

mixtrire, the higher the sione content the more permeable t'vas the mixture. This find-
ing confirms the experience in the United Kingdom that low stone content mixtures are
mãre durable than ñigh stone content mixtures. Because bitumen film thickness and
permeability are probably the dominating factors that control the durability of a mix-
io"e, a limii on both bitumen film thickness and permeability would guarantee the long-
term durability of a surfacing mixture. A tentative value of not less than 6 pm is sug-
gested for bitumen film thickness in practice, which agrees with the limit suggested by
Campen et al. (18).

Voids in Mix

The air voids in the various gap-graded mixtures were calculated by taking into
account all the factors recommended by the Asphalt Institute (11). Experience has

shown that a minimum of 2 percent voids content is necessary in the traffic-compacted
surfacing mixture to ensure that there are sufficient voids in the mix to prevent flush-
ing due tã expansion of the bitumen during hot weather. Because the laboratory density
of"gap-gradeã mixtures is very similar to ultimate in-service density, a limiting voids
content for laboratory-compacted Marshall specimens of 2 percent is recommended.

The relationship between stone content and voids content of mixtures containing the
2 types of sand aná a 

"ange 
of bitumen contents is shown in Figure 9. It is clear from

thiå-figure that, at the same bitumen content, the voids content for both types of sand

decreJses when the stone content increases. However, in the case of the pit sand, the
decrease was less significant at stone contents in excess of 40 percent. At the same

bitumen content, mixtures with mine sand had significantly higher voids than those
manufacture¿ wíttr pit sand. This difference probably tffas due to the distribution of
voids and their shaþe within each mixture, which, in turn, was dependent on the particle
shape and grading of the sand.

I1 is intéresting that the mine sand that had a higher compacted voids content also
yielded mixtures with higher voids than did the pit sand at the same level of bitumen
äontent although this diffãrence was much more exaggerated in the case of the mix-
tures (Table iand Fig. 9). This effect probably was due to the finer grading of the
mine sand, which led to reduced bitumen film thiclaless and a consequent increase in
air voids.

Angularity of sand can be determined indirectly by the dry viscosity test, the results
of which show mine sand to be more angular than pit sand (Table 1).

Because of the large variation in voids for gap-graded mixtures using different
sands, voids content iÈ not a reliable parameter to ensure impermeability of the mix-
tures (Fig. 8).

A comparison of mixtures made with mine sand and pit sand at the same bitumen
content shows the mixtures with pit sand to be generally more resistant to deforma-
tion (11). This at first seems illogical because mine sand had a greater inherent
stabiii-ty by virtue of its more angular particle shape; however, deformation of a bitu-
minous"mii:ture depends on a number of interrelated factors such as the angularity and
grading of the aggr-egate, the properties of the filler, the type and grade of the binder,
ihe rnõ""gu film thickness of the binder, andthe voids content of the mixture. In addi-
tion, the iate of loading and temperature are important variables. A correlation be-
tweén deformation of a mixture and the properties of the sand is remote. However,
because of the importance of the sand fraction, particularly in the case of low stone

content, gap-graaèa mixtures, a more detailed study is in progress at the NIRR where
various Jands are being investigated with a view to estabtish more realistic sand

specifications for gap-graded mixtures.

Filler
The type of filler (-75 ¡rm) material used in a gap-graded bituminous mixture plays
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Table2. Resultsofindirecttensilestrengthandfatigueservicelifeofgap-gradedsurfacingmixtures,

Mixture Composition

Peak Indirect
Siiffness Tensile
at 20 C St¡ength at
(cpa) 40 c (kPa)

Average Se¡vice
Life N(x) at
Strain ot 600 p€
(load repetitionsf

40 percent stone, 5.0 percent 60-?0 penetration grade bitumen
(?.4 pm film thickness)

44 percent stone, 6,7 percent 60-?0 penetration grade bitumen
(8.6 pm film thickness)

30 percent stone, 6.0 percent 40-50 penetration grade bitumen
(4.9 pm film thicloess)

