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Foreword 
The papers contained in this RECORD are of primary interest to the bituminous 
engineer in terms of practical application and basic concepts. The authors report 
on (a) characteristics of cold mixes, (b) effects of mineral fillers, (c) testing of 
asphaltic concrete under triaxial compression, creep and relaxation, and impact 
loading, and (d) temperature distribution within thick asphaltic concrete courses. 

Gietz and Lamb present results of a study of the effects of mineral fillers on 
binder viscosity. The study indicates that low-temperature consistency of asphalt
filler combinations can be predicted from measurements of penetration, soften
ing point, and viscosity at standard conditions. Premixing of asphalt and filler 
was found to yield higher and more uniform values of Marshall stability than 
adding asphalt to the aggregate blend containing the filler. 

The report by Brahma is concerned with the influence of pre- and post
compaction curing on the strength and durability of cutback asphaltic mixtures 
containing crushed stone and pit run gravel. By varying the degree of pre- and 
post-compaction curing and obtaining Marshall and direct compressive stabili
ties, the author concludes that (a) a cold mix with RC can meet the requirements 
of hot-mix asphaltic concrete if the curing of the cutback is controlled, and (b) 
the loss in strength from exposure to freeze-thaw or hot-water immersion is 
greatest for a low amount of pre-compaction curing. The effects of pre- and 
post-compaction curing on binder viscosity and surface tension are discussed. 

Interest over the possible low-temperature cracking of flexible pavement sur
faces prompted Gromko and stevens to investigate the brittle-plastic behavior of 
asphaltic concrete. The authors used a pendulum-hammer impact device to ex
amine the effects of temperature, aggregate gradation, velocity of impact, and 
asphalt content on the energy absorbed by specimens under load. The findings 
indicate that the prime factors affecting energy absorption are temperature and 
impact velocity. There is a definite temperature range for the transition from 
viscous-plastic to brittle behavior. The transition temperature range is a func
tion of asphalt viscosity, being colder as the penetration of the asphalts increased. 
Of the paving asphalts and MC-5 used, the MC-5 was considered to be best to 
minimize ''brittle tendencies" of paving mixtures. 

The study by Moavenzadeh and Sous sou is related to the characterization of the 
stress-strain properties of sand-asphalt mixtures as influenced by time and tem
perature acting in combination or separately. The results indicate that for small 
strains the behavior of the material is linear viscoelastic in nature, and the 
principle of time-temperature superposition is applicable in creep and relaxa
tion tests. The authors present a numerical procedure for transforming creep 
to relaxation functions with a high degree of accuracy. 

straub, Przybycien, and Schenck give the results obtained from instrumenting 
thick asphaltic concrete courses for temperature determinations. Distribution 
of temperature with depth and time is shown for the test site, located in a cold 
region. Temperatures within the pavement section are related to air tempera
ture and solar energy acting on the surface. A numerical simulation model of 
heat flow for predicting temperatures is presented. 

Triaxial compression tests on asphalt-aggregate mixtures were used by Wissa 
and Blouin to determinethe effects of compositional factors on the values of fric
tion and cohesion. Volumetric strains of the selected mixtures are shown to be 
related to rate of strain and temperature. 

-R. A. Jimenez 



Contents 
EFFECTS OF FILLER COMPOSITION ON BINDER VISCOSITY AND 

MIX STABILITY 

Robert H. Gietz and Donald R. Lamb. . . . . . . . . . . . . . . . . . . . . . . . . . 1 

INFLUENCE OF CURING OF CUTBACK ASPHALT ON STRENGTH 
AND DURABILITY OF ASPHALT CONCRETE 

Suresh P. Brahma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

TNVF.S'T'TGA 'T'TON OF 'T'HF. RR.T'T''T'T. F.-PLASTIC BEHAVIOR OF ASPHALT 
MIXTURES BY USE OF AN IMPACT DEVICE 

Gerald J. Gromko and Jack E. Stephens. . . . . . . . . . . . . . . . . . . . . . . . 22 

VISCOELASTIC CONSTITUTIVE EQUATION FOR SAND-ASPHALT 
MIXTURES 

Fred Moavenzadeh and Joseph Soussou. . . . . . . . . . . . . . . . . . . . . . . . . 36 

BITUMINOUS PAVEMENT TEMPERATURE RELATED TO CLIMATE 

Arthur L. Straub, H. N. Schenck, Jr., and Frank E. Przybycien ...... 53 

STRENGTH BEHAVIOR OF SELECTED ASPHALT-AGGREGATE 
SYSTEMS IN TRIAXIAL COMPRESSION 

Anwar E. Z. Wissa and Scott E. Blouin .............. . ...... . .. 78 



Effects of Filler Composition on 
Binder Viscosity and Mix Stability 
ROBERT H. GIETZ, Washington State Department of Highways, Spokane, and 
DONALD R. LAMB, University of Wyoming, Laramie 

Combinations of two penetration grade asphalt cements 
and three mineral fillers were prepared at various filler 
concentrations. Mixture consistency was determined by 
penetration, softening point, and viscosity tests. The low
temperature properties were predicted from each system 
and compared. Marshall stability specimens were pre
pared using premixed binder and conventional methods. 
Higher stabilities and low temperature stiffness were 
noted for mixtures with portland cement filler. Pre
mixed binder specimens were found to have higher sta
bility and more uniformity than conventional specimens. 

•DURING this and previous studies, the occurrence of lateral cracking in asphaltic con
crete has been established as common in the Wyoming highway system. Secondary 
failures commonly occur as a result of lateral cracking where plastic soils or expan
sive clays are present in the subgrade. Within the Wyoming highway system there are 
several projects of asphaltic concrete pavement that exhibit little or no lateral cracking 
under conditions of service similar to those of other projects that have cracked. In ad
dition, differences in cracking have been noted within the same project. All projects 
were constructed under the same specifications although materials were of dissimilar 
origin. 

INVESTIGATION OF PAVEMENT COMPOSITION 

Previous studies (1, 2) have pointed toward thermal stresses as a possible cause of 
lateral cracking. It would naturally follow that differences in cracking pattern could 
be attributable to the most temperature-variable component of the pavement, namely, 
the asphalt cement. These investigations were undertaken, therefore, to attempt to 
characterize the temperature-dependent consistency of typical asphalt materials and 
the effect of the variation of mineral filler content on the temperature-consistency re
lationship. A proposed alternative method of mix preparation was compared with the 
conventional method. The alternate system consists of preparing an asphalt-filler 
binder mix from asphalt cement and the fraction of the aggregate passing the No. 200 
sieve. This binder was then mixed with the remaining aggregate. 

It was felt that possibly the variability of pavement performance could be correlated 
to a measured variation in pavement composition within specification limits. Since, 
in practice, the asphalt content is held within fairly close tolerances, the remaining 
variables are limited to those in aggregate gradation, assuming that variations in com
position should be minor within a single source. This paper reports the results of in
vestigation of the effects of variation of the mineral filler concentration and composi
tion on the temperature-consistency relationships of the resulting asphalt cement
mineral filler mixture. 

Paper sponsored by Committee on Characteristics of Aggregates and Fi I lers for Bituminous Construction 
and presented at the 47th Annual Meeting. 
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Literature Review 

The variability of proportions of asphalt cement and mineral filler has been acknowl
edged to affect mix properties. Eske (3) examined the effect on the flexural strength 
and advocated an optimum filler ratio ofl.25 to 2.0 by weight to give maximum flexural 
strength. Above this optimum ratio a decrease in flexural strength was attributed to 
inadequate compaction as a result of loss of workability. Kallas and Krieger (4) found 
that substitution of equal weights of diatomaceous earth or asbestos fiber in the mineral 
filler increased the optimum asphalt content for an optimum, low air void content. (The 
objective of their studies was to increase asphalt content with a view to increased dura
bility without loss of stability. ) Bahri and Rader (5) examined the effects of bitumen 
viscosity on the compaction of asphalt mixes. They found that the variation of mineral 
filler concentration varied the optimum mixing and compacting temperatures due to the 
effects on the consistency of the resulting mixture. In these tests a single source of 
aggregate and asphalt cement was used, with the variables being the mixing and com
pacting temperatures. 

Heukelom (6) examined the effects of variation of type and quantity of filler on the 
workability ofthe resultant mix. The critical factor having the major effect on the 
consistency and densification of the mix was stated to be the bulk volume of filler 
present. 

Tunnicliff has examined the properties of both the mineral filler (7) and the combined 
asphalt-filler mixture (8). His reports consider both a redefinition of mineral filler 
(7) and a consideration of the binding effects of the mineral filler-asphalt mixture (8). 
Several concepts suggested in the latter report will be employed in the evaluations fo 
this paper. 

The behavior of asphaltic cements under stress is highly variable, depending on the 
temperature, rate, and method of loading. The rational characterization of its behavior 
in absolute terms is extremely complex. Van der Poel (9) proposed the evaluation of 
bitumen stiffness based on the relative responses of different materials as determined 
by the results of standard tests. He employed the penetration index developed by 
Pfeiffer and Van Doormaal (10) to characterize the temperature-dependent change in 
consistency. This evaluationwas further refined by Heukelom (11), who revised the 
original nomograph and conducted tests that confirmed the application to all types of 
bitumen. The stiffness and penetration index nomographs as presented by Heukelom 
will be used in evaluations fur lhis repu.l'l. 

The determination of the penetration index is based on the standard penetration and 
ring-and-ball softening point tests. By their nature these determinations are some
what empirical. The measurement of viscosity tends to be more fundamental. Griffith 
and Puzinauskas (12) examined the correlations of viscosity determinations with other 
accepted tests. Their findings included good correspondence between penetration and 
viscosity when determined at 77 F. In correlating viscosities determined at higher 
temperatures with 77 F penetration, however, poor correspondence was noted. To de
scribe the change in viscosity with temperature, the viscosity-temperature-susceptibility 
(V'T'S) w:H1 advoc::i.ted. 'T'his iR determined by the slope of the log of log viscosity vs log 
of Rankine temperature plot. 

The VTS parameter has been employed in other research at the University of Wy
oming by Silver; Davis; and DlLnca.n (13). ThJs wo:rk involved the comparison of bitu
men produced by hydrogenation oI coalwith conventional asphalt cement and road tars. 
The necessary coneplate viscometer for this determination was available along with a 
well-developed laboratory procedure. Therefore, the VTS relationship was also used 
as an index of consistency in this study. 

Experimental Materials 

Mineral Filler Composition-So that results of these tests might be extended to the 
typical pavement mixtures of Wyoming highways, the components selected were in 
compliance with standard specifications. Standard Wyoming Highway Department 
Specifications for Mineral Filler (14, 15) permit the use of limestone dust, portland 
cement, or other inert mineral mattergraded so that 100 percent shall pass a No. 30 



sieve and not less than 65 percent 
shall pass a No. 200 sieve. The 
studies by Tunnicliff(8), however, 
recommended the use- as filler of 
material all of which passes the 
No. 200 sieve. The mineral filler 
materials used in these studies 
were all crushed so as to pass the 
No . 200 sieve. 

The mineral filler composi
tions selected were crushed lime
stone, crushed silica, and port-
land cement. In order to charac-
terize these materials, standard 

Type 

Specific gravity 

Percent of sample 
finer than: 

No. 200 sieve 
(74 micron) 

No. 325 sieve 
(44 micron) 

20 micron 
10 micron 
5 micron 
3 micron 

TABLE 1 

PROPERTIES OF MINERAL FILLERS 

Limestone 

2. 626 

100 

82 
56 
37 
18 
10 

Silica 

2. 502 

100 

25 
15 
10 
7 
4 

3 

Portland Cement 

3.128 

100 

93 . 8 
65 
59 
53 
50 

tests for density and gradation were conducted. Testing of limestone and silica was 
conducted in the University of Wyoming Civil Engineering Laboratories, and Laboratory 
personnel from Monolith Portland Midwest Company of Laramie performed the tests on 
portland cement. The results of these determinations are given in Table 1. 

Asphalt Cements-The asphalt cements employed were selected from typical mate
rials pr ovided for earlier experimental work by Wyoming asphalt producers. Pene
tration grade 85-100 asphalt cement was selected since this is most typical of current 
construction procedures. Two asphalt refining sources were used-Sinclair Refining 
Company at Sinclair, Wyoming, and Husky Oil Company at Cody, Wyoming. Initial 
properties determined for these materials are given in Table 2. 

Prepared Filler-Asphalt Mixtures 

Specifications-It was desired to have blends of filler and asphalt typical of those 
that could be produced under construction conditions. A typical construction mix was 
selected as 6 percent asphalt cement based on weight of total mix. Wyoming Highway 
Department Standard Speci fication 703.09 (14) permits, under various gradation bands, 
from 3 to 12 percent of minus 200 materialliy weight of aggregate . 

Volumetric Filler-Asphalt Ratio-The examination of filler concentration based on 
the bulk volumes of filler and asphalt was proposed by Tunnicliff (8). The filler-asphalt 
ratio (F/ A) is defined as -

F/ A_ Vf _ Wf/Gf _ 1,F [ l - (M/100) ] (Ga) 
- Vag - Wa/Ga - %,A(Gf) 

where 

Vf = Absolute volume of filler, 
Vag = Absolute volume of aggregate, 
Wf = Weight of filler, 
Gf = Specific gravity of filler, 

Wa = Weight of asphalt, 
Ga = Specific gravity of asphalt, 
%F = Percent filler in mix by weight of total aggregate, and 
%A = Percent asphalt in mix by weight of total mix. 

Asphalt Source 

Husky 

Sinclair 

TABLE 2 

INITIAL PROPERTIES OF ASPHALT 

Penetration, 
77 F, 5 Sec, 
100 Grams 

87 

86 

Softening 
Point, 
Deg F 

108 

108 

Specific 
Gravity 

1.0331 

I. 0265 

For computation of typical F/ A values, 
the following values were used: 

Gf = 2.65, 
Ga= 1.03, 
%A= 6, and 
%F = 3, 7.5, and 12 to represent ex

tremes and median of specifi
cations. 

Using these typical values, the F/ A 
ratios were computed as 0.18, 0.45, 
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and 0. 72. These typical values were employed in proportioning the test mixtures, based 
on the actual measured specific gravities of the filler and asphalt. 

Preparation-In preparing the mixed asphalt-filler samples, 6-ounce seamless tinned 
moisture cans were used as sample containers. Duplicate samples were prepared for 
each combination of asphalt, filler, and F/ A ratio. The asphalt cement was initially 
heated just enough to permit it to flow. The weighed sample cans were filled approxi
mately half full and allowed to cool. The actual weight of asphalt and cans was de
termined by weighing on a torsion balance to the nearest 0.01 gram. Using the previously 
determined can weights, the weight of asphalt was found by subtraction. The volume of 
asphaltic cement was then determined for each sample. 

Samples were selected at random for preparation of desired filler- asphalt ratios. 
Based on the computed asphalt volumes, the required filler volume for the desired F/ A 
ratio was computed. For each type of filler the necessary weight was calculated based 
on the measured specific gravities. These weights of filler material were then weighed 
out of a supply of previously prepared filler. The filler material was maintained in an 
oven for over 24 hours at 221 F prior to weighing. 

The filler material was placed in the sample containers of asphalt and heated for 
mixing in groups of four cans. Each group was placed on an electric hot plate and 
brought to a temperature of 275 F in approximately 30 minutes. The samples were 
mixed by stirring with a clean glass stirring rod until visual inspection indicated that 
a uniform mixture free of lumps had been obtained. The containers were then covered, 
set aside, and allowed to cool to room temperature. 

Observation of samples during cooling revealed that the filler material settled out 
while the asphalt material was still hot. This resulted in a nonuniform distribution of 
filler in the cooled sample with the upper portion of the sample consisting of a most pure 
asphalt cement. This could have had a distorting effect on any penetration measurement 
subsequently made. It was decided to be particularly careful to reheat and thoroughly 
stir the specimens before removing samples for the viscosity and softening point tests. 
The problem of settlement effects on penetration tests was solved by continuous stirring 
of the specimens while recooling in an ice-water bath until the mixture became too 
viscous to continue stirring. The prepared samples were then divided into two groups, 
one to be used for penetration and softening point tests, the other for viscosity de
terminations. 