44 percent stone, 5.0 percent 60-?0 penetration grade bitumen
(6.9 pm fiÌm thickness)

50 percent stone, 5.3 percent 40-50 penetration grade bitumen
(6.0 pm film thicloress)

40 percent stone, 5.8 percent 40-50 penet¡âtion gxade bitumen
(6.0 pm film thicloress)

30 percent stone, 6,1 percent 40-50 penetration grade bitumen
(6,0 ¡¡m film thickness)

6.0

4.1

6.4

5.4

3.5

3,3

6o4b

316b

186

434h

825

500

455

9.?1 x 103

1.9ã x 104

5.94 x 104

1.40 x 104

1.04 x 10{

2,87 x lO4

1.83 x 104

uFrom Freeme and Mara¡s (Z). Dcalculated from lvlarshall stability value.

Figure 8. Relationship between permeab¡lity and air voids content for various gap-graded mixtures.

NOT ACCEPTABLE

SUGGESTED ING

2/7

ê
("h

E
o

Y
-l>- to-t-

l
6

l¡J-
Ê.
l¡J
.L

Ê.

a

STONE STONE
CONTENT 70 SIZE (mm)

P À50 ì

ir* J ze's

fi 33S | '.'a
l.ú +¡o I
ñ r¡o f.ae,c
E o30 {

¡i33 j rs'z
o

2t4667
AIR VOIOS CONTENT

9tort213t4
BY VOL. OF COMP. MIX I



t42

Figure 9. Relationship between stone content and voids

content for various gap-graded mixtures.
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Table 3. Design criteria for gap-graded surfac¡ng m¡xtures'

SfONE
SlzE (mJ

?6,5

t3,2

2ô,5

rf,,2

I
F.z
UJF2oo
ø
ô
õ

fr
ã

Test Property Surfacing Property Min

Marshâll stability-flow ratio at 60 C, Deformation or distortion
kN/mm

Indirect tensile strength at 40 C' kPa Toughness, fatigue resistÐce,
md fracture strength

Toughness, fatigue resistmce'
md fracture strength

Stripping by wate¡
Imperviousness, durability
BalÐce in design

_ 1.5

810

12.5

- 0.?5
1 x 10-8

- 2.0

- 6.0

- 1'0

Marshall stability at 60 C, kN

Immersion index
Air permeability, cm2
Voids in mi& pe¡cent
Film thickness of bitumen', pm Durability
Fille¡-bitumen ratio Ba,lance in design

âCalculated by using factors recommended by the Asphalt lnst¡tute (lL)
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an important role with respect to its stability, voids content, permeability, and bitumen
demand, by which it affects the deformation and durability characteristics of the mix-
ture. Studies made by Lee and Rigden (19) have shown that the fineness of the filler
as determined by its bulk density in benzene is an excellent index to the deformation
characteristics of the binder-filler mixture. For this reason BS 594 requires the
filter to comply with a bulk density in benzene value of between 0.50 and 0.95 g/ml.
The filler-bitumen ratio is also important to obtain a balanced composition and a mix-
ture with adequate resistance to distortion. A study by_Kraemer (20) recommends that
this ratio should not be less than 1.0.

Effect of Moisture on Mix Properties

To ensure that moisture does not affect the stability of the surface adversely, speci-
mens of mix compacted under 2 x ?5-blow Marshall compaction should be soaked in
clear potable water for a period of 24hours at 60 C andthereaftertested forMarshall
stability. The ratio of the soaked stability divided by the stability obtained under the
standard Marshall test conditions is the immersion index, which should not be less
than 0.75 for acceptable surfacing mixtures.

CONCLUSIONS AND TENTATIVE MD(-DESIGN CRITERIA

Several conclusions may be made as a result of this study.

1. An acceptable correlation exists between the Marshall stability-flow ratio and
the rate of tracking at 40 C for gap-graded mixtures when tested with a wheel-tracking
machine.

2. Fatigue service life of thin surfaces of gap-graded mixtures can be established
and controlled within acceptable bounds by using the indirect tensile strength of the
mixture at 40 C.

3. A reasonably good correlation between Marshall stability and indirect tensile
strength exists to enable engineers in practice to control the fatigue resistance of gap-
graded mixtures by specifying an upper limit to the Marshall stability value.

4. The sand used in the manufacture of gap-graded mixtures has a predominant
effect on the properties of the mixture.

5. Maximum size of coarse stone used in a gap-graded mixture within the limits of
26.5 mm and 13.2 mm does not have a sigñificant effect onthe properties of themixture.

6. Stone content of gap-graded mixtures is an important variable. The higher stone
contents result in mixtures having greater resistance to distortion in the case of mine
sand and lower resistance in the case of pit sand. Optimum stone content therefore
depends on the type of sand.

7. Higher stone content mixtures result in surfaces with lower fatigue service lives
and greater permeability at a given voids content.

The results of this study, combined with information from the literature, have per-
mitted tentative limiting criteria to be established to control the following properties
of a gap-graded bituminous surface:

1. Deformation or distortion,
2. Fracture strength,
3. Fatigue resistance,
4. Durability,
5. Imperviousness, and
6. Balanced composition.

These properties are governed by various laboratory tests that enable asphalt engi-
neers to design suitable gap-graded mixtures in practice. Obviously, the intensity and
type of traffic using a pavement as well as pavement geometrics and microclimate do
influence surface performance. For example, a mixture that just complies with the
deformation criteria would not be suitable for hot summer conditions under heavy truck
traffic on a pavement with sharp bends and extreme sideway stresses.

This study has not investigated the influence of grade of bitumen because it is usual
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in gap-graded mixtures to use a hard penetration grade such as a 40-50' However,

"u"'"ä "îi"t 
11 South Africa where 60-i0 penetration grade bitumens have been used

with success. Design criteria should talie account of the grade of bitumen used'

Tentative mix-designcriteria for gap-graded bituminous surfaces with stone contents

*ittti"ìtr" 
"ange 

of 30io 50 percent a"e givett in Table 3. Some of these criteria re-
quire verific"lion by controlìed road experiments; such a program has been instituted

at the NIRR
Although the design criteria given in Table 3 do not, as is the case with many design

methods, îndicate thË optimum ñittae" content that should be used for a particular ag-

gregate ôomposition, th'à designer should always aim at introducing as much nit-y-n9n

into the mix as it will tolerate without exceeding the bounds of-the criteria established'

itris wltt, in effect, result in the most durable mixture that will satisfy aII the neces-

sary requirements of a good surfacin-g mixture'
This study has enablðd mechanicaftest properties to be reduced to a minimum be-

cause the Marshalt test fulfills all the neceìsa"y requirements of the mixture for de-

"ign 
prr"po""". This results in a great saving in testing time and in the cost of addi-

tional testing equiPment.
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MECHANICAL PROPERTIES

OF GAP.GRADED ASPHALT CONCRETES

Dah-yinn Lee, Iowa State University

ABRIDGM ENT
.THIS report presents the results of a laboratory study that compared well-graded
and gap-graded aggregates used in asphalt concrete paving mixtures. There was a
total of 424 batches of asphalt concrete mixtures involving 3,960 Marshall and Hveem
specimens and 33 gradations of which 27 were gapped.

MATERIALS

Two crushed limestones, 1 natural gravel, and 1 crushed gravel were included in
this study. The Ferguson aggregate (Lr), a dolomitic limestone, was used in series B
and C. The Moscow aggregate (Lz), a lithographic limestone, was used in series D.
The crushed and pit-run gravels were used in series F. To improve workability, a
concrete sand was added to the major aggregates in all series for fractions retained
on a No. 30 sieve and a No. 50 sieve at a 50-50 ratio.