Test Methods 

To the greatest extent possible, standard established experimental procedures were 
used. The chief limitations were the availability of equipment or modifications to suit 
sample conditions such as those noted involving cooling and stirring of penetration 
specimens. The specific tests and evaluations used as well as any modifications and 
comments are summarized below: 

Hydrometer Analysis of Soils: ASTM D422-63 (16). 
""''°,.;,f;,.. f"'.!.,,.n'Tr.;4-,..,. --& C.tr,..1,:: .. AC!,Y,"',f' T'\Ql;,.d__l;,Q /1~\ Ti:;.nn_'l"Vl;11;H+o'1" r,~n'lil"-itu unh1n,,=:1t,..;r ._,l"'...,'-".&..&..&....., -.&.U•.L""J V.a. ._,,'-'.&..&.~• .&&Atl.&..&.'f.&. ....,....,..., .&. ..,..., ,..,..,, • .,.,. v-- A••••••••..,...,,.. _._t"_...,.,..,J • ..,,.._ .. .,. .. _._ __ _ 

flask was used. -
Penetrayon of Bituminous Materials: ASTM D 5-61 (16). A Lab-Line Model 4100T 

universal penetrometer with automatic timer was used. All penetration values ,vere 
taken at 77 F, 5 sec, with 100-gram penetration weight. 

Softening Point of Asphalt (Ring-and-Ball): ASTM D36-64T (16). Water bath was 
used for all determinations. Samples were prepared on a Teflon-covered metal pan 
rather than the prescribed amalgamated brass plate. This was done to avoid the haz
ards associated with mercury vapors. The samples were found to separate easily and 
cleanly from the Teflon when chilled for about 30 minutes. 

Specific Gravity of Asphalt Cement: ASTM D70-52 (16). 
Recovery of Asphalt From Solution by the Abson Method: ASTM D 1856-63 (16). 

This is the reflux extraction method using the Faulwetter-type extractor. The extrac
tion solvent employed was ACS reagent grade benzene with approximately 20 percent 
ethyl alcohol added by volume. The addition of the alcohol was recommended in the 
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extractor manufacturer's instructions. It has been found in previous work to speed up 
the extraction process and facilitate t,he release of asphalt from the aggregate. 

Determination of Viscosity by Cone-Plant Viscometer: The procedure for this test 
is detailed in the work by Silver, Davis, and Duncan (13) and is summarized here. The 
equipment used was a cone - plate viscometer manufactured by the Cannon Instrument 
Company . It is designed to measure viscosity in a range from 103 to 1010 poises. Torque 
is applied to a specimen in a controlled-temperature bath by means of a weight and pul
ley system. In preparation of samples, a small amount of heated asphaltic material is 
placed between the cone and plate, which are then seated by means of an additional 
weight. 

The loading weight is varied during the testing to obtain the desired rate of shear. 
For these determinations the shear rate of 0.05 sec-1 was used. Viscosities were de
termined at temperatures of 68, 77, and 100 F. 

Following the preparation of the test samples or, in the case of recovered samples, 
the completion of extraction, the penetration and softening point tests were conducted. 
The duplicate set of prepared specimens was utilized for viscosity determinations. 
After completion of the penetration and softening point tests on the six high F/ A ratio 
specimens, these samples were heated, dissolved in benzene in the reflux extractor, 
and the asphalt recovered. Additional samples of the original unmixed asphalt were 
also subject to the same procedure to determine the change, if any, associated with the 
mixing and recovery process. 

Preparation of Marshall Stability Test Specimens 

The aggregate gradations and asphalt content used for these tests were those pre
viously determined for other Marshall tests. They are given in Table 3. The coarse 
aggregate used (larger than 3/ia in.) was crushed limestone. The fine aggregate (pass
ing 3/26 in., retained on No. 200 sieve) was washed gravel. The minus 200 fraction 
of the aggregate was crushed limestone for the control test. Crushed limestone, silica, 
and portland cement were used in the premixed binder tests. The binder mixture was 
prepared by mixing asphalt and filler at the F/ A ratio corresponding to that of the con
trol specimen. The amount of this binder added to the aggregate mixture was that 
required to give an asphalt content of the total mix equivalent to 6 percent by weight of 
total aggregate. This asphalt content gave an F/ A ratio of 0.326. 

Specimens were compacted by 50 blows on each face using a standard hand-operated 
Marshall compaction hammer. A positioning guide was employed to assure that the 
hammer was kept truly vertical. Mixing temperature was 275 F (±5 F) with compaction 
at 245 F (±5 F). These did not necessarily represent optimum temperatures, but were 
uniformly attainable with the equipment available. 

Samples were prepared for each premix binder. Control specimens were prepared 
also for a total of 24 samples with mineral filler and 6 percent asphalt. 

TEST RESULTS AND DISCUSSION 
OF RESULTS 

Prepared Filler-Asphalt Mixtures 

Penetration, ring-and-ball softening point, 
and absolute viscosity were determined by 
the standard methods previously described. 
The results of these tests are given in Table 
4. The values listed for Penetration Index 
and Calculated Stiffness Modulus were de
termined from the Penetration Index Nomo
graph (Fig. 1) and Stiffness Modulus Nomo
graph (Fig. 2). The values listed for viscos
ity at 100 F, 77 F, and 68 F are those de
termined by actual test. The VTS was com
puted by the slope of the log of log viscosity 

TABLE 3 

AGGREGATE GRADATIONS FUR MARSHALL TESTS 

Aggregate Percent Weight 
Fraction by Weight in Grams 

Retained on: 

l4 in. 0 0 
/11 in. 33 396 
No. 4 (3/16 in . ) 15 180 
No. 8 11 132 
No. 16 9 108 
No. 30 8 96 
No. 50 7 84 
No. 100 6 72 
No. 200 6 72 
Pan 5 60' 

'Total aggregate weight 1200 

"Filler weight fo r control ond llm.,tone prernl binder mixes. SHlca premix 
used 57.0 grams of fillerj port loMd cement pu1mlx used 72.2 gr~ of filler. 
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TABLE 4 

TEST RESULTS OF PREPARED FILLER-ASPHALT MIXTURES 

Sample Soltening 
F/A Sample Penetration Point, 

Penetration 

Asphalt Filler Ratio Type• Deg F 
Index 

Husky None 0 87 108 -2. 5 
Husky None 0-R 67 114 -1.8 
Husky Limestone 0.18 F 49 114 -2. 3· 

o. 45 F 38 118 -2. 7 
0, 72 F 40 135 -0. 8 
0. 72 F-R 58 114 -1. g 

Husky Silica 0. 18 F 56 114 -2. 0 
0. 45 F 46 116 -2. I 
0 . 72 F 41 120 -1. 7 
0 , 72 F-R 79 113 -1.4 

Husky Portland 0.18 F 62 115 -1. 7 
cement 0 , 45 F 43 126 -1. 3 

0. 72 F 35 146 -1.l 
0 , 72 F-R 53 118 -1.4 

Sinclair None 0 86 108 -2. ~ 
Sinclair None 0-R 74 109 -1. 8 
Sinclair Limestone 0.18 F 53 112 -2. 6 

0.45 F 46 121 -1. 5 
0, 72 F 35 135 -0. 5 
o. 72 F-R 67 113 -1.8 

Sinclair Silica 0.18 F 54 111 -2.8 
o. 45 F 44 113 -2. 6 
0. 72 F 39 125 -1. 3 
0. 72 F-R 59 114 -1. 0 

Sinclair Portland 0. 18 F 88 115 -1. 5 
cement o. 45 F 44 122 -1.4 

o. 72 F 26 153 +0. 111 
o. 72 F-R 89 115 -0. 9 

+Viscosi_ties ot 32 F were computed. See Table 6 in the Appendix for computolions, 

•sample Type . 0. vii~iilul, R ~ lto\,v .. ,u,J, r - rillc1-111i ... cJ, 

~r::8-r. •c 

~ 100 

/00 

•• 
90 

60 

•• 

,. 
-~ 

i-2 .,,..,,. 

.,,,,. .,,,. .... , 

P6HETl!At/OII, 0 .111'1.all 

,--

1501 
100 
90, 

::ii 
60 

50 

•<>1 .,,, 

.,,,,., I 5 

,,,,-,•-=1 
t-' .,,. ,-.,,.,-" 10 -- , ,,,- . , 

Figure l. Penetration index determination according to 
Pfeiffer and Van Doormaal. Reproduced from Heukelom {!_!_). 

Calculated Absolute Viscosity (Polsee)t 
StiUness 
Modul t.1 .11 , VTS 
K&/ Cm .. , 100 F 77 F 68 F 32 F 

12hrl 32 F 
II 105 

X 106 
X }01 

X 108 

0,2 1. 20 0. 97 0. 38 1. 29 3. 3 
0. 3 0, 87 0, 90 0, 53 1. 30 4. 0 
0. 7 I. 50 1.40 0. 58 1. 29 3. 4 
1.0 2 , 40 3, 70 1, 30 1. 31 3. 6 
1. 2 8. 40 4. 80 1. 40 1.28 2.4 
0, 5 1, 20 1.10 0. 28 1. 27 3.0 
0. 5 1. 20 1. 10 0. 44 1. 29 3, 4 
o. 6 1.40 1. 60 0. 78 1.31 3. 7 
o. 6 3. 60 2. 30 1. 20 1. 30 3.1 
0. 2 o. 80 0, 70 0, 24 1. 27 3, 2 
o. 4 2.00 1. 10 0. 95 I. 30 3. 6 
1.0 2. 50 3.00 1. 30 1. 31 3. 7 

20. 0 12.00 7, 40 3,00 1. 31 2. 9 
0. 4 1. 20 1. 20 o. 57 1. 30 3. 7 

o. 4 0. 43 0. 71 0 , 59 1. 33 4. 8 
0. ! 0, 50 0, 86 0, 28 1. 29 4.0 
o. 5 0. 70 2, 00 0. 82 I . 32 4. 4 
0. 6 3.00 2. 60 1, 60 I . 31 3. 6 
1, 5 7.00 5.00 2. 30 1.31 3.1 
0. 4 0, 67 1. 60 0 , 46 I. 30 4.1 
o. 5 o. 52 0.96 0. 84 1, 33 4, 8 
0. 8 I. 40 2. 60 I.OD 1. 32 4.0 
1.0 2. 00 3.10 1, 70 I . 33 4.0 
0. 5 0, 89 1. 30 0. 82 1. 31 4. 0 
0. 2 o. 95 3.10 0, 96 I. 33 4. 4 
0. 6 3. RO 3. 80 1. 80 1. 31 3, 2 
4. 0 12. 00 6. 50 3.00 I . 31 2. 9 
0.1 0. 54 1.10 0, 38 I , 31 4. 2 

vs log of Rankine temperatue based 
on the viscosities at 68 F and 100 F. 
Using this value and the viscoRity at 
68 F, the viscosity at 32 F was com
puted. Procedure and computations 
for these values are presented in the 
Appendix, Table 6. The variation of 
viscosity with temperature for the 
various combinations of asphalt and 
filler are shown in Figures 3 through 
8. The viscosities as determined for 
the original unmixed asphalt and 
after recovery from benzene solution 
are included in each figure for 
comparison. 

A larger negative value of pene -

greater variation of consistency 
with temperature. The VTS pa-
..,.,......_,....-r.t.,... .;~ -4-,..1,-a" ,...~ 4-ha olnna nf fl,a 
.&. U.1..1..&.\.,1,'-'.&. .a.i.=, 1,"-'-'l,,'-'.I.&. Ut.:J l,.I.I'-' i.,.a.v.t-'v V,._ 1,.1,.1,..., 

log of log viscosity vs log tempera
ture. Larger numerical values 
indicate steeper slope and, therefore, 
more variation of viscosity with 
temperature. Based on these eval
uations, it can be seen from Table 4 
that the increase in mineral filler 
content reduces the temperature
related variation of consistency. 
The greatest effect on consistency 
was produced by the portland cement 
filler, and greater stiffness was 
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7 

produced in the mixture with Husky asphalt. The effects of the other two mineral fillers 
seem to be approximately equal with either asphalt in the mixed tests. In the tests on 
recovered asphalt, the Husky asphalt showed a reduced penetration index after recovery 
from both silica and portland cement fillers. The only difference from results of un
mixed recovery with the Sinclair asphalt was in the results after recovery from portland 
cement filler. 

The computed 32 F viscosities for all mixtures, original and recovered asphalts, 
are seen to be almost identical. The computed stiffness modulii at 32 F vary con
siderably, however, increasing in stiffness with increased filler content, with recovered 
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Figure 5. Variation of viscosity with temper
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specimens approximately equal to original asphalt stiffness. This seems to indicate a 
greater applicability of the penetration index parameter to the prediction of low
temperature behavior. This would be in agreement with the general concept of a change 
from viscous to elastic behavior at low temperatures. The computation of the low
temperature viscosities also assumes a linear variation of log log viscosity with log 
temperature in this range. Although valid at higher temperatures, this linear variation 
may not be applicable to these asphalts below 68 F. 

In examining the relative magnitudes of calculated stiffness modulus, the portland 
cement filler produced the greatest increase in stiffness, the silica filler the least in
crease, with limestone filler intermediate. This order of increase corresponds to the 
order of increasing specific gravity and relative fineness of filler gradation. At low 
concentrations all three fillers were found to have only slight effect. This difference 
in effect with different mineral composition cannot be specifically attributed to size, density, 
or mineral composition. However, the alteration of penetration index noted with port
land cement would possibly indicate a chemical reaction that was not reversed by the 
extraction and recovery. 

Marshall Stability Tests 

Marshall test specimens were prepared as previously described. The observed 
stability and flow measurements are given in Table 5. As a measure of the uniformity 
of samples produced within each group, the mean value for bulk specific gravity and 
stability and the standard deviation from these mean values within each group have 
been computed. The determined maximum theoretical specific gravity and air void 
content based on this value are included for each specimen. 

The heights of the compacted specimens were determined by averaging four measure
ments taken at equal intervals around the perimeter. These values were used to cor
rect the observed stability values to equivalent values for the standard 2½-in. height. 
The stability values listed in Table 5 are the corrected equivalent values. 

The use of premix binder produced considerably higher stability values for the lime
stone and portland cement fillers compared with the control mix. The premixed silica 
binder showed a slightly lower mean stability. These stability values are in the same 
order as the increase in stiffness modulus noted in the discussion of mixed asphalt
filler tests. The standard deviations from mean specific gravity values for each group 
are less for all three of the premixed binders. Portland cement showed the most uni
form specimen density. Standard deviation values of the stability values do not carry 

Specimen 

Croup I-Control aggregate including 
limestone filler mixed with 6 per-
cent asphalt 

Group II-Aggregate without filler, 
premlx binder; Asphalt and 
limestone at F/ A = 0. 329 

Group m-Aggregate without filler, 
premlx binder; Aephalt and port-
land cement at F/A ~ 0. 329 

Group IV-Aggregate without filler, 
premix binder; Asphalt and sllica 
at F/ A = 0, 329 

TABLE 5 

RESULTS OF MARSHALL STABILITY TESTS 

Meuured Group 

Bulk 
Mean 

SpecUtc and 
Standard Gravity Deviation 

2. 328 2. 345 
2. 365 a= 0.026 
2. 306 
2. 323 
2. 369 
2. 380 

2. 376 2. 371 
2. 382 a = 0. 014 
2,375 
2. 328 
2. 381 
2, 384 

2. 395 2, 397 
2. 391 a = 0, 005 
2. 402 
2. 403 
2. 402 
2. 388 

2,339 2, 346 
2, 351 a = 0.009 
2,382 
2,353 
2. 338 
2. 334 

Measured 
Muimum 

Theoretical 
Specific 
Gravity 

2. 503 
2. 428 
2.458 
2. 455 
2, 421 
2.415 

2,488 
2.438 
2.431 
2,457 
2,425 
2,463 

2. 476 
2. 421 
2,442 
2. 471 
2,450 
2.460 

2.438 
2.446 
2. 462 
2. 443 
2,460 
2,415 

Air 
Voids 

(4) 

7, 0 
2. 8 
6, 2 
5. 4 
2. 2 
1. 4 

4. 5 
2. 2 
2. 3 
5 , 2 
1.8 
3. 2 

3. 3 
I. 2 
I. 6 
2, 7 
2.0 
2. 9 

4.1 
3.9 
4, l 
3. 7 
5. 0 
3, 4 

Mean 
Air 

Voids 
(') 

4.1 

3, 2 

2. 3 

4,0 

Corrected 
Stability 

(lb) 

408 
494 
306 
359 
545 
568 

710 
725 
618 
298 
679 
576 

846 
817 
798 
883 
749 
532 

323 
295 
504 
499 
288 
331 

Group 
Mean 
and 

Standard 
Deviation 

448 
a ,., 89 

601 
o • 109 

738 
a • 99 

390 
o • 76 

Flow 
(0.01 In .) 