Seventeen aggregate gradings were examined for "/n-in. (tg.1-mm) maximum-size
aggregates, including a gradation fotlowing Fuller's maximunl density curve (A-F); a
nääerär Highway Aaãiinlstration (FHWA) ðurve, P = 100(d/D)o'nu (A-P)(Ð; a midpoint
Iowa type A grading (A-lXZ); and 14 gap gradings as shown in Figure 1. Eight aggre-
gategiàAingJwere-e*a-inãd for lz-in. (12.7-mm) maximum-size aggregates: a FHWA
maximum density grading (B-P), a British Standard 594 grading (B-B), and 6 gap
gradings as shown in Figure 2. Eight aggregate gradings were studied f.or ]e-in.
(9.5-mm) maximum-size aggregates for all crushed limestones, including a FHWA
grading (C-P), 6 gap gradings, and a midpoint Iowa type A grading (C-I) as shown in
Figure 3.

Three asphalt cements of 2 penetration grades were studied in conjunction with the
aforementioned aggregate gradings, Asphalt A (65 penetration grade) was used in
series C and D; asphalt B (94 penetration grade) was used in series B; and asphalt C
(91 penetration grade) was used in series F.

METHODS AND PROCEDURES

Oven-dried crushed aggregates were first separated by "/n-in. (19.l-mm), %-in.
(12.?-mm), %-in. (g.S-mm), No.4, No.8, No.30, No.50, No. 100, andNo.200 sieves.
Concrete sand was separated and added to retain No. 30 and No. 50 fractions at a 50-50
ratio. Required weights of each fraction were then combined to produce the gradation
curves shown in Figures l through 3. Asphalt concrete mixtures were made in a 50-
1b (22.?-kg) Iaboratory pugmill mixer at asphalt contents from 3 to 7 percent. Nine
specimens were prepared from each batch. Six specimens were compacted by the 50-
blow Marshalt method and 3 specimens by the Hveem method. Of the 6 Marshall
specimens, 3 were tested by the standard Marshall method, 2 were tested by the
Marshall immersion compression method (Ð, and 1 was tested for indirect tensile
strength É).

Publication of this paper sponsored by Comm¡ttee on Mechanical Properties of Bituminous Paving Mixtures.
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Figure 1. Grading curvès for ?a-in. maximum'size aggregates (0.45

power).

100

90

80

m

o
Z¿o

fuo
2u
9&
H

30

20

l0

0
200t0050 30 ló

20 80 /t0 20 l0uu
SIEVE SIZES

Figure 2, Grading curve$ for l -in. maximum-size aggregates

(0.45 power).

100

90

80

7!
()
Z¿o

Ì¡o
2

$rcÈ

30

20

t0

0 0 20010050 30 tó

52A804020ut¡

I
t0 6

SIEVE SIZÊ5

111 tn.

/14- 
o-o'

ffi*'



148

Figure 3. Grading curves for %-in. maximum-s¡ze
aggregates (0.45 power).
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RESULTS AND DISCUSSION

Density and Gradation

By comparing the maximum densities for each gradation determined from unit
weigtrt-asptralt content plots within each series we noted the following:

1. In general, softer asphatt and harder limestone resulted in higher compacted
density;

2. ü most series, the well-graded gradinCs (F) were not amongthe gradings that
give the highest maximum density; and- 3. Gradlngs that consistently yielded mixtures of higher maximum density were
Ã-4L, A-8Lr-B-30, and C-8L; gradings that consistently yielded lower mâximum density
were A-100L, B-30L, B-100L, C-I, C-30, and C-100L.

Some of these features are shown in Figures 4, 5, 6, and 7 for Marshall mixes in
series B (Lr x 94 penetration grade).

Stability and Gradation

When the maximum Marshall stability (determined from stability versus percentage

of asphalt plots) of various gradings was compared within each series and between

series, we observed the following:

1. AII mixes studied þap or well-graded) yielded mixtures with maxÍmum Marshall
stability far exceeding ttre minimum of ?50 pounds (3.34 kN) required of mixes designed
for heavy traffic.

2. Th; best gaps forhigh-stability mixes appearedto be different for different max-
imum aggregatã sizes and aggregate-asphalt combinations. The well-graded Iowa
type A ãñA É¡'yye gradings (I-an¿ p) were usually among the gradings that yielded.high
IVtàrshall stability. Theiest gap gradings for Marshall stability were A-I, A-P' A-8,
A-30, B-30, B-8, and C-100.

The Hveem stability at 3 percent air void content was determined for each grading
within each series and was used as a basis for comparison. It was observed that

1. More than 50 percent of the gap-graded mixtures yielded stability at 3 percent
air void content exceeding the minimum required stability of 35 as recommended by the
Asphalt Institute method; and

z. rne best gap gradings by this criterion were A-F, A-I, A-8, A-4H, A-4L, A- 100L'
B-100L, B-8L, C-I, and C-30.

Voids in Mineral Aggregate and Gradation

The purpose of minimum voids in mineral aggregate (VMA) requirements is to
ensure ãuffìcient air voids to prevent flushing and sufficient intergranular void space

for enough asphalt for durability. As had been expected by many as one of the dis-
advantagäs of well-graded aggrêgates, the well-graded mixtures in this study produced

mixturel of low VMA. However, data also indicated that gapping the grading may or
may not increase the VMA values. For example, although aII gap-graded mixtures
gave VMA values higher than that of I or P gradings, gap-graded A-100, A-8, and C-100
iri*t.r"e" had VMA values lower than corresponding well-graded mixtures. Further,
the effects on VMA of the location of the gap and method of gapping were also different
for different maximum sizes.

CONCLUSIONS

with proper combinations of type of aggregate, aggregate size, type of asphalt, and

asphalt content, numerous gap-graded aggregates can be made into satisfactory paving

-ilht"e". Thórefore, it appears that rigid requirements of grading conformir-tg._to a

certain constant mathâmatiôal relationsñip suctt as Fuller's curve, P = 100(d/D)n, are
not justified.

Èecause ofthe attractiveness ofthe cost (in certain areas), fatigue resistance' durability,
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compactibility, and skid and wear resistance of gap-graded asphalt concrete, more re-
search and experiments, especially in the field, should be conducted.
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CONSIDERATION OF PARTICLE ORIENTATION

IN THE COMPACTION OF ASPHALT CONCRETE

William D. O. Paterson, National Institute for Road Research, Pretoria, South Africa

ABRIDGMENT
.WHEN a bituminous mixture deforms under load, as during compaction, changes oc-
cur inits internalstructure. The initial structure of irregularly shaped solid particles
randomly oriented and distributed is shaped into a structure with definite characteris-
tics of pàcking and orientation. Analysis of the system of stresses and the transfer of
energiei shows that the particles are likely to be moved into a generally parallel ori-
entat-íon perpendicular to the principal imposed stress (1). This ultimate structure
will be in a stable energy state and will be able to sustain the imposed traJfic stresses
without permanent deformation.

The ã components of changes in internal structure are translation and rotation. The
rotation or reorientation component has a significant effect on mixture strength' It is
much smaller than the translation component in mixtures of near-spherical or cubical
particles and in some uniform or 1-size mixtures, such as a sand-asphalt. But, in a
ãense-gradedmixture, it ishighly significant. Few quantitative studies have been re-
portedõt ttrls topic (2), andthus anattempt is made here to assess the significance and
õontribution of particle orientation in dense-graded mixtures. A more detailed report
is also available (1).

I}N/ESTIGATiON

During an investigation of traffic compaction in dense-graded mixtures we made
measurements of particle orientation to determine the changes occurring during traf-
ficking. Trafficking was full-scale and controlled in 2 levels of ti.re contact pressure
(280.6Þ0 kPa) and 2 of mixture temperature (25 and 40 C) (Ð. The mixes were of 1

dense gradation of an aggregate with low flakiness and nominal maximum size of 16 mm.
Bindefviscosity, binder content, and initial density were varied. The thickness was
50 mm. Compaction was done by pneumatic rollers.

The orientation of individual particles was measured graphically from photographs
made of thin strips cut from a block taken from the pavement as shown in Figure 1'

Coordinate measurements of the end points of each particle were recorded' Orienta-
tion was the direction of the longest dimension on the projection. The data were sub-
jected to the Tukey chi-square (Xt) statistical analysis €) in groups by particle length,
depth, and region and in toto for each sample'

DISCUSSION OF RESULTS

Analysis of the data typically yielded distributions as shown in Figure 2 for the be-
fore and after trafficking states. The distributions are shown in the polar form com-
mon in geological applications with discrete ranges of 10 deg as used in the statistical
analysiJ. Visual comparison with a random distribution indicates a high degree of
pref erred orientation.