27 
30 
36 
28 
37 
27 

21 
28 
34 
32 
29 
33 

29 
26 
28 
26 
29 
23 

26 
25 
25 
18 
21 
24 

Group 
Mean 
Flow 

31 

30 

27 

23 
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out this trend. The variation in stability of the premix binders is slightly greater for 
portland cement and limestone than for the control mix. 

The selection of 6 percent asphalt content for these mixtures was=arbitrary and based 
in part on mix design for slightly different aggregate. Accepted standard values for 
this type of mix are, for stability, over 500 pounds, and for flow, minimum 8 and maxi
mum 18. Comparing these values with the test data, all mixes are seen to have ex
cessive flow values. Acceptable stabilities were achieved in the premix binder speci
mens using limestone and portland cement, while low stabilities were noted for the con
trol mix and the premix silica binder. Air void content for all mixes is within the ac
cepted desirable range of 3 to 5 percent. 

An increase in F/ A ratio was also observed to result in an increase in stiffness of 
the resulting binder. In addition, a high F/ A ratio would increase the high-temperature 
viscosity, thus dec1·easing the consolidation due to a given compactive effort. Thus, 
the F/ A value becomes doubly important since it affects both the initial binder stiffness 
and the degree of compaction, and thereby the possible long-term hardening. 

Although not extensively examined in this study, the mineral composition of the filler 
material also is effective in the binder consistency. The substitution of filler material 
indiscriminately on an assumed universal inertness could lead to unanticipated increased 
pavement rigidity and hardening susceptibility. 

In the tests of prepared filler-asphalt mixtures, it was concluded that the F/ A ratio 
was a significant factor in the behavior of mixed binder, in that increasing stiffness was 
noted at higher F/ A values. The substantial difference in behavior with varying min
eral composition and/or size gradation would require the consideration of filler type 
as well as gradation in determining optimum filler content. The combined effects of 
composition and gradation cannot be separated on the basis of this research. The vis
cosity measurements are concluded to be valid indexes of consistency as applied to 
pavement performance only at temperatures above 68 F. 

The premixing of filler and asphalt to form a binder that is then mixed with coarser 
aggregate fractions is believed to result in a higher resultant stability and more uni
form sample densities. This method (premixing of binder) offers a means for more 
precise control of the amount and composition of filler. The effects of different filler 
types cannot be separated as to cause on the basis of these studies. 

A revised mixing procedure employing a premixed binder and filler-free coarse 
aggregate should be investigated for feasibility and possible test-site construction as 
a means of instituting tighter control over the critical F/ A ratio. 

Additional research into the mixtures of filler and asphalt is reco111111ended to estab
lish the cause of varied interaction. Examination should include fillers of identical 
gradation and varying mineral composition as well as identical mineral composition 
and varying gradation. This could lead to optimizing mix design for filler type and 
concentration as well as asphalt content. 
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Appendix 

TABLE 6 

COMPUTATION OF LOW-TEMPERATURE VISCOSITIES 

(1) (2) (3) (4) (5) (6) (7) (6) (9) 

Viscosity 
Sample Vlscoslty Log Log log 

Log log Log at 32 F 
Sample at 68 F Viscosity Viscosity (0. 03066) Viscosity Viscosity (pot1;es) 

Asphalt Filler VTS lpoiaoo) a 2. 0000 
= log (VTB) at 32 F >< &log = alog 

F/A Type• 
~ 101 + log col, 4 = col. 5 col. 7 (col. 6 -

col. 3 + col. 6 2. 0000) 
X 101 

Husky None 0 3. 3 3 6 8. 5796 0. 93346 0.10116 I. 03466 10. 1083 I. 28 
None O-R 4. 0 5. 3 8. 7243 o. 94074 o. 12264 I. 06338 10. 1157 I. 30 

Husky Limestone 0. 18 F 3.4 5. 8 8. 7634 o. 94267 o. 10424 I. 04691 10. 1114 1. 29 
0, 45 F 3. 6 13.0 9.1139 0. 95970 0.11038 1.07008 10. 1175 1, 31 
0 , 72 F 2.4 14,0 9. 1461 o. 96124 o. 07356 I. 03482 10. 1083 1, 28 
0. 72 F-R 3.0 2, 8 8 . 4472 o. 92871 0, 00198 1.01760 10, 1042 1. 27 

Husky Silica 0. 16 F 3. 4 4 , 4 8. 6435 0. 03668 0.10424 1. 04002 10, 1090 1, 20 
0. 45 F 3. 7 7, 8 8. 8921 0. 94901 0.11344 1. 06245 10, 1155 1, 31 
o. 72 F 3, 1 12 , 0 9. 0792 0, 95805 0. 09505 I. 05310 10.1131 1. 30 
o. 72 F-R 3. 2 2. t 8. 3802 o. 82325 o. 09811 1. 02136 10. 1051 1, 27 

Husky Portland 0.18 F 3. 6 9.$ 8. 9777 0. 95316 0.11038 1. 06174 10. 1153 I. 30 
cement 0, 45 F 3. 7 13 . 0 0.1139 0. 05970 0.11344 I. 07314 10. 1184 1, 31 

0 . 72 F 2. 9 30 . 0 9. 4771 0. 97668 o. 08891 I. 06550 10.1163 1. 31 
0 . 72 F-R 3. 7 5, 1 6. 7559 0. 04330 0.11344 1. 05674 10. 1140 1. 30 

Sinclair None 0 4. 8 5,U 8. 7709 o. 94304 0.14717 1.09021 10, 1231 1. 33 
O-R 4.0 2, 8 8. 4472 0. 02671 0.12264 1. 04935 10.1120 1. 29 

Slnclali' Llm~~luu~ 0.18 F 4.4 8. 2 8.9138 0. 95008 0. 13490 1.08496 10, 1218 l . 32 
0,45 F 3. 6 16.0 9. 2041 o. 08398 0, 11038 1.07436 10.1187 l . 31 
0. 72 F 3.1 23.0 9. 3617 0.97131 0. 09505 1.06638 10.1185 1.31 
0.72 F-R 4.1 4. 6 8. 6628 0. 93786 0.12571 1. 06337 10.1157 l . 30 

Sinclair Silica 0.10- F 4. B 6.4 8. 8062" 0.94479 0.14717 1.09196 10.1236 1. 33 
0.45 F 4.0 10.0 9. 0000 o. 95424 0.12284 1.07888 10, 1194 l , 32 
0. 72 F 4.0 17.0 0. 2304 o. 96522 0, 12284 1. 08788 10. 1224 1. 33 
0. 72 F-R 4.0 B. 2 8. 7024 0. 94411 0.12284 I. 06875 10, 1186 1, 31 

Slnclair Portland 0.18 F 4.4 9. 8 8. 9823 0. 95338 0, 13490 1.08828 10, 1225 1. 33 
cement 0.45 F 3. 2 18.0 0. 2553 0. 96639 0. 08811 1.08450 10. 1180 1. 31 

o. 72 F 2. 0 30,0 9, 4771 0. 97868 0. 08891 1. 08559 10, 1183 1. 31 
o, 72 F 4. 2 3. 8 8. 5798 0. 93348 0.12877 1. 06225 10, 1154 1. 31 

•sample Type: 0 = original, R = recovered, F = filler-mixed. 



Influence of Curing of Cutback Asphalt on 
Strength and Durability of Asphalt Concrete 
SURESH P. BRAHMA, Associate Professor of Civil Engineering, North Dakota 

State University, Fargo 

The objective of this research was to study the effect of curing 
of cutback asphalt on the strength of asphalt concrete mix
tures. A single grade of oil and a single gradation were used 
throughout. The test procedures consisted mainly of the 
Marshall method supplemented by tests to measure durability. 
The work consisted of a study of the problems and selection of 
the method for preparation of the Marshall test samples, and a 
laboratory testing program. The testing program included a 
study of the influence of curing prior to compaction on the 
Marshall stability, on the compressive strength, on the dur
ability, and on various types of aggregate. It was concluded 
that cutback asphalts, when used as a binder in asphalt con
crete, were able to produce mixes of high strength if the cur
ing prior to compaction was controlled properly. The dur
ability of asphalt concrete is influenced by the curing prior to 
compaction. 

•A SURVEY of the literature reveals that preparation of cold mixes by various agencies 
in the past did not follow a standard procedure because of insufficient information about 
the properties of the cold mix. It was recognized by previous investigators (5, 6, 7) 
that cold mixes, if not cured sufficiently, would show a lack of stability undertraffic, 
and also that they should not be cured beyond a maximum value to hinder easy handling. 
In the absence of a definite range for curing of cutback asphalt, the amount of curing of 

TABLE 1 

PHYSICAL PROPERTIES OF AGGREGATE AND GRADATION 

Type of 
Aggregate 

Crushed stone 
Pit run gravel 

Crushtll8' Va lue, 
Los Angeles 

A•braslon 

28. 00 
31. 80 

Percent 
Waler 

AbsorpUon 

o. 80 
2. 94 

Gradation of Class 20-M 

U. S. Standard 
Sieve No. 

¼ In. 
¼ In. 

10 
30 
50 

100 
200 

Percent Finer 

100 
67 
44 
30 
20 
12 

5 

Bulk SP'lclfic 
Gravity of thQ 

20-M GradaUon 

2. 667 
2. 590 

cold mixes was usually based on 
experience, and varied between 
agencies (1 , 2). It is felt that , with 
the increasing use of asphalt-treated 
bases, a design method for cutback 
asphalt-aggregate mixtures or cold 
mixes is needed. The purpose of 
this paper is to present the proper
ties of cold mix when cutback as
phalt with different degree of curing 
is employed as a binder in aggregate. 

SELECTION OF MATERIALS 

Two types of aggregates (a 
crushed stone and a pit rWl gravel) 
were used, because the mix prop
erties are influenced by the quality 
of aggregate. The physical prop-

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures. 
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Figure 1. Temperature-viscosity relationship of AC 120-150. 

erties of the aggregates and the gradation used are given in Table 1. The binders 
selected for this study were AC 120-150 penetration and RC-250. The RC-250 was 
selected on the basis of lower curing time required, because the solvent in the RC-250 
is highly volatile , It was al so felt that the conclusions to be derived from the use of 
RC-250 would hold in principle for other grades of cutback asphalts. The properties 
of asphalt-aggregate mixtures or hot mixes made with AC 120-150 were used as a 
standard for comparing the properties of cold mixes. 

The properties of the asphalt cement and its temperature-viscosity relationship are 
shown in Figure 1. Figure 2 and Table 2 show the viscosity-temperature relationship 
and the properties of the rapid-curing cutback asphalt respectively. 

LABORATORY SAMPLE PREPARATION 

Several trial test series were made following the suggested curing methods (5, 6) 
and it was found that it was very difficult to control the amount of curing before and 
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Figure 2. Temperature-viscosity relationship of RC-250. 



TABLE 2 

PROPERTIES OF RC-250 

Characteristic 

KinelT)alic viscosity 
at 140 F viscosity 

Percent of total distillate 
to 6B0 F: 
To 374 F 
To 437 F 
To 500 F 
To 600 F 

Percent of distillate 
by volume 

Test on residue 
from distillation: 

Penetration 77 F 
(100 gm, 5 sec) 

Specific gravity 
at 7B, 8 F (room temperature) 

ASTM 
Test 

Method 

D88 

D402 

D5 

D70 

Actual 
Value 

440 

52 
73 
89 

22 

110 

o. 968 

Speclflcalions 

250-500 

35+ 
60+ 
80+ 

35 -

80-120 
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after compaction. Therefore, the 
following procedure was adopted 
for preparation of samples to in
sure better control of curing of the 
binder in the cold mixes: 

1. Mixing and Compaction Tern -
perature. The temperature at which 
the binder produced viscosities of 
170 ± 20 centistokes and 280 ± 30 
centistokes was taken as the mix
ing temperature and compaction 
temperature respectively. These 
temperatures were obtained from 
Figures 1 and 2. The compaction 
temperature varied with the amount 
of pre-compaction curing of the 
RC-250. The temperature of the 
aggregates at the time of mixing 
was maintained at 70-74 F and 
221-230 F for cold mix and hot 
mix respectively. 

2. Number of Specimens. Three specimens for each combination of aggregates and 
binder type were made, but only one specimen was prepared at a time. 

3. Curing. The cold mixes prior to compaction and after compaction were cured at 
the compaction temperature and the testing temperature respectively. The mixes and 
specimens were cured in an oven with forced draft and the amount of curing was con
trolled by weighing the mixes and specimens from time to time. As soon as the cold 
mix specimens lost the predetermined amount of solvent, they were taken out of the 
mold and cured at room temperature for 24 hours prior to testing, and tested accord
ing to ASTM D 1559 or D 1075 procedures. The hot mixes were prepared and tested 
according to ASTM D 1559 procedures. 

TESTING PROGRAM 

With the crushed stone aggregates, Marshall test samples were prepared with as
phalt cement content of 4 through 8 percent following ASTM D 1559 procedures and with 
a content of 4 through 8 percent for the following cases for RC-250 only: (a) 40 percent 
pre-compaction curing followed by 20 percent post-compaction curing; (b) 50 percent 

TABLE 3 

MIX PROPERTIES OF CRUSHED STONE AGGREGATE 

Type of Binder Pre- Poot- Marshall Air Effective 
Unit Aboorption Compaction Compaction Flow VMA Binder Binder Content 

Curing Curing Stablllty (1/100 In.) Void ( .. ) Content Weight (lb/100 lb 
and Mix (j) 

( .. ) ( .. ) (lb) (i) (i) (pcf) of agg,) 

AC 120-150 4 1600 9. 0 6. 9 14. 4 3. 225 148. 4 0, 950 
Hot mix 5. 3* 182 1820 9. 5 3. 0 13. 80 4. 480 151. 5 0. 950 

7 1050 13. 0 0. 70 15. 45 6. 250 151. 4 0. 950 

RC-250 4 40 20 1020 9. 0 9. 76 16. 0 2. 630 145. 2 1. 490 
Cold mix 6. 1 40 20 1660 9. 1 3. 0 14. 75 4. 735 150. 2 1. 490 

7 40 20 1315 10. 8 1. 55 15. 5 5. 650 151. 5 1. 490 

RC-250 4 50 10 600 9. 4 10. 2 16. 50 2. 630 145. 0 1. 490 
Cold mix 6. 3* 50 10 1560 9. 7 4. 2 16. 1 4. 880 150. 0 1. 490 

7 50 10 1200 10. 0 3. 4 17. 05 5. 650 150. 0 1. 49 

RC-250 4 60 0 600 11. 0 10. 4 16. 40 2. 505 144. 0 1. 600 
Cold mix 6. 5* 60 0 1580 12. 0 4. 5 16. 3 4. 860 148. 6 1. 600 

7 60 0 1400 13. 0 4. 3 17. 55 5. 60 147. 9 1. 600 

*Optimum binder content. 
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TABLE 4 

MIX PROPERTIES AT OPTIMUM BINDER CONTENT* 

No. of Optimum Pre- Post- Marshal.I Air Effective Unit Absorption Freeze- Compaction Compaction Flow VMA Binder 
Thaw Binder Curing Curing Stability (1/100 In. ) Vold (~) Content Weight (l b/100 lb 

Cycles Content (~) (~) (lb) (~) 
(:') 

(pct) of agg.) 

0 6. 1 40 20 1660 9, l 3. 00 14. 75 4. 735 150. 2 1. 490 
6 6. 1 40 20 1060 12 4. 58 16. 20 4. 78 148. 9 1. 490 

12 6. 1 40 20 988 10 5. 00 15. 70 4. 40 149. 8 1. 905 
0 6. 3 50 10 1560 9. 7 4. 20 16. 10 4. 880 150. 0 1. 490 
6 6. 3 50 10 1028 10 4. 35 16. 35 4. 910 148. 8 1. 560 

12 6. 3 50 10 989 12 4. 98 16. 00 4. 55 149. 2 1. 960 
0 6. 5 60 0 1580 12 4. 50 16. 30 4. 860 148. 6 1. 600 
6 6. 5 60 0 1615 10 4. 06 16. 60 5. 180 148. 2 1. 490 

12 6. 5 60 0 1304 11 4. 32 16. 70 5. 12 148. 3 1. 560 

•G rodot,on-20 M; Aggre;olo-c:rU1ht!d stone; Slndor-RC-250; Mix- cold mix. 

TABLE 5 

MIX PROPERTIES OF PIT RUN GRAVEL 

Type of Binder Pre- Poet- Marshal.I Air 
Effective 

Unit Absorpllon 
Compaction Compaction Flow VMA Binder 

Binder Content Curing Curing stability (1/ 100 In. ) 
Vold (~) Content Weight (lb/100 lb 

and Mix (~ (:') (~) 
(lb) (:') (i) (pcf) of bjJg.) 

AC 120- 150 4 900 7. 0 9. 20 15. 60 2. 920 145. 24 1. 085 
Hot mix 5. 8* 1170 7. 6 4. 0 14. 9 4. 670 145. 76 1. 085 

7 800 10. 0 3. 95 17. 40 6. 080 145. 35 1. 085 

RC-250 4 40 20 660 6. 0 10. 86 16. 2U 2. 21U 143. U 1. 907 
Cold mix 6. 1* 40 20 980 6. 5 4. 35 14. 6 3. 962 146. 60 1. 907 

7 40 20 810 8. 0 3. 90 16. 50 5. 330 145. 65 1. 907 

RC-250 4 50 10 560 8. 0 12, 0 16. 75 2. 255 142. 0 1. 860 
Cold mix e. 5* 50 10 835 8. 6 4. 00 15. 6 5.190 145. 60 1. 860 

7 50 10 790 9. 0 2. 60 16. 00 5. 370 146. 25 1. 880 

RC-250 4 60 0 420 8. 0 11. 7 16. 5 2. 073 140. 8 2. 050 
Cold mix 6. 3* 60 0 825 9. 2 5. 40 15. 95 4. 680 145. 40 2. 050 

7 60 0 725 9. 7 4. 2 16. 5 5. 200 145. 1 2. 050 

•Optimum binder content, 

pre-compaction curing followed by 10 percent post-compaction curing; and (c) 60 per
cent pre-compaction curing followed by O percent post-compaction curing. 

Additional specimens w·ere prepared ·with the crushed stone aggregate using RC-250 
with difierent amount of pre- and post-compaction curing to study whether freezing and 
thawing would have any influence on the Marshall stability when the specimens contained 
optimum binder content. The ASTM D 560 procedure was followed for the freezing and 
thawing tests. 

Three sets of samples, for each pre- and post-compaction curing value, were pre
pared at the optimum binder content following the ASTM D 1074 procedure for determin
ing the l:ompressive strength. One set was tested ior compressive strength with no 
immersion, one set was tested after 4 days of immersion, and the third one was tested 
after 7 days of immersion. The compression test was made according to ASTM D 1075 
procedures on ali the three sets. 1'he tests made with the crushed stone aggregates 
were also performed with the pit run gravel. 

DISCUSSION OF RESULTS AND CONCLUSIONS 

From the results shown in Tables 3 through 5 and Figures 3 and 4, it is noted that 
the mix properties are influenced by (a) the type of mix, i.e., hot or cold; (b) the amount 
of pre-compaction curing of the cutback asphalt binder; and (c) the type of aggregates. 
The stability value, compressive strength, and modulus of stiffness (i.e., stability/flow) 
were found to be higher with lower amounts of pre-compaction curing of cold mixes. 
The reasons are discussed in the following paragraphs. 

The absolute viscosity of the binder is lower at 40 percent curing level than at 60 
percent and, because the absolute viscosity controls the resistance offered by a material 
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during shearing process, the aggregates can be rearranged more easily than when the 
binder has a low level of curing. The resultant effect of the rearrangement is a lower 
amount of voids and more particle-to-particle contacts and, consquently, higher friction 
between particles, higher Marshall stability, and increased compressive strength. 

Another factor responsible for the high stability and compressive strength is the 
compressive stress induced in the particles by the binder present in the capillary tubes 
of the specimens. When the specimens are compacted with 40 percent curing of the 
binder, the capillary compression in the specimens is higher than when compacted with 
60 percent curing of the binder due to the higher Ts/w ratio (Ts = surface tension of 
the binder, w = unit weight of the binder) and smaller diameter of the capillary tubes 
created by the rearrangement of the aggregates. Furthermore, the loss of solvent at 
the meniscus level during the post-compaction curing of the specimens causes the 
radius of curvature of the meniscus to reach a minimum value and makes the concen
tration of solute (in this case asphalt) at the meniscus level greater than in the bulk of 
the binder below. The concentration of the solute of the meniscus level can be deter
mined by the Gibbs equation (11): 

in which 

U= 

R= 
C = 
T= 

dT8 _ 
de -

U= 
C dTs 

RT de 

Excess concentration of solute in the surface layer per square cm of surface 
(as compared to the concentration in the bulk of the solution); 
Molar gas constant; 
Concentration of solute in bulk of solution; 
Absolute temperature; and 

Rate at which surface tension changes with concentration. 

In this case, the surface tension of the binder decreases with the increase in concentra
tion, as measured by the capillary tube method. 

The receding meniscus leaves a film of binder with excess concentration of solute 
on the aggregates forming the wall of the capillary tube, and this film could offer re
sistance to shearing process and consequently increases the compressive strength and 
stability values. 
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Figure 4. Compressive strength vs immersion time for pit run gravel with RC-250 . 

The specimens having higher amounts of solvent loss from the binder prior to com
paction and little or no solvent loss after compaction do not gain any strength during 
the post-compaction curing period due to the causes described. 

The durability or the reduction of strength of the specimens were studied by sub
jecting them to 6 and 12 cycles of freeze-thaw. The results indicate that the loss of 
Marshall stability is more pronounced in the specimens containing lower amounts of 
pre- compaction curing. The results of the compression tes t on the immer sed speci
mens also show that the percentage loss of str ength in both specimens (i.e., withcrushed 
stone and pit run gravel) is more when the pre-compaction curing is lower (Figs. 3 
and 4). The specimens prepared with pit run gravel, after 7 days of immersion, showed 
the same compressive strength with different amounts of pre-compaction, while the 
specimens containing crushed aggregate showed higher values of compressive strength 
for lower amounts of pre-compaction curing. 

From the foregoing discussion, it is in order to conclude the following: 

_. 5 ._ The pLoparties of a cold .mix demmd on the amount of solvent loss from the binder 
prior to compaction. 

2. The influence of pre-compaction curing of cold mixes on the Marshall stability 
is more pronounced at binder contents lower than the optimum content. 

3. The compressive strength of cold mixes is influenced by the amount oi pre-com
paction curing of the binder. The lower the amount of pre-compaction curing, the 
higher the compressive strength when the binder content is the optimum binder content 
as found by the Marshall test. 

4. The compressive strength of the deteriorated specimens (4 days of immersion) 
is found to be independent of the. pre-compaction curing level, but a longer period of 
immersion is more detrimentai to specimens with a higher percentage oi pre-compac
tion curing. 

5. A cold mix can be produced with mix properties to meet the specifications of hot 
mix when the curing of the binder is controlled. 
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Investigation of the Brittle-Plastic Behavior of 
Asphalt Mixtures by Use of an Impact Device 
GERALD J. GROMKO and JACK E. STEPHENS, Civil Engineering Department, 

University of Connecticut 

Because much of the longitudinal cracking that develops in as
phaltic concrete pavements throughout Connecticut cannot be 
attributed to base or subgrade failures, one hypothesis is that 
the cracking is due, in part, to the brittleness of the pavement 
at low temperatures. The purpose of this laboratory investiga
tion was to study the relative brittle-plastic behavior of some 
asphalt mixtures. The pendulum-hammer impact device used 
was able to define the transition temperature ranges for the as
phalt cements and the medium-cure asphalt used. The tem
perature range of -10 to 140 F was investigated. The effects 
of change in size, aggregate gradation, velocity of impact, and 
asphalt content were also considered. 

For the paving grade asphalts studies, the transition tern -
perature ranges shifted toward the colder temperatures as the 
penetration increased. The transition temperature range for 
the liquid asphalt studies was the lowest. The energy-absorbed 
values increased linearly with increasing impact velocity. As
phalt content had a significant effect on failure energy for sam -
pies tested at relatively high temperatures but had only a 
negligible effect at lower temperatures. A statistical model 
was developed for prediction of the energy-absorbed values 
through knowledge of the environmental temperature and as
phalt content. 

•SOME of the longitudinal cracking that develops in asphaltic concrete pavements ap
parently cannot be attributed to base or subgrade failures. A possible explanation is 
that, since asphait is highiy temperature-susceptible, it becomes somewhat rigid and 
therefore brittle at low temperatures. As a consequence it cannot resist the tensile 
stresses induced by wheel loads. Therefore, working on the hypothesis that longitu
dinal cracking of asphalt pavements is due, in part, to the brittleness of the pavement 
at low temperatures, it is the purpose of this investigation to study the relative brittle
plastic behavior of some asphalt mixtures. 

Some research on the behavior of asphait materials under dynamic ioading has been 
conducted by researchers in an attempt to learn the detailed mechanisms of deforma
tion and fracture. Such work as has been done was usually performed with the mate
rial at room temperature. Very little work has been done at temperatures below 
freezing. Also, the work that has been conducted at temperatures below freezing was 
usually performed under static or slowly applied loading. Notable among this work 
is that of Rader (!) and Breen (~). 

Since pavements are subjected to moving loads, a dynamic loading test would seem 
appropriate. To investigate the relative brittle-plastic behavior of a pavement, the 
authors felt that a new approach might be beneficial. 

Paper sponsored by Committee on Mechanical Properties of Bituminous Paving Mixtures and presented 
at the 47th Annual Meeting. 
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Impact tests performed oncer
tain metals have demonstrated that 
temperature has, among otherthings, 
a very marked effect on the strength 
and ductility of the material. For 
a particular metal, below a specific 
temperature, the failures arebrittle 
with low energy absorption. Above 
a specific temperature, the failures 
are ductile with energy absorption 
that may be many times that in the 
brittle-fracture range. Between 
these temperatures is what has been 
termed the "transition-temperature 
range," where the character of the 
fracture may be mixed. This varia
tion of energy absorbed with tern -
perature is shown in Figure 1, 
adapted from Davis, Troxell, and 
Wiskocil (3 ). 

Assuming that asphalt behaves 
in a similar manner when subjected 
to an impact load, it should be pos
sible to determine the temperature 

below which pavement will fail in a brittle fashion. Four different types of asphalt, 
five asphalt contents, and an environmental temperature range from -10 to 140 F are 
the variables considered in this study. 

While impact tests have provided valuable information about the relative brittle
plastic nature of metals and plastics subjected to a wide temperature range, they have 
provided little, if any, similar information on the behavior of asphalt mixtures. Many 
researchers (4, 5, 6) have shown the transitions between plastic and brittle behavior 
of many different steels and alloys. Other researchers (7, 8, 9) have shown the tem
perature variation of many types of plastics. Even though a-definite transition region 
does not exist with the plastic materials, these variations do indicate, in general, an 
increase in impact energy as the temperature increases to a point, then a decrease as 
the temperature continues to increase. Gordon (10) has investigated the dynamic prop
erties of high polymers. His results on the mechanical energy absorption with tem
perature variation for ball impact on polymethyl methacrylate indicate that the "dynamic 
glass-transition" point for this particular polymer is about 160 C. While primarily a 
study on the minute molecular chain segments of this polymer, the general variation 
of energy absorbed with temperature is apparent. 

All these investigations, however, have one thing in common. Each indicated that 
as the temperature was decreased the material exhibited an increased susceptibility 
to fail in a brittle manner. 

Some work on the impact resistance of bituminous materials has been conducted by 
Pfeiffer (11), Smith (12), Manton and Wren (13), Tregoning (14), Lethersich (15), and 
Rader (!)~With the exception of Rader' s work, though, no direct informatioiiTsavailable 
relating the effect of temperature variation with energy absorption. Much of the re
search was conducted on asphalt or mineral filler-asphalt mixtures and not on mixtures 
actually used for road construction. Therefore, a need exists for this investigation of 
the temperature-impact variation. 

This investigation was based on a "fixed variable' ' statistical design (16). The 
analysis of variance and multiple regression analysis (17) wer e performed on a IBM 
7040 computer at the University of Connecticut's Computer Center. A detailed dis
cussion of the significance of the results appears in a later section. 
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Figure 2. Impact device with pendulum-hammer 
set at an angle of 90 deg from verti ca I, ready to 

be re leased. 

Sieve Size 

1/2-in. 
%-in. 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 
Pan 

TABLE 1 

SAND SHEET GRADATION 

Percenl Retained 

0 
7. 5 

12. 5 
20. 5 
32. 5 
55. 0 
77. 5 
90. 0 
95. 0 

100. 0 

Weight Used 
(grams) 

0 
82. 5 
55. 0 
88. 0 

132. 0 
247. 5 
247. 5 
137. 5 

55. 0 
55. 0 

THE PENDULUM IMPACT TESTER 

After consideration of the various types 
of impact devices, the Standard Page Im
pact Tester, Izod, and Charpy testers, it 
was felt that a modified Charpy pendulum 
device offered the most practical advan

tages. The device used is shown in Figure 2. The pendulum hammer weighed 9. 02 lb 
with its center of percussion at the center of the striking edge. The impact tester has 
a maximum potential energy of 244.27 in. -lb, and a maximum velocity at impact of 
163.3 ips. 

Tt is recognized that there are several losses inherent in this type of impact test, 
but since the primary objective of this investigation is to determine the relative impact 
values of the several types of asphalt mixtures, the losses will for the present only be 
mentioned. The impact values are affected by (a) air drag, (b) energy absorbed by 
friction in the machine bearing and by the indicator arm, and (c) energy used in moving 
the broken test piece. A more complete discussion of these losses is given later. 

MATERIALS AND SAMPLE PREPARATION 

The aggregates used in this investigation, obtained from local river terrace gravel, 
were washed, dried, sieved into respective sizes, and recombined by weight in the 
proportions given in Table 1. This gradation was used throughout the investigation. 
The mineral filler was obtained from material passing the number 200 sieve. 

Asphalt 

Three paving grades of widely varying penetration and one liquid asphalt were used 
in the investigation. A 30 penetration, 85-100 penetration, and 180-200 penetration 
asphalt cement (the crude from Panuco, Mexico) were supplied by Mobil Oil Corpora -
tion. The liquid asphalt, designated an MC-5, was supplied by the Chevron Oil Com-
_,.....,.ur.,.., A C'IY'lohnlf n;Tr;,r,;n,.... 'T'l-.ri. _,,.n,....n-...f;o~ A-f H,a r:,,c,,'l"'t,hr.ilf roo"""'anf- 'llnrl 1;n,,;r1 'lonh".lilf- ".:11,..0 
.t' .......... ., ..., ...... LJ.t'.1..1. ........... .£.J.a. w .&.LJ.L>.J.1..1.. ..L ........... .t' ... -v-1" ........ ................................... -LJ.t'.1. ............ ........ ................... -··- ...... -i.-.-.- _.._..t' ...... ___ -- -

given in Tables 2 and 3. 

The aggregate and asphalt were heated separately and then combined in a mixing 
operation. The asphalts and aggregate were heated in separate ovens for a period of 
one hour at a temperature of 300 F. The aggregate and asphalt were weighed and then 
mixed in a mechanical mixer for 2 minutes; 1100 grams of aggregate, and the percent
age of asphalt based on the total weight, were used for each sample. The mixture was 
placed in a 1 by 5 by 7-in. rectangular steel mold in three layers, each rodded 30 times. 
The mixlure in the mold was then subjected to a double plunger compactive load of 
14,000 pounds. The samples were extruded and cured for 6 days at room temperature, 
77 ±3 F. The samples were then cut into three 1 by 1¼ by 7-in, rectangular speci
mens and tested the seventh day (Fig. 3 ). 



TABLE 2 

PROPERTIES OF ASPHALT 

Property 

Penetration, 100 g, 5 sec, 77 F 
Soft point, F 
Flash point, C. O. C. F 
Viscosity est. at 275 F 

300 
350 

Ductility 5 c.m/min, 77 F 
Specific gravity, 60 F/60 F 
Solubility in. CCI,, % 
Thin film loss, % wt 

30 

30 
139 
585 
890 
510 
150 
110+ 

1. 069 
99. 9 

0. 13 

Grade 

85-100 

93 
117 
520 
375 
220 

81 
110+ 

I. 050 
99. 8 

0. 41 

180-200 

224 
105 
490 
215 
125 

55 
110+ 

I. 041 
99. 8 

2. 20 

25 

Testing 

Each specimen was placed in the 
desired temperature environment 
for 30 minutes before being tested. 
A water bath was used for tempera
tures in the range from 40 to 140 F. 
Between 40 and -10 Fa cold-air 
environment was used. The speci
mens subjected to a water environ
ment were wiped dry and tested in 
the impact tester. For all testing 
in the main investigation, the pen-
dulum hammer was released from 
an angle of 9 0 deg. In preliminary 

tests, the effect of varying velocity was studied by releasing the pendulum hammer from 
different heights as discussed later. The specimens were supported as simple beams 
with an unsupported length of 41/a in. The specimens were not notched. A final angle 
reading was taken in each case and subtracted from the original angle. This difference 
was then multiplied by the weight and distance to the center of gravity of the pendulum 
hammer to give an energy absorption value. With no specimens in the device, the pen
dulum hammer would swing freely to a final angle of 90 deg. Generally, for specimens 
subjected to the colder temperatures, 40 and -10 F, the maximum final angle recorded 
was 85. 5 deg. For specimens subjected to the warmer temperatures, from about 80 to 
140 F, the maximum final angle recorded was 63. 5 deg. With specimens in the device, 
the final angle varied in the range from 63. 5 to 85. 5 deg. 

PRELIMINARY TESTING AND RESULTS 

Before the main investigation, preliminary tests were conducted on a limited series 
to ascertain the effect certain variables had on the impact values. These variables
effect of gradation and area, effect of impact velocity, and temperature duration-are 
described below. 

Effect of Gradation and Area 

The effect of gradation on the impact values was examined at two temperatures, 50 
and 80 F, with impact velocity constant at 137 ips. Three gradations were used: sur
face course grading No. 2 (19), sand sheet (20), and fine sheet (20). The asphalt used 
was a 60-70 penetration. As is evident fromFigure 4, gradationhad little effect on 
impact values. There appears to be no definite relationship between a change in grada
tion and impact values. This conclusion was based on a limited amount of data. Also 
from this figure, the effect of a change in cross-sectional area of the impact specimen 
on the energy values can be observed. As the cross-sectional area increases (width of 
specimen held constant), the impact values increase more and more rapidly. These 
tests were conducted at temperatures of -2, 23, 50, 80, and 140 F. At all temperatures, 

TABLE 3 

PROPERTIES OF LIQUID ASPHALT MC-5 

548 
270 

Furol viscosity at 180 F, sec 
Flash point, C. O. C. F 
Distillation test Temperature F % of Total Distillate 

Percent residue 
Penetration of residue, 100 g, 5 sec, 77 F 
Ductility of residue, 5 cm/min, 77 F 
Solubility of residue, CC14, percent 

437 
500 
600 

89. 2 
165 
109 
99. 9 

0 
4. 97 

43. 0 



26 

Figure 3. Impact specimens. 
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Figure 4. Plot of energy absorbed vs area for im
pact specimen at 50 F and 60-70 penetration 

asphalt. 

impact values increased with temperature 
at an increasing rate. Fiugres 4, 5, and 
6 are representative of the results. 

Effect of Velocity 

Using gradation A and 60-70 penetra
tion asphalt, the effect of velocity at im -
pact was examined at 01 50 and 80 F. Ve
locities of 51.0, 74.0, 96.8, 137.0, and 
163.3 ips were tested. These velocities 
correspond to initial angle release of 30, 
45, 60, 90, and 115 deg respectively. The 
results appear in Figure 7. The relation
ship between energy absorbed and velocity 
at impact for each temperature increases 
linearly. This supports the apparent imear 
zone of Lethersich's (15) theo.retical anal

ysis of the relationship between impact energy and impact velocity.-Lethersich theo
rized that this relationship, based on an equivalent mechanical circuit representing the 
behavior of bitumen under stress, would vary as shown in Figure 8. Hoppmann (21) 
called the point at which the energy value decreased sharply the "critical velocity." 

The intent of this test series was to determine experimental,y if a "critical velocity" 
existed in the range of velocities possible. If so, more detailed studies of velocities 
would be required to insure that all materials would be tested in the same portion of 
the velocity-energy curve. None was found. However, Figure 7 does show the dis
placement of energy with temperature. 

Temperature Duration 

Initially there was some concern as to whether the 30-minute temperature condition
ing period was sufficient for the impact specimens subjected to the cold-air environment 
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Figure 7. Plotofimpactenergyvs impactvelocity 
for surface course grading No. 2, 6 percent AC, 

and 60-70 penetration asphalt. 

to reach constant temperature throughout 
their interior. To evaluate conditioning 
time, a short series was conducted with 
specimens left in a O F air environment 
for periods of 15 minutes, 1 hour, and 1 
day, and compared to the tentative 30-
minute test period. At 15 minutes the im
pact value was 4.8 percent above that at 
30 minutes. At 1 hour and 1 day the im-
pact values were the same as the 30-minute 

value. Therefore, the 30-minute environment temperature duration before testing was 
deemed adequate. 

Summary of Preliminary Testing 

The "sand sheet" gradation, 137.0 ips impact velocity, and 30-minute test tempera
ture duration were selected for the main investigation. 

For the small cross-section used, unduly large aggregate could seriously affect in
dividual energy values measured. In addition, large aggregate made molding 1-in. 
specimens without large voids very difficult. The lack of sensitivity to velocity made 
possible the selection of a velocity for ease of energy computation practical. Because 
no change in impact value was found for conditioning beyond 30 minutes, this time was 
used. 

TEST RESULTS AND DISCUSSION 

Figures 9, 10, 11, and 12 show the variation o_f energy absorbed with temperature 
for the four types of asphalt used. In these figures, each point represents the average 
of three tests. Of the five asphalt contents tested, only the 6 and 10 percent curves 
are shown in each figure because the 7, 8, and 9 percent curves would merely plot be
tween these two. The transition range for each asphalt is clearly evident. For the 30 
penetration asphalt, the transition range of approximately 100 to 132 Fis the highest 
magnitude of the four types. The 85-100 penetration has a transition range from ap
proximately 70 to 100 F, and the 180-200 penetration from 55 to 100 F. The MC-5 
range, from 40 to 80 F, represents the lowest in magnitude. The abrupt transitions in 
the energy-temperature curves indicates that changes of state in the asphalt from an 
elastic, "rigid structure" state to an "elastic-viscous" state to a "mainly viscous" 
state are taking place. These pronounced rheological differences can possibly be ex
plained in terms of the change in molecular structure of the asphalts as temperature 
changes. 

Because the three paving grades were obtained by vacuum distillation of Panuco, 
Mexico, crude oil, a characteristic of this asphalt is its relatively high degree of oc-
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currence of micelle formation. This micelle formation is in the direction of accretion 
of resinous matter onto asphaltene particles at ambient temperature (22). Micelles 
increase in size and content as an asphalt approaches the solid condition at lower tem
peratures. This gives rise to the formation of a rigid molecular structure and as such to a 
definite elastic-behaving material. Brittleness may then be the result of this appear
ance of elasticity with failure at corresponding low energy-absorbed values. At ele
vated temperatures the situation is reversed, with less strongly absorbed resins going 
into the outer (oil) phase in varying degrees, depending on the type of hydrocarbon and 
its chemical constitution. With a temperature rise beyond the peaks of the curves the 
kinetic energy of the molecules destroys the relatively weak forces (van der Waals 
forces) of attraction between asphaltenes and resins. As a consequence most of the 
elastic structure in the asphalt ls broken up wilh lhe viscous condition predominating. 
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Figure 9. Average energy absorbed vs temperature for 
30 pen asphalt mix. 

Low energy-absorbed values can 
then be expected. 

In the t r ansition temperature 
ranges, while the degree of micelle 
formation (elastic structure) is pos
sibly being reduced, viscous effects 
are becoming more pronounced. The 
result is an asphalt in a relatively 
pl~_i;:tif' l'lh1tP. Tn thil'l !'It.ate ; the 
energy-absorbed values might tend 
to increase. 

In a composite drawing, Figure 
13, only the 10 percent asphalt con
tent of each type is shown, but clearly 
evident is the shift of the transition 
range to the lower temperatures as 
the penetration is increased. It is 
apparent from Figure 13 that the 
maximum energy-absorbed values 
for each asphalt type are approxi
mately equal in magnitude if tangent 
lines are drawn from the two ex
treme sloping lines of the 30 and 85-
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Figure 10. Average energy absorbed vs temperature for 85-100 pen asphalt mix. 
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indicates that maximum energy absorbed 
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is a function of absolute viscosity and at 
these critical temperatures the viscosity 
for all four asphalts is the same. Also 
from Figure 13, the relative energy-ab
sorbed values for the three paving grades 
are fairly constant over a temperature 
range of -10 F to approximately 40 F, 
whereupon they begin to diverge into their 
respective transition regions. This seems 
to indicate that there is no advantage when 
using a particular paving grade in this 
temperature region. In other words, be
cause the three paving grades yield ap
proximately the same energy-absorbed 
values in this region, they possess the 

"' (l> 

D I00°f 

: 20 

"' ... 
4 

101---l---+---+---t----; 

O ..___.6 __ __._7 __ _,_8 ___ 9..__ _ __,10 

ASPHALT CONTENT, % 

same degree of elastic structure and its 
associated brittleness. The MC-5 shows 

Figure 14. Plot of average energy absorbed vs 

a marked increase in energy-absorbed 
values over the same temperature range 
and even in its transition range. Because 
the MC-5 is a iiquid asphail, it1::i.u;phalteues 
are much more highly dispersed in the oil 
medium because of increased solvent 

percenr asphait conrenr for 85- iOO penetrarion 
asphalt. 

power of the latter. In this state, even at 
low temperatures, its degree of micelle formation (and its elastic structure) is not as 
great as the three paving grades, and as such is probably more plastic in nature. It 
appears then that use of this particular liquid asphalt would tend to minimize the brittle 
tendencies of an asphalt pavement. 

From Figure 14, which is representative of the other three asphalts tested, the ef
fect of asphalt content on the energy-absorbed values is evident. An increase in as
phalt content in the temperature range -10 to 40 F has only a slight effect on the impact 
values. But as the temperature increases, the effect of content becomes more pro
nounced. The energy-absorbed values increase substantially with an increase in as
phalt content at the critical (maximum energy-absorbed) temperature. The slight effect 
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of content at low temperatures seems 
reasonable. In this temperature environ
ment, the asphalt is rigid and possesses a 
high coefficient of viscosity, which is es
sentially constant. Because the asphalt is 
rigid, the amount of deformation for frac
ture is extremely small. Increasing the 
asphalt content will produce only a slight 
increase in deformation for fracture and 
a very small increase in the energy-ab
sorbed value. At the higher temperatures 
associated with the transition range, the 
amount of deformation for fracture at one 

Figure 15. Four typical cross section failures. content is much greater, resulting in high 
energy-absorbed values. When the con

tent is increased, the associated deformation for fracture is i!].Creased substantially, 
giving rise to much higher energy-absorbed values. 

Figure 15 shows typical cross section failures. All impact specimens failed by 
fracture. The first failure in Figure 15 was designated an asphalt interface failure, 
no broken aggregate. Referring to Figures 9 through 12, this type of failure first ap
peared in the transition range and was entirely the case throughout the plastic region 
for all asphalts. A small percentage of these failures was evident, however, in the 
brittle region. The remaining failures in Figure 15 occurred mainly in the lower por
tions of the transition and brittle regions with again a very small percentage occurring 
in the plastic region. It seems evident that the asphalt interface failures are indicative 
of a strong adhesiveness of asphalt to aggregate rather than a cohesiveness between 
the particles of asphalt. In the brittle region where numerous cracked aggregate was 
prevalent the adhesiveness of the asphalt to aggregate was fully substantiated. 

The authors' initial expectation that the size of aggregate would affect the energy 
values was not borne out by the data. The energy-absorbed values for specimens in 
which fractured aggregate appeared in the failure plane showed no correlation with those 
specimens that failed through the asphalt interface. This would seem to indicate that 
the energy was absorbed by the asphalt. 

It is realized that the energy required to break the specimen is in reality the sum of 
the energies consumed by several mechanisms (23 ). In general they would include: 

1. The energy to initiate fracture of the specimen; 
2. The energy to propagate the fracture across the specimen; 
3. The energy to deform the specimen plastically; 
4. The energy to throw the broken ends of the test specimens; and 
5. The energy lost through vibration of the apparatus and its base, and through 

friction. 

Referring again to the impact-transition temperature curve (Fig. 1) the three areas of 
significance yield valuable information dealing with the initiation and propagation of a 
crack. Specimens falling into the category at the right or plastic region are those in 
which it is hard to start a crack and hard to keep it going. Into the area at the left or 
the brittle region fall those specimens in which it is easy to start a crack and easy to 
keep it going. In the middle area or the transition region fall the specimens where it 
is hard to start a crack, but once started it is easy to keep it going. 

Craggs' work (24) on the propagation of a crack in an elastic-brittle materialpresents 
the conclusion thatthe force required to maintain a steady rate of extension of the crack 
decreases as the rate increases. In the present investigation, it can be said that the 
crack propagates through the specimen with a velocity that is basically dependent upon 
the average velocity imparted by the pendulum hammer. This average velocity is a 
result of the initial pendulum velocity, before impact, and the final pendulum velocity, 
after fracture. During the tests in which the initial velocity was constant, the pendulum 
hammer was always released from the same position. The final pendulum velocity is 
a function of environmental temperature and composition and size of the specimen. 
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Since the size of the specimen was constant, the final pendulum velocity can be said 
to be a function of temperature and mix composition. Because velocity is directly 
related to energy, the energy then becomes a function of temperature and composi
tion. In the plastic region relatively high energy values were obtained since the 
average velocity through the specimen or rate of propagation of the crack decreased 
significantly. In the brittle region the decrease in average velocily or rale of propaga
tion was slight, therefore yielding relatively smaller energy values. The energy values 
in the transition region also support Craggs' conclusion. 

The authors feel that this initiation and propagation of a crack criterion is indicative 
of present pavement behavior, especially since the pavement is an elastic-brittle type 
material when subjected to the Oto 40 F temperature range. Through use of the impact 
tester, these crack conditions are quite apparent. 

High-speed photography was used to estimate the energy transformed into rotation 
and displacement of the fractured samples. The photographs indicate that all samples 
were displaced to the same magnitude. For the comparative charts, energy losses due 
to air drag, friction, and sample friction have not been deducted from the absorbed
energy values. The comparisons would not be altered by such corrections. 

Pavement Applications 

It is apparent from the results of this investigation thatcertainfactorsarenecessary 
to determine whether or not brittle failure is imminent. Considered in question form, 
they are: 

1. What is the minimum anticipated service temperature? The lower the tempera
ture, the greater the susceptibility to brittle failure. Through the entire late fall, 
winter, early spring season, the temperature varies from about O to 40 F in the New 
England area. As seen in Figure 13, the paving grades would then be in a brittle con
dition. Even taking the year-round average temperature for this area of approximately 
50 to 55 F, the paving grades are still in the brittle region. It would seem then that a 
mixture should be designed with more consideration given to this temperature range 
rather than the summer conditions now accepted as critical. The MC-5 mixture shows 
promise in this respect. 

2. Are tension stresses involved? Brittle failure can occur only under conditions 
of tensile stress. As temperature decreases, the surface course tends to become in
creasingly rigid and as such resists stresses by beam action. 

3. Are stress concentrations present? The presence of stress concentrations in
creases susceptibility to warrant brittle failure. Marshall stability tests (25) were 
determined for each asphalt type. A voids analysis was also performed. It is theorized 
that a high percentage of voids means a potentially high stress concentration in an as
phalt mixture, thereby tending to cause an inherent brittle condition in the resulting 
pavement. The basis for this hypothesis may be attributed to Griffith's crack theory 
(26). If the asphalt-aggregate complex can be considered as a continuous body and the 
air voids as the discontinuities, Griffith's theory may be applicable. When a load is 
applied to a body in which there are discontinuities, such as air voids, the stress has 
a much higher than average value near the void. Fracture results when the applied 
stress causes cracks from these voids to grow to macroscopic size. Asphalt has a 
coefficient of contraction and expansion that is much higher than that of aggregate, 
0. 0006 vs 0. 0000060 in. per degree F respectively. It is realized that at high environ
mental temperatures, the high coefficient of expansion of the asphalt permits a suf
ficient amount of plastic flow to occur in the asphalt, thereby relieving the areas of 
stress concentration around the voids. But at low environmental temperatures the 
asphalt is very stiff. Therefore, plastic flow is essentially nonexistent and the rela
tively high internal stresses in the asphalt surrounding the voids still exist. In other 
words, at the colder temperatures the pavement may have areas of high stress con
centration. In pavemenls wilh a high percentage of voids, impending fracture might be 
more prevalent. But because voids are directly related to asphalt content, evaluating 
the effect of voids separately is somewhat complex. Nevertheless, the effect of voids on the 
energy-absorbing capability of a pavement should not be eliminated from consideration. 
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4. Is loading applied at a high rate? It is realized that increasing the rate of load
ing increases the brittle behavior of a material as well as affecting the transition range. 
The maximum velocity of impact for the pendulum hammer corresponds to a possible 
rate of strain of approximately 60 in./in./sec. The assumptions leading to this value 
are (a) that velocity of deflection of the specimen is equal to the velocity of impact, and 
(b) that elastic beam theory is applicable. The majority of tests to determine the 
transition temperature ranges were carried out using an impact velocity of 137 ips, 
which corresponds to a rate of strain of 50 in./in./sec. As was evident from Figure 7, 
the absorbed-energy values increased linearly with increasing impact velocity at con
stant temperature. This implies that transition temperature ranges are dependent on 
rate of strain. 

For pavements in the field, a value for rate of strain would be computed based on an 
assumed maximum radius of curvature of the pavement, an automobile speed, a dis
tance from zero strain to maximum strain, and a pavement thickness. The radius of 
curvature would be obtained from pavement deflection measurements. The computa
tion of field strain rate might also be based on elastic beam theory. But no one value 
of rate of strain can be computed, because automobile speeds vary, pavement thicknes
ses vary, and, depending on the stiffness of the asphaltic concrete surface course, the 
radius of curvature varies. 

Therefore, it is extremely important to know what the conditions are in the field 
before a meaningful calculation of rate of strain can be made. Thus, one might ask 
the following question: Based on the impact and field values for rate of strain, can the 
transition temperature ranges obtained by the impact device be applied to the field 
conditions? While the authors feel that they can, they are unable to cite any work done 
in this area that would either substantiate or disprove this claim. The authors leave 
this problem to future research. 

Finally, it must be realized that one of the most critical conditions under which pav
ing asphalt must function is at low temperatures with high rates of loading. It seems 
then that under these conditions an impact test could serve quite satisfactorily as an 
acceptance test for brittle behavior. 

STATISTICAL ANALYSIS 

From the statistical analysis conducted, the significance of temperature, type, con
tent, and their interactions on the energy-absorbed values were determined. Fisher's 
(15) distribution and 95 percent confidence limits were set as the test criteria. From 
the significance tests it was evident that: 

1. Type, temperature, and content each had a significant effect on the energy-ab
sorbed values. The relative importance of each variable, as determined from a com
parison of the ratios of the mean squares, indicates that, while type had a significant 
effect on the energy-absorbed value, 48. 3 > 3. 07, it was not as important as the effect 
that content had on the energy-absorbed values, 128.6 > 2.68. Nor were these as im
portant as the significance that temperature had on the energy-absorbed values, 605. 5 
> 2.09. 

2. The interaction between temperature and type had a significant effect on the energy
absorbed values, 128.1 > 1. 659. 

3. The interaction between temperature and content also had a significant effect on 
the energy-absorbed values, 10. 01 > 1. 659. 

4. The interaction between type and content had a slight effect on the energy-ab
sorbed values, 2.10 > 1. 910. Comparing the relative significance of the interactions 
in 2, 3, and 4, it is evident that the interaction between temperature and type is of 
greater importance than that between temperature and content, while the interaction 
between type and content is of little importance. 

5. The interaction between temperature, type, and content also had a slight effect 
on the energy-absorbed values, 2. 93 > 1. 43. 

A multiple regression analysis was conducted in an attempt to obtain a mathematical 
model that would explain the variation in the observed data (energy-absorbed values) 
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for an asphalt when subjected to changing temperature and content. The basic model, 
as developed for the 85-100 penetration asphalt, consisted of 11 terms: 

E = Ko + K1C + KaT + ~T2 + KtTs + KsCT + Ka(CTt 

+ K7(CTf + Kasin(T/15) + e 

This model gave a multiple correlation coefficient of 0. 95787. This corresponds to 
an R2 of 0.9174; in other words, approximately 92 percent of the variation in the ob
served data was explained by the model. 

This model was then tried on the 30 and 180-200 penetration asphalts, and on the 
MC- 5 liquid asphalt with varying results. It gave multiple correlation coefficients of 
0.93263, 0.91787:l and 0.88646 respectively. These multiple correlation coefficients 
correspond to R 's of 0.8700, 0.8440, and 0. 7870 respectively. 

The interactions between content, C, and temperature, T, CT, (CT)2, (CT)'\ had the 
highest degree of association with energy absorbed; these were followed closely by the 
temperature terms, T, T2, T9, for each asphalt. Content, C, had the least degree of 
association with energy absorbed. 

CONCLUSIONS 

From the results of this investigation, the following conclusions are apparent: 

1. The change in gradation had little or no effect on the energy-absorbed values. 
The energy is absorbed primarily by the asphalt. 

2. The asphalt specimens are susceptible to changes in velocity. As the impact 
velocity increased up to about 160 ips, the energy-absorbed values increased linearly. 

3. For the asphalt mixtures tested, there is a definite temperature transition range 
from viscous-plastic behavior to brittle behavior. And this transition range shifts as 
a function of viscosity toward the lower temperature, as the penetration of the particular 
asphalt type increases. 

4. In the brittle temperature region, the energy-absorbed values for the three paving 
grades are essentially constant up to their respective transition temperature regions. 
The liquid asphalt, an MC:-5, in the same region shows consistently higher energy-ab
sorbed values. Therefore, use of this particular liquid asphalt would tend to minimize 
the brittle tendencies and thus the pulenlial crack susceptibility of an asphalt pavement. 

5. Asphalt content has little effect on the energy-absorbed values in the brittle 
temperature region, while it has a pronounced effect in the transition region and part 
of the plastic temperature region, 

6. For the 10 percent asphalt content mixes the maximum energy absorption values 
varied over a range of less than 20 percent with the greater penetration asphalts having 
the larger values. At the 6 percent asphalt content the maximum energy absorption 
values varied over a range of less than 10 percent, with the single exception of the 180-
200 penetration specimens, which were lower by 20 percent. 
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Viscoelastic Constitutive Equation for 
Sand-Asphalt Mixtures 
FRED MOAVENZADEH and JOSEPH SOUSSOU, Department of Civil Engineering, 

Massachusetts Institute of Technology 

•ANALYSIS of stresses and displacements within a layered system subjected to a variety 
of surface loading is an essential step in the development of a rational method of design 
for flexible pavements. Such an analysis is generally achieved through the solution of 
partial differential equations of equilibrium, compatibility, and constitutive equations. 
The equations of equilibrium are obtained from the conservation of momentum, and 
the continuity assumption of the body leads through some geometric logic and definition 
of the strain tensor, to the linear strain-displacement equations. The constitutive equa
tions, which characterize the materials, are generally assumed to be in linear form, 
thus avoiding the mathematical complications that may otherwise arise. The Boltzmann 
superposition principle is a consequence of this assumption. This principle states that 
the total stress (strain) at any time can be computed by simple summation of the stresses 
(strains) due to all of the individual strain (stress) increments that have been applied to 
the body in its past history. In the limit of a continuous strain (stress) history, the 
summation process becomes integration. This principle is often used as an alternate 
definition of linearity, and constitutive equations can accordingly be written as 

t 

O"ij := [ Eijkl d Ekl (1) 

or t 

( .. = 
lJ [ Dijkl d Clkl (2) 

where crij and Eij are stress and strain tensors respectiv-ely and the coefficient func
tions entering the constitutive equations are called " moduli" for Eq. 1 and "compliances" 
for Eq. 2. 

The constitutive equations used for analysis of stress and displacements in layered 
systems have been assumed to be that of elastic materials, for which the coefficient 
functions in Eqs. 1 and 2 are simply constants (1). This assumption has resulted in 
large discrepancies between experimentally measured stresses and displacements with 
those calculated theoretically. The effects of variables such as the duration of load and 
the rate of loading on the deflection of a pavement system cannot be accounted for by the 
elasticity assumptions. Similarly, the theories of elasticity cannot be used to explain 
the accumulation of deflection that is observed experimentally in a pavement. Such 
discrepancies have led many investigators to the use of constitutive equations that take 
into consideration the time-dependent behavior of materials (2, 3, 4). 

The class of linear materials for which the coefficient functions 1n Eqs. 1 and 2 are 
time-dependent are referred to as linear viscoelastic. The additional complexity in
Lr·oduced into the analytical mechanics of continua by admitting time as a variable in the 
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constitutive equations of a material is illustrated by the fact that different mathemat
ical formulations of the problem lead to different constitutive functions that are not 
related in a simple arithmetic manner (as is the case for elasticity). Because of the 
wide variety of materials to which the theory of linear viscoelasticity is applied, one 
formulation is often preferable over another from the standpoint of physical or math
ematical interpretation or computational convenience. This latter point is of great 
importance in analysis of stresses and displacements in layered viscoelastic systems. 
All such analyses, regardless of loading conditions on the surface or the number of 
layers, make use of numerical techniques, and thus constitutive equations of the ma
terials involved must be described mathematically in such a manner that the param
eters used will appear in the final solutions. For example, if a paving material is 
characterized by the real and imaginary parts of its complex modulus, and these ex
pressions are used in an analytical technique that uses the creep compliance function 
of the material, it would be extremely difficult from such an analysis to predict the 
influence of complex modulus on stress distribution or deflection of such a system. 
Similarly, when complicated models are used to characterize a material, determina
tion of the influence of the numerous parameters of the model on the response of the 
system and the bookkeeping of these parameters in numerical solutions become very 
cumbersome and complicated. It is, therefore, the purpose of this paper to provide 
a brief review of the characterization methods of viscoelastic materials, to present 
the results of a study made on characterization of sand-asphalt mixture, and to show 
a possible technique that may be used to provide constitutive equations that render 
themselves easily to numerical analysis. The paper, therefore, concerns itself pri
marily with viscoelastic characterization of paving materials for use in stress analysis 
of pavement systems. It is not the intent of the paper to discuss the significance of 
viscoelastic properties of the materials or the use of viscoelastic concepts for design 
of asphaltic mixtures. 

CONSTITUTIVE EQUATIONS FOR LINEAR VISCOELASTICITY 

One phenomenological approach to the theory of linear viscoelasticity postulates the 
existence of "creep" and "relaxation" functions, defined as the observed material re
sponse for a unit applied stress or strain respectively. These functions can be deter
mined by simple laboratory experiments; Boltzmann's superposition principle is then 
used to determine the strain or stress for arbitrary loading conditions. 

The mathematical form of the constitutive equation employing creep functions is 

aCYJtl (r) 
Dc··kl (t-r) dr 1J ar (3) 

The form employing relaxation functions is 

(4) 

The operational forms of the constitutive equations that are related to mechanical 
models can be written as 

(5) 

where 

(6) 
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The material characteristics are then contained in the orders of the operators, p and 
q, and in the values of the coefficients, Pr and qr. Because of the large number of 
constants involved, such a material characterization is extremely unwieldy to use in 
any numerical analysis and it is considered of practical use as a conceptual step in 
developing a computational scheme. 

Another derived constitutive relation can be obtained by letting the number of ele
ments in the foregoing characterization tend to infinity. The result is an expression 
for modulus in terms of a distribution function of "retardation" times. These functions 
are usually expressed in logarithmic coordinates (for ease in plotting) as 

+a, 

E(t) E"' + j H(ln r) e-t/ r d ln 7' (7) 
-a, 

and 

+a, 

D(t) = ¾ + D
0 

+ j L(ln r) [1-e-t/r] d ln 7' 
-a, 

(8) 

where E"' is the equilibrium m odulus at t = 0, D is the instantaneous com pliance, 
and ri is the equilibrium visco ity. In this mannei the experimental problem has been 
t r ansformed to the determination of one of the functions H(ln r) or L(ln r) rather than 
the coefficients of the operators in the preceding form. The distribtuion functions play 
a very useful role in computational programs, particularly in approximate methods . 

The operator form of the constitutive equations can be made to yield another form 
that is useful for analytical and experimental purposes. For sinusoidal motion the 
operator a/at becomes iw, where w is the circular frequency of the motion, and Eq. 
5 can be reduced to 

(9) 

wher e the tensor E\jkl is now complex. A complex compliance D*ij ld also 1·esults 
in th obvious manner . By splitting the complex modulus into reai and imaginary part s 
(and dropping the tensorial subscripts for notational convenience), 

E*(w) = E' (w) + iE "(w) 

a new variable, the "loss tangent," can be defined by 

E" 
tanl5= E' 

(10) 

(11) 

As the designation implies, tan o is a measure of the specific energy loss per cycle of 
motion, and it is a function of frequency. 

The most useful parametric characterization of viscoelastic material properties for 
incorporation in the "dynamic analysis" of structural systems is by the loss tangent, 
tan l5, and the real part of the complex modulus, E, as functions of frequency. When 
the material, however, is subjected to static loading or can be assumed to be under a 
quasi-static loading condition, the dynamic moduli should, in general, be transformed 
into creep or relaxation functions for stress analysis purposes. This point raises an 
important question on the usefulness of complex modulus as the characterization method 
for asphaltic mixtures, while all the viscoelastic methods of solution of multi-layer 
systems have made use of creep function or operator form of constitutive equations. 
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Special Deformations and Experimental Methods 

To apply the viscoelastic theories to a continuum with a specified geometry and load
ing pattern it is necessary to determine the constitutive parameters for the material 
experimentally. In order to attach significance to the results of the subsequent stress 
analysis the analyst must understand the testing process and the manner in which the 
test results are manipulated to obtain the constitutive parameters. It is evident that 
a very precise and complicated analytical program for stress determination is un
warranted unless the material properties can be specified with a precision matching 
that of the analysis. It is also necessary to determine experimentally the limits of 
linear viscoelastic behavior of the material in question in order to verify that a linear 
analysis is valid for the specified loading conditions. Laboratory tests are most com
monly performed in a manner such that they can be characterized by one of four simple 
deformation patterns: "simple shear," "dilatation" (or "bulk compression"), "simple 
extension," or "compression." 

The test most common for asphaltic mixtures is a simple compression test. In 
this test, it is usually assumed that the stress is uniform across the specimen. This 
type of test leads to changes in both volume and shape, although for most materials 
the change in shape is predominant. To characterize the relative importance of volume 
and shape change, use is made of Poisson's ratio. 

For linearly elastic bodies there are simple arithmetic relationships among modulus 
of elasticity, E, bulk modulus, K, shear modulus, G, and Poisson's ratio, 11. For 
linear viscoelastic bodies this arithmetic relationship occurs in the Laplace or Fourier 
transform domain only. A general observation based on the relations existing among 
these constants is that the simple compression test theoretically contains the total 
characterization of the material within a single test if both E and II are measured. 
From a practical standpoint, however, it is often difficult to measure II accurately. 
It is a common practice in practical applications to assume either K or II is a con
stant and to use measurements of E as a function of time and use the appropriate re
lations in Laplace or Fourier domain to find the other constant as a function of time. 

A wide variety of specialized instrumentation and data reduction schemes have been 
employed for obtaining the various constitutive parameters of materials. Only two 
basic parameters are ever measured directly, however. In the time domain, constant 
strain or constant rate of strain tests measure directly the relaxation modulus. In 
the frequency domain, sinusoidal strain tests measure directly the complex modulus. 
(Of course, compliances could alternatively be obtained by imposing stress instead of 
strain conditions.) 

If the distribution functions or the coefficients of an operator representation are the 
desired quantities, these must be derived from the measured quantities using the re
sults of the theory. For example, the distribution function of relaxation times can be 
obtained from a relaxation modulus by solving the appropriate integral equation or from 
a complex modulus by solving one of the integral equations relating the two functions. 
Bland (7) outlines a technique for fitting an operator equation to measured data over a 
specified frequency or time range. Ferry (9) gives an exhaustive list of exact and ap
proximate relations for interrelating other parameters. Examples of test techniques 
and data reduction schemes for specific situations can be found in several works (7-9 
and 13-19). - -

Itshould be kept in mind when using or reviewing the results of such mathematical 
transformations that it is the measured data that are characteristic of the material; 
all derived data are only valid insofar as the theory of linear viscoelasticity is appli
cable. When presenting the results of experimental work on viscoelastic materials 
it should therefore be common practice to include the actual measured data as well as 
any derived data. To test the assumption that a material is linearly viscoelastic it is 
necessary to determine the modulus (or compliance) for a series of strains (or stresses) 
of different magnitudes; if the modulus exhibits a dependence on stress or strain magni
tude the material is not linearly viscoelastic. The most informative manner for dis
playing this linearity check is to plot a family of stress-strain curves with time (or 
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frequency) as a parameter for selecting data from each of the tests at different magni
tudes of the forcing function. The limits of linear behavior of the material will be ex
hibited by the region within which these parametric curves are straight lines. Such a 
plotting procedure will also reveal the effect of the time scale of the experiment on the 
region of linear behavior. Note that if a measured modulus exhibits a specific domain 
of linearity it cannot be assumed that any other functions or moduli derived from it 
will have the same domain of linearity. 

Time-Temperature Superposition 

Although the theory of linear viscoelasticity presented here is an isothermal theory, 
it is still possible within this framework to incorporate the effects of temperature. By 
retaining the postulate that the thermal and mechanical effects are not coupled in the 
constitutive equations, it is obviously possible to write the relaxtion function, for ex
ample, as 

(12) 

where tis time and 9 is temperature. E1(t) is the relaxation function from the iso
thermal linear theory already presented. It is shown that for at least one class of 
materials there exists a demonstrable relationship between the functions E1 (t) and 
E2(9). Such materials have been termed "thermorheologically simple" and the rela
tionship between time and temperature is contained in the "time-temperature super
position principle." Although this principle was first discovered empirically, it has 
since been deduced for polymers as a consequence of certain molecular state theories 
(9). The essential assumptions are (a) that the moduli of all molecular mechanisms 
are directly proportional to the absolute temperature and to the density, and (b) that 
all relaxation (or retardation) times (i.e., the molecular mobilities) are affected the 
same amount by a temperature change (13, 14). The practical consequence of these 
assumptions is that data obtained at differeiittemperatures should superimpose using 
the appropriate shift factor aT. Various analytical expressions have been developed, 
empirically and theoretically, for the shift factor aT, but it is best determined empir 
ically as a partial test of the validity of this approach. 

The procedure for utilizing thii:; principle .for determining a modulus might be as 
follows. Obtain a series of relaxation moduli at different temperatures for some con
venient time interval. Select one temperature as a reference temperature and display 
the measured moduli on a plot of log [E(t) (P0 T0 / PT)] vs log [t], where P and P0 are 
density of material at temperatures T and T0 • Perform a horizontal shift of all curves 
with T -/: TO until they superimpose to form one continuous smooth curve. The time 
scale of the 1·esulting curve is now log [t/aTJ. The complete presentation of the ex
perimental data consists of the superimposed plot of the reduced variables and an ad
ditional plot of log aT vs temperature. Ferry (~) lists as necessary (although he does 
nnt <'1:lim thpv :lrP 11 ~11ffiri1>nt11 \ <'ritprfa fnr annlir.ahilit.v nf t.hi ~ method that (a) the 
;h~p;~-of ~dj~c~~t c~;;;; -~ -~-st ~~t~h ~x~ctly; • (b) the s~me value of aT must be ob-
tained for all viscoelastic parameters , and (c) the plot of aT vs temperature must ex
hibit a "reasonable form consiste?1t ,.,Jith experience ." 

If the principle of time-temperature superposition is applicable to a specific case -
it permits extending to many decades of log (t) or log (w) data that may be gathered in 
a reasonable amount of laboratory time. 

Application to Asphaltic Materials 

Asphalts have been shown to be a linear viscoelastic liquid above the glass transition 
temperature Tg (£].). The time-temper atur e superposition principle is found valid for 
asphalts and tlie WLF equation is obeyed over a wide temperature r ange. 

Bituminous concrete mixtures have also been analyzed using rheological principles. 
Papazian (16) tested asphalt mixtures dynamically to arrive at general stress-strain 
relations ofa linear viscoelastic material in the frequency domain and transformed 



these relations into the time domain. 
Krokosky (23) found that under high stresses 
and strains~ aggregates in bituminous mix
tures introduce nonlinearity in the re
sponse because of aggregate interlock, 
which forces the deformation to stop in some 
places in the specimen. Alexander (24) 
performed creep, constant rate of strain, 
and relaxation type tests on bituminous con
crete in an effort to determine the limits 
of linear viscoelastic behavior. He also 
compared the tests in both tension and com
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TABLE 1 

GRADATION OF AGGREGATES 

Percent Passing* 

ASTM D 1663-59T Selected Gradation 

85-100 

70-95 

45-75 

20-40 

9-20 

100 

75 

45 

26 

15 

Pereent of the total weight of material passing a given sieve size. 

pression, and as a result concluded that asphaltic concretes have different properties 
in tension than in compression. 

The effect of temperature on the response of asphalt-aggregate composite has also 
been investigated. Pagen (25) determined that the asphalt mixtures used in his experi
ments were thermorheologically simple and that the time-temperature superposition 
principle could be used to obtain a master curve giving long-time viscoelastic response. 
Lottman (26) found that time-temperature superposition was applicable to his test re
sults and in addition attempted to formulate road specifications from the temperature 
response of the bituminous mix. 

MATERIALS AND TEST PROCEDURE 

The sand-asphalt mixture specimens used in this study were made of Ottawa sand 
and asphalt cement. Ottawa sand was proportioned according to ASTM D 1663-59T as 
given in Table 1. The asphalt cement was an AC-20 grade asphalt coded B-3056 from 
the "Asphalt Institute-Bureau of Public Roads Cooperative Study of Viscosity-Graded 
Asphalts." The percentage of asphalt used was 9 percent by weight of aggregate, and 
the results of conventional tests on this asphalt are given in Table 2. 

The sand and asphalt were mixed after being heated to 325 F and compacted into 
cylindrical specimens 1. 4 in. in diameter and 3 in. high. The method of compaction 
was a miniature Marshall compaction apparatus, and the number of blows were such 
that total compaction energy delivered per unit volume of the mixture equaled that of 
Marshall compaction specified for medium traffic. The compacted specimens had an 
average void content of approximately 4 percent. 

The compacted specimens were subjected to creep and relaxation tests. The vari
ables included the test temperature, the level of stress in creep test, and the level of 
strain in relaxation test. The six testing temperatures varied from -5 C to 45 C. In 
the creep test the specimens were subjected to various levels of stress, and in relaxa
tion tests the specimens were subjected to at least three levels of strains. The levels 
of stress in creep tests were chosen such that the final strains were always below 1 
percent. 

RESULTS AND DISCUSSION 

The results presented in this section are concerned with the feasibility of deriving 
analytical expressions for constitutive equations of sand-asphalt mixtures, which can 
subsequently be used in the analysis of stresses and displacements in pavement systems. 
The methods of stress analysis available in the literature for multi-layer viscoelastic 

TABLE 2 

RESULTS OF TESTS ON ASPHALT 

Test 

Speciiic gravity, 77/ 77 F 
Penetration, 200 gm, 60 sec, 39. 9 F 
Ductility, 77 F 
Flash point, Cleveland open cup 

Result 

!. 020 
30 

250 + CM 
545 F 

systems are based on the assumption that the 
system is in a quasi-static equilibrium state and 
thus the dynamic effects can be neglected. This 
assumption and the possibility of using corre
spondence principles to obtain viscoelastic solu
tions have led most investigators to the selection 
of constitutive equations that will provide the 
response of the material over a large time span 
and will also require relatively small numbers 
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of tests to obtain the expressions for constitutive equations. The correspondence prin
ciple used by most investigators has involved the use of Laplace transformation and its 
consequent inversion of the desired expressions (such as stress and deflection) to the 
time domain. This transformation and its consequent inversion have limited the char
acterization of the material to that of simple models such as Kelvin solids and Burgess' 
model, which are greatly oversimplified and do not necessarily reflect the performance 
of real materials. To avoid this, and to use representative constitutive equations of 

u," 

"' w 
0:.... 
"' 

,, ~------ -------

10 

D.5 1.0 1.5 2.0 

STRAIN ( 10-.s in.fin . ) 
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the material in analysis of stresses and displacements, the authors have recently de
veloped a technique based on multi-convolution integrals that does not require the use 
of Laplace transformations (3). This method, which has the capability of using the 
experimental data points, can use the experimental results in either creep or relaxa
tion forms. The only conditions provided are that the material be linear, and the ex
perimental data be available over a wide range of time scale. To obtain the latter 
point, the time-temperature superposition principle can be used. 

Figure 1 shows typical results of creep tests for the sand-asphalt mixture used in 
this study. The testing temperature was 35 C and the results are for three stress 
levels. The corresponding level of stress for each test is indicated on the curve. The 
isochrones shown in Figure 2 were obtained by plotting the stress vs the corresponding 
strain at specific times of 2, 15, 120, and 1200 seconds. The linearity of these lines 
indicates that, within the experimental errors, the mixture used in this study behaves 
as a linear viscoelastic material. 

In Figure 3, the creep compliance Dc(t), defined as the ratio of strain E(t) and stress 
o-0 , is plotted vs time in a logarithmic scale. This figure shows that the creep com
pliances obtained at different levels of stress are superimposed and thus the material 
behaves as linear viscoelastic when tested in creep. The scatter observed in the data 
at short loading times is primarily due to the insensitivity of the measuring devices, 
and also due to the discontinuity that exists at zero time. 

The creep compliance curves of the sand-asphalt mixture at other temperatures are 
shown in Figure 4. The values of compliance are corrected to a base temperature of 
25 C. This correction is necessary to account for entropy changes associated with 
change in temperature. 

In Figure 5 the time-temperature superposition principle is applied to the creep 
compliance data shown in Figure 4. The reference temperature was arbitrarily chosen 
as 25 C or 298 K for the experimental temperature range of 268 to 318 K. The effect 
of temperature change on the reduced compliance is a horizontal shift of the plots cor
responding to a multiplication or division of the time scale by a constant factor for each 
temperature. Hence, by a horizontal shift on 'a logarithmic scale, the reduced com
pliance curves will superpose and form one complete curve at the reference tempera
ture. The method of reduced variables thus extends the results over a much wider time 
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scale than possible by direct testing. The master creep curve shows three different 
regions of viscoelastic behavior: 

1. A glassy region where the effect of time is not very important, corresponding 
to low-temperature or short-time response of the material. 

2. A transition region in which the reduced compliance changes very rapidly with 
time and temperature. 

3. The onset of a third region, the rubbery region, where the time effect diminishes. 

Typical results from the stress relaxation tests on the sand-asphalt mixture are 
shown in Figure 6. These results were obtained at -15 C for three levels of strain. 
To emphasize the variations of the results at short times, the time axis is plotted in 
logarithmic scale. The origin of time is taken at the end of the loading time. Relaxa
tion modulus is defined as Er (t) = E (t)/ E"o, E"o being the strain applied at zero time 
as a step function. Experimentally, the application of the strain cannot be instanta
neous. A high rate of loading can be used, but it may produce wave propagation and 

UJ 
u 
z ., 
:::; .. 
::i; 

3 .. 
UJ 
UJ 

"' u 
C 
UJ 
u 
:::, 

~ 
"' 

10 • 

10' 

REDUCED TIME, ~ (secondsl 

10' 10' 

Figure 5. Typical creep compliance master curve, T
0 

= 298 K. 



6 

'ij_ 4 

Q 

~ 3 

"' 0: 
I
V> 

INITIAL STRAIN RATE = 1, 12 11 ,o- 3 in.lin./sec. 

----- NOT CORRECTED FOR INITIAL STRAINING TIME. 

-- CORRECTED FOR INITIAL STRAINING TIME. 

SYMBOL 

0 

f:. 

• 

SPECIMEN STRAIN 
NUMBER (10-s in.tin.) 

383 3.9 
384 1.8 

385 3.0 

o----~---------'---------------~-----~ 
10 1 10' 

TIME (seconds) 

Figure 6. Typical stress relaxation curves, -5 C. 

45 

the ine1·Ua forces would become significant. To avoid this difficulty the specimen was 
deformed at a rate of 0. 2 in./min, wbic.h corresponded to a sb.-ain rate of 1.12 X 10- 3 

in./in./sec. A numerical method using a collocation technique was then used to correct 
for the error introduced by the stress relaxation occurring during the loading period. 

The results of such a correction are shown in Figures 6 and 7 for two different test 
temperatures. Figure 6 contains the results of stress relaxation tests at -5 C. At this 
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temperature, response of material does not vary significantly with time and it is re
ferred to as the glassy region, and hence the correction for ramp loading is not very 
significant. Figure 7, however, represents the relaxation modulus at 35 C, the transi
tion region. The correction is significant and thus should be accounted for. The ac
curacy of the correction method was tested on a three-element mechanical model, and 
the plot of the master curve, using the time-temperature superposition principles, 
showed that the relaxation curves, when corrected for the ramp loading effect, super
pose better than the uncorrected results. Thus all the relaxation results in this study 
are corrected for ramp loading, and are then used for subsequent analysis. Figure 8 
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shows the linearity of the relaxation results. This figure is similar to Figure 2, which 
shows the linearity examination of creep data. The relaxation results used in Figure 8 
were obtained at -5 C. The relaxation modulus at -5 C is plotted in Figure 9, which 
also shows the linearity of the response under the strain levels applied. 

In Figure 10, all the reduced relaxation moduli are plotted vs time to an arbitrary 
base temperature of 298 K. By appropriate horizontal shifts of these reduced curves, 
the relaxation master curve at the reference temperature of 25 C is constructed in 
Figure 11. The procedure used here is similar to that used for the creep compliance 
master curve. The master curve of relaxation modulus shows also three different 
regions: glassy region, transition region, and rubbery region. The values of the shift 
factors obtained from both the creep and the relaxation results are compared in Figure 
12. This figure shows that the variation of the shift factor with temperature is a smooth 
curve. This is a necessary condition for the application of the time-temperature super
position principle. Moreover, within experimental errors, the shift factors obtained 
from the relaxation and the creep tests are the same. This indicates that the sand
asphalt mixture used is a thermorheologically simple material. The shift factor 
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represents the function of temperature at a given time, while the master curve repre
sents the function of time at a given temperature. 

To express the relaxation and the creep characteristic functions of a material ana
lytically, the experimental data can be handled using mathematical expressions that 
would fit closely the obtained data in the experimental range and that would permit a 
reasonable approximation of the functions for any extrapolation. Schapery (28) has 
suggested the use of Dirichlet series for this purpose. The technique involves selec
tion of points (Xi, ti) one decade apart in the transition region, and expressing the 
data as 

X(t) 
n -t/2ti 

X"' + L ~e 
i = 1 

Assuming that n points of the curves are given, a linear system of n equations will 
~esult: 

This system can then be solved easily for the coefficients. 
This technique not only allows one to express the viscoelastic characteristic func

tions of a material in an analytical form, but it also provides an excellent means of 
establishing the relations that exist among the various viscoelastic functions of a ma
terial. The numerical values obtained Ior coefficients Ei and Di of relaxation modulus 
and creep compliance, shown in master curve forms in Figures 5 and 11, are given in 
Table 3. The expressions for the relaxation modulus Er(t) and the creep compliance 
Dc(t) are 

Er(t) E + 
a, 

10 
I: 

i = 1 
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TABLE 3 

NUMERICAL VALUES OF COEFFICIENTS OF RELAXATION MODULUS AND CREEP COMPLIANCE 
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E, = 3. 30 x 104 

E, = 3. 01 x 104 
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where E'"' and D'"' are the values of the relaxation modulus and the creep compliance 
at infinite time. 

The number of terms was chosen approximately equal to the number of decades of 
time where the curves have a significant slope. The use of this technique in certain 
cases may result in some coefficients of different signs, which means that too many 
terms were used in the corresponding region, or that the curve is not smooth in that 
region. This point may not be important in the fitting procedure but it results in a 
considerable deviation once the data are used to extrapolate the results. The different 
terms of the series cannot be considered as having a real physical meaning as in the 
case of a mechanical model. In the series representation the number of elements is 
chosen arbitrarily, and the representation should be considered as a purely mathemat
ical approximation. 

Since the results of creep and relaxation tests are not directly comparable in the 
time domain, the associated values of the relaxation modulus and the creep compliance 
may be compared in the Laplace domain. This can be achieved using the Laplace trans
form of the foregoing expressions for Er(t) and Dc(t), that is, 

ex, 

E(p) P E r(P) = p / Er(t)e -ptdt 
0 

[E'"' 
10 

E · ] E(p) p p + L p + \~i i = 1 
and 

ex, 

fi(p) pDC(p) = p / Dc(t)e -pt dt 
0 

[D'"' 
11 

D- ] fi(p) = p p + L p + lO!i 
i = 1 
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In Laplace domain, these quantities a.re s.imply the inverse of each other, such that 
E(p) = [ D (p)J- 1 or pE(p) "' [pDc(p)J- 1• The values ofE(p) and [D(p)J- 1 ar e plotted 
vs p in Figur e 13. This figw:e shows that a good correspondence exis ts between the 
results of the creep and relaxation in all regions except in certain transition parts, 
where the two values deviate from each other. This deviation may be due to experi
mental error at one of the intermediate test temperatures used in this study. Sub
stituting i w, where w is the frequency of a dynamic testing, for p on the abscissa of 
Figure 13, this figure can then be considered as a plot of complex modulus vs fre
quency. This indicates that large values of p correspond to high frequencies or short 
times (for constant temperature) or for low temperatures (for constant time), and low 
values of p represent the behavior at low frequencies and long loading time (for con
stant temperature) or at high temperature (for constant time). 
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Figure 14 shows how a direct comparison in the time domain can be obtained using 
numerical integration of Voltera equations: 

or 

J Er(t - r) Dc(-r)d-r t 
0 

., 
J Dc(t - r) Er(r)dr t 
0 

Figure 15 shows a plot of the relaxation modulus as observed and as computed from 
the creep compliance curve. Comparisons of creep and relaxation results in Figures 
13, 14, and 15 in Laplace and time domains show the same trend: a good comparison 
in the glassy and rubbery regions, and some deviations occurring in the transition 
region. 

CONCLUSIONS 

1. The response of a sand-asphalt mixture to creep and relaxation modes of testing 
is similar to that of a linear viscoelastic material, providing the levels of imposed 
stresses and/or strains are small. 

2. Time-temperature superposition is applicable to the response of such material 
in creep or relaxation tests, and the necessary shift factors in these two modes of 
testing are almost identical. 

3. Exponential series representation can be very useful and provide easy transfor
mations of the different viscoelastic functions. They allow a good representation of 
the experimental data over a very wide time or frequency range, and the mathematical 
transformation using direct formula or numerical methods can be used to obtain the 
necessary functional transformations to a high degree of accuracy. 
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Bituminous Pavement Temperature 
Related to Climate 
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Advances in bituminous pavement technology have pointed out 
the sensitivity of the viscoelastic properties of mixes to varying 
temperatures. This paper reports on the documentation of 
pavement temperatures in a northern climate and on a method 
of pavement temperature prediction using digital simulation. 

A 6-in. and a 12-in. thick test pavement of dense-graded 
high-type bituminous mix was fully instrumented with thermo
couples to measure for a full year at 5-min intervals the tem
perature patterns resulting from exposure to an actual climate. 
The pavement temperatures recorded were summarized to in
dicate the distribution of temperatures with depth and with time. 
The temperatures were also related to important climate pa
rameters, including changes in air temperature and in the solar 
energy received by the pavement. 

Analysis of gradients and temperature extremes clearly in
dicates the need for temperature measurements on the very 
surface of the pavement for correlation with solar energy re
ceived, the importance of which has not been emphasized in 
other investig'ations. 

A digital simulation model of heat flow into the pavement was 
developed for computer solution. This makes possible the pre
diction of pavement temperatures given specific climate param
eters. Such an investigative tool can be used to extend pavement 
temperature knowledge in lieu of long and tedious temperature 
observations of actual pavements. 

•AS pavement technology advances, more attention is being directed toward the ability 
of pavements to withstand more repetitions of heavier wheel loads. For flexible pave
ments, this involves a better understanding of viscoelastic properties related to the 
stresses and strains, stiffness, and deflections experienced under repeated heavy loads. 
Since viscoelastic properties are greatly affected by temperature, these properties 
cannot be completely understood without a more complete knowledge of the tempera
tures to which bituminous pavements are subjected when exposed to actual climates. 

Bituminous pavements are characteristically dark-surfaced and can be composed of 
either asphalts or tars. Although asphalts and tars differ in their origin and methods 
of production, their viscoelastic properties are generally similar. For this reason, 
asphalt was chosen for this study as being representative of bituminous paving mixtures 
in general. 

DOCUMENTATION OF PAVEMENT TEMPERATURE 

Recent literature reveals the interest of researchers in more knowledge of pavement 
temperatures. According to Whiffin and Lister (20), "Bituminous roads deteriorate 
markedly with the rise of temperature due to the reduction of the viscosity of the bitu-
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mens and tars which causes a reduction of the dynamic elastic moduli of the layers 
forming the road. These experiments emphasize the necessity of recording tempera
ture when measuring dynamic stresses of deflections of roads under traffic." 

B. F. Kallas (8) stated, "The use of thicker asphalt paving courses in many heavy
duty highways has- resulted in the need for more information on temperature variations 
in pavement structures. Temperature data are necessary in studies on pavement de
flections, stresses, and strains under moving wheel loads. Pavement temperature 
data are of interest in any studies or testing involving the temperature-dependent me
chanical properties of paving mixtures or paving asphalts." 

Cold temperatures increase the stiffness of the asphalt concrete. This allows the 
pavement to offer considerably greater resistance to loads . Although this is a favor
able characteristic, cold temperatures may also result in unfavorable effects in the 
pavement. A pavement will not deflect as much when cold, and heavy loading may 
cause cracking in the asphalt concrete. Dorman (5) points this out and suggests that in 
the design stage of a pavement conservatively high-values of stiffness (psi) be used. 

High pavement temperatures decrease the stiffness of asphalt concrete, and also in
crease the possibility of densification and possible rutting of the pavement under heavy 
loads. Monismith and Secor (11) and Monismith (9) indicate that a change of tempera
ture from 40 F to 140 F may cause the viscous component of asphalt concrete to de
crease by a factor of 100. Pell (14) points out how tensile strain is caused by high 
pavement temperatures. -

Thicker asphalt-treated sections will be less affected by temperature than thinner 
sections, according to Dorman (5) and Whillin and Lister (20). J imenez and Gallaway 
( 6) state that the flexibility of thin asphaltic concrete slabs is greater than that of 
thicker ones, but thinner slabs have less resistance to repeated loads. 

The 10ad-carrymg capacity of a pavement 1s much 1ower-m the spring; wnerdhe
temperature in the pavement is 75 to 90 F, according to a study in Canada (3). Sudden 
changes in pavement temperature may cause serious effects on the pavement. Moni
smith et al (12) state that a sudden warming of the pavement surface may caus e a con
siderable reduction in the fracture strength of the asphalt concrete, thus permitting 
cr acks to develop. 

In addition to the foregoing references, a number of other papers have shown im
portant relationships between temperature and the properties of pavement mixtures . 
Among these are Secor and Monismith (19), Monismith (10), and I'agen (13). 

Need for Temperature Data 

An understanding of the viscoelastic behavior of asphalt paving mixtures derived 
from theory and laboratory work cannot be put to full use without a more thorough 
knowledge of the temperatures to which actual pavements will be subjected when they 
are exposed to actual climates. There appears to be a lack of data on temperatures 
observed in detail within heavy-duty asphalt pavements exposed to actual climates. 
studies in College Park, Maryland (8), and in Louisiana (1) have partly filled the gap, 
but each was limited to observations- of a test site exposecfto only one type of climate. 
Detailed observations similar to these are needed to document temperatures within 
thick, dense-graded asphalt pavements exposed to other climates representative of 
large areas where asphalt pavements are used. 

Adequate documentation of pavement temperatures would at least give guidance for 
selecting most appropriate testing temperatures for laboratory procedures and investi
gations. It is also conceivable that adequate documentation of temperature variation 
with depth, and for various climates, would provide valuable data for more valid anal
yses of performance, as well as for the development of more sophisticated design pro
cedures. Since there have been no recent studies on asphalt concrete pavement tem
peratures in a northern climate, this is proper justification for this project. 

The purpose of this project, therefore, was to document the variations of asphalt 
concrete pavement temperatures occurring in the northern New York state climate. 
Also sought was a numerical simulation model of this pavement that could predict pave 
ment temperatures, given any particular climate conditions. This paper is based on 
work completed at Clarkson College of Technology (~ ). 
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Figure 1. General view of pavement test site. 

TEST SITE DEVELOPMENT AND DATA ACQUISITION 

The test pavement was located at Potsdam, N. Y., on the campus of Clarkson Col
lege. The test section was built on the south side, 175 ft behind a three-story building. 
This location was chosen because it was not shielded from the sun and wind. 

The asphalt concrete test pavement shown in Figure 1 was 12 ft wide and 24 ft long. 
A 10-ft long section was constructed with a 6-in. thick pavement, and a 12-ft long sec
tion was constructed with a 12-in. thick pavement. A 2-ft long transition section was 
placed between these two sections similar to the test pavement design reported by 
Kallas (8). 

On one edge of the asphalt concrete test section was placed a vertical section of 1-
in. thick expanded polystyrene insulation. This insulation extended the width of one 
edge of the test section (12 ft) and was placed to a depth of 2 ft. The reason for the 
placement of this insulation will be explained later. 

To obtain the data required for the project, temperature probes were located at suc
cessive 2-in. depths in the pavement. Temperature probes were located at depths of 
2, 4, and 6 in. in the 6-in. thick pavement. Probes were also located at depths of ¾ 
in., 18 in., and 4 ft 4 in. in the gravel base beneath the pavement. The location of the 
probes is shown in Figure 2. 

2?> 

t 36 (4'4"DEEP) 

Figure 2. Temperature probe locations. 
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Figure 3. Multipoint recorder and manually operated potentiometer. 

The asphalt concrete, which by New York State specifications (16) was Type 1-A, 
was placed in 2-in. lifts. The asphalt concrete used was a dense-graded hot mix at a 
temperature of about 260 F. It was compacted in place with a 6-ton roller. After each 
2-in. lift was completed, the thermocouples for that level were placed at predetermined 
locations. The elevation of the tip or each temperature probe was then determined with 
the aid of a surveying level and rod. To protect the insulation on the thermocouple du
plex wire from the heat of the asphalt concrete during construction, asbestos tape was 
wrapped around each wire as it was placed before the next 2-in. lift covered it. 

The temperature probes installed in the test pavement were iron-constantan thermo
couple probes, constructed according to Johnston (7). 

A Leeds and Northrup Speedomax G, Model S, multipoint temperature recorder was 
used for the study. This recorder was capable of reading 12 iron-constantan thermo
couples, one every 24 sec, or the same thermocouple once every 4 min 48 sec. The 
range of this instrument was -30 F to 170 F, with an accuracy of ±1 F. The recorder 
was checked for accuracy during the testing period by using an ice bath. One of .the 
probes placed on the automatic recorder was an air temperature probe. This probe 
was located in a standard weather station 40 ft west of the test pavement. A Taylor 
stripchart recorder was located in the weather station as a check of the thermocouple 
air temperature probe. The 1accuracy of this instrument was ±2 F over its recording 
range of -10 F to 90 F, and it could be read to within the nearest 15 min. The other 
eleven monitored probes were usually those probes located within the asphalt concrete 
pavement. 

The thermocouple temperature probes that were not wired to the multipoint recorder 
could be read by the use of a manually operated portable potentiometer. Both of these 
r eadouts of temperatures were located in a building south of the test section. Figure 3 
shows both the multipoint recorder and portable potentiometer. 

A solar radiation instrument to measure daily values of total solar radiation was 
built according to instructions in Whillier and Tout (22) and Whillier (21). The instru
ment, consisting of silicon solar cells and a Ferranti Type FKt DC ampe1·e-hour meter, 
was located near the test pavement. This instrument is shown in Figure 4. 
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Figure 4. Solar cells and DC ampere-hour meter. 

Data Collection 

This project involved the collection not only of asphalt concrete pavement tempera
tures, but also of such data as soil temperatures beneath the pavement, air tempera
ture data, percentage of cloud cover, and amount of solar radiation received each day. 
The multipoint recorder collected continuous detailed data from August 1, 1966, to July 
31, 19 67. From these data, hourly temperatures for each probe were taken from the 
recorder graph and placed on data sheets for data analysis. 

The manually-operated potentiometer was used only as a check against the automatic 
recorder and as a back-up system in case of breakdown in the automatic recorder. 

All readings of cloud cover were recorded by human observations. It is realized that 
information obtained was quite crude, since it was difficult to describe the type, color, 
amount, and thickness of any clouds that made their appearance over the site. A very 
general approach was used in collecting these data. The amount of cloud cover was 
placed into one of five categories: 0 percent cloud cover, 0-20 percent, 30-70 percent, 
80-100 percent, or 100 percent. Along with these percentage of cloud cover records, 
a time record was kept to describe how long the sky remained in any one cloud condi
tion. Records were also kept of any rain or snow that fell on the test section. 

Snow was removed as quickly as possible from the pavement so that the snow cover 
would not influence the pavement temperatures, except when snow-cover-effect studies 
were in progress. 

RESULTS 

Climate During Test Period 

The pavement temperatures during the year 1966-67 were obviously produced by the 
climate conditions occurring during this period. It is thus of interest to know how this 
particular year compares with that of an average year in northern New York. This 
comparison is shown in Figure 5. The average monthly air temperature during the data 
collection period is compared with the average monthly air temperature for the long
term average for this area. The monthly solar radiation received is also plotted; how
ever, since there is no long-term average monthly solar radiation available, no com
parison could be made. 
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Maximum and Minimum Pavement 
Temperatures 

The maximum pavement temperatures 
during the one-year recording period oc
curred on June 28, 1967. The tempera
tures at the surface and at depths of "¼, 2, 
4, 6, 8, 10, and 12 in. were 144, 131, 122, 
111, 103, 98, 94, and 90 F respectively. 
These occurred between 2 and 5 o'clock 
in the afternoon when the air temperature 
was 83 F. The highest air temperature 
during the testing period occurred at 2 
p.m. onAugust9, 1966, whentheair 
temperature was 91 F. 

The minimum pavement temperatures 
during the recording period occurred on 

February 8, 19 67. The temperatures at the depths of ¼, 2, 4, 6, 8, 10, and 12 in. 
were 5, 7, 10, 14, 15, 19, and 21 F respectively. These occurred at 6 and 7 a.m. 
when the air temperatures were -7 and -5 F respectively. The lowest air temperature 
of the testing period occurred at 7, 8, and 9 a.m. on February 13, 1967, when the air 
temperature was -18 F. 

Temperature Cycles for a 24-Hour Period 

Aophnlt <1 oncret(l pavement tempen.tur@s follow a cJrr_•le pliltf-'rn ly111t::.il 11f l.11:.i.l. ru·o
duced in a conducting medium by approximately sinusoidal boundary conditions. This 
cycle can be generalized for a short time period (24 hours) or for a long time period 
(lyear). 

For a period of 24 hours during a completely sunny day in the summer, the tempera-
--~tur_e_cyde_generally_follows_the_patter.n_shown in Figure 6. It can be seen that at each _ 

depth a maximum temperature and a minimum temperature is reached during the cycle. 
The maximum temperature occurs first at the surface. As the depth of the pavement 
increases, the time at which the maximum temperature is reached occurs later and 
later than the time the maximum temperature was reached at the surface. This lag 
time is also observed for the minimum pavement temperatures at each depth. 

The surface pavement temperature reaches the highest value during the afternoon 
and then during the night becomes the lowest for the entire pavement. The surface probe 
has the greatest temperature extremes of any location in the pavement. The deeper 
the probe is in the pavement, the flatter the curve. Below 12 in., the damping of the 
diurnal temperature wave is almost complete. 

Figure 7 shows data taken from the test section on August 7, 1966. This plot shows 
the temperature cycles for the air temperature probe and the ¼ and 12-tn. prubt:H:I. 
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Figure 6. Generalized temperature cycles for a 
sunny day. 
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Figure 9. Temperature cycles on a partly cloudy 
summer day. 

This was a completely sunny day. The 3/4-in. 
probe is a smooth curve with only one peak, 
which occurred in the middle of the afternoon. 
Figure 8 shows the same type of curve for a 
completely sunny day during the winter. 

Cloud cover will, however, affect the surface temperature greatly. This is shown 
by Figure 9, a plot of August 13, 1966, when the sky was a deep blue except for some 
fluffy white clouds that occupied less than 20 percent of the sky. The ¾-in. depth tem
perature cycle is no longer smooth as in Figures 7 and 8, but is rough, having many 
peaks. Figure 10 shows August 15, 1966, as an example of a summer day when there 
was 80-100 percent cloud cover in the sky. On cloudy days such as this, all the tem
peratures in the asphalt concrete pavement are nearly equal. During the heavy rain 
that occurred in the afternoon of August 15, all the probes in the various depths of the 
pavement recorded the same temperature. Then, as the rain stopped in the early eve
ning, the pavement temperatures at the various depths again began to spread apart. Fig
ure 11 shows the data for August 9, 1966. On this day the sky was very clear until 2: 30 
p.m., when the skies became partly cloudy . The effect on the 3/.i-in. temperature probe 
is clearly evident. Then, at 6:30 p.m., a moderate rain started to fall on the test 
pavement. The air temperature fell 8 Fin less than 5 min. The ¾-in. probe also 
started to decrease at a constant rate. However, there was no effect