The results of the statistical analyses are summarized in Table 1. These show

that the aggregate particles did exhibit a preferred orientation in the range of 3 to 8
deg from-the horizontal rather than in a random manner. This was demonstrated
by the chi-square test, which indicated that there was less than 0.5 percent significance

Publication of this paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures.

151



t52

Figure 1. Typical specimen for orientation analysis.
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Figure 2. Typical polar distributions of orientation.
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Table 1. Summary of particle orientation analysis.

I

(
1

Bitumen f:lÏ*y erlqtaríon (<res¡ees) :¡*ilit*
strip Content Viscosity (percent Within 10 ^ Suple
Ñrni¡u" (p"r"*t) (úilsaría} dxts-¡row) TraJfic Mem p¡ele¡red Deg of Msan f size

1 6.1 2.0 98 BèIore -3.6 -5.1 0'326 653 92O
(optimum) After -3'1 -4.4 0'298 334 ?86

2 6.1 2.0 95 Before -?.3 -8.1 0,321 356 586
(optimuu) After -3.1 -1.2 0.274 46 454

3 6,8 2.0 98 Before -6.1 -5.9 0'341 594 988
(excessl After -4.3 -6.1 0.354 420 822

4 6.1 O.5O 98 Before -2.8 -6'4 0,288 432 1'118
(optimum) After -5.6 -8.6 0'291 553 1,268

6 ' 5,2 0.50 98 BeIore -5.1 -7'4 0,3¿8 144 1,549
(tteficient) Aiter -5'4 -'¡.5 0'29B 543 1,311

Nolêi For pânicls wilh a pøjedio¡ >2 mm only.
ôWilh rEpect to desig¡.

Table 2. Subanalysis of orièntation by size, depth, and region for strip 1.

By Part¡qle size' By DeÞth in Pavemðtù By RegionÊ Alug Block"

Mas¡e<t 1 to 3 to ô to 0 to 13 to 26 ta 38 to 0 to 100 to 200 to 300 to
ttem Data 3 mm 6 mm 12 mm >12 mm 13 nm 25 mm 38mm 50 mm 100 mm 200 r¡m 300 mm 400 mm

Before Trâffic

Prefe¡¡êd
oriqtati@,
degleæ -5.1 -6.0 -Þ.3 '4'2 -4'8 -10.3 -4'6 -5.3 -2,5 -2,5 -4.r -6'9 -8'7

smDte size 920 2ã't 480 277 26 203 22A zg',l 208 25',1 245 230 188

ts " sbg 130 258 161 16 724 130 128 130 153 728 164 ð3
Probå.bility of

oc@ûence,
oeg"*s 0,326 A,Sz't 0.308 0.3?9 0,320 0.281 0,301 0.312 0.313 0.32? 0,t55 0,303 0.261

Âfter T¡âJfic

Preférred
o rie¡Ít ation,
degrees -4,4 -2.8 -3.6 -5.0 -9.9 -10,4 -5'0 -6.4 -X'2 -6.0 -5'9 +1'6 -5'2

smile size ?80 334 341 196 27 150 154 1?6 190 194 2os 190 1e8

xz 
- 334 99 172 71 10 46 66 69 104 65 96 94 120

?robability of
occurrencel
degreeE 

- 0,298 0,269 0.343 0,240 0.3?0 0.254 0.3s6 0.2?0 0.250 0.280 0.325 0.303 0.308
'i

, :- t I

.I

tRrnge ofêxposed length- bFrm the surfâce. 'Froñ lead¡hg edgÞ.

't
..t

I
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of random orientation, that is, the particles had a preferential orientation. The slight
differences that could be noticed between the arithmetical mean orientations and the
preferred orientations occurred when the distributions exhibited a smaller ill-defined
peak in addition to the dominant peak. The dispersion of the di_stribution is given as

ihe probability, P, of the orientation of a particle being within 10 deg of the mean, the
probability of occurrence.- A comparison of the results of strips 1 and 2 indicates the effect of construction
density for a normally designed mix with 80-100 penetration grade bitumen. Before
trafficking, the highly compãcted mix had a lower mean orientation (3.6 deg) than the

Iigh¡y compacted-mix (?.3 deg); after trafficking these were both reduced to 3.1 deg.
Hlgher compactive effort seems to result in flattening the particles to a more hori-
zontal position.

The effect of excess binder in a mix may be assessed by comparing the rich mix on
strip 3 to the normal mix on strip 1. Although the mean orientation was slightly higher
for the rich mix, the probability of occurrence was higher than that for the normal mix
(0.341 versus O.ilZO) and increased further under traffic (0.354). This illustrates the
more fluid nature of the rich mix, which allows easier manipulation of individual par-
ticles into their stable positions.

The effect of binder viscosity may be assessed by comparing the soft mix on strip 4

and the hard mix on strip 1. In the soft mix contrary characteristics are evident with
the mean orientation increasing slightly and the probability of occurrence being low at
0.29.

The size, depth, and regional location of particles had the effects on orientation
given in Table 2 for strip 1. Size appears to have negligible influence because there is
no consistent trend in móst parameters except a slight maximum for3- to6-mmlength
in the X2 value. Depth within the layer does appear to have an influence on orientation
but its extent is masked in the most critical regions, such as near interfaces, because
there the orientation is dictated by the nearest particle face rather than by the longest
dimension adopted by definition. The analysis by regional location is a measure of the
variation to be expected between similar subgroups and is thus an indication of the
significance of the overall result. From the final panel of Table 2 it can be seen that
thé mean and preferred orientations vary by *3 deg and the probabilities of occurrence
by *0.02 deg.

In the light of these naturally occurring variations it is apparent that the changes in
orientation under traffic compaction and the differences due to subsidiary factors of
mix design and construction conditions have a very low significance.

PRACTICAL IMPLICATIONS OF RESULTS

The significant degree of preferred orientation achieved under rolling compaction
has important implications. The stability of a fieid core cut from a pavement was
gene"aily much lower than that of a block of the same mix molded in the laboratory by
lmpact compaction to the same density conditions as shown in Figure 3. Little of the
difference was attributable to mixing variations and most of it was due to differences
in particle orientation. The rolling compaction in the field produced a preferentially
hoiizontal orientation that was weak in the horizontal plane but strong in the vertical.
Impact compaction however causes more wedging than alignment and in addition there
is ltre perpendicular alignment due to the sidewall effects of the mold, which increase
the strength in the diametral plane.

Anothãr phenomenon is thé effect that the constructed density had on the final
density of abituminous surfacing. Figure 4 shows the data for several mixes. If the
initial structure had no influence on the final structure the curves would have zero
gradient but the gradient is generally positive. I¡r other words, normal traffic alone

ls insufficient to develop the same internal structure as developed by construction
rollers, that is, the same arrangement of orientation and packing. At high mix tem-
peratures this phenomenon becomes much less significant.
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Figure 3. lnfluence of compaction mode on Marshall
stability.
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Figure 4. lnfluence of constructed dens¡ty on final stable state dens¡ty.
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CONCLUSIONS

Measurements on dense-graded asphalt concrete samples cut from a pavement
showed that approximately 30 percent of the particles were oriented at angles within
10 deg of the preferred orientation and that the preferred orientation was generally in
the range 4 to I deg above the horizontal in the direction of trafficking. Small changes
were apparent under the compacting effect of simulated traffic but these were barely
significant statistically. Low viscosity and high binder content appeared to promote
preferential orientation but, again, the differences were not statistically significant.
Particle size had negligible influence. The structural properties of a mix are very
sensitive to orÍentation eharacteristics. Reorientation appears to be a function pri-
marily of viscous resistance in the binder; changes in packing density are more a
function of aggregate characteristics.
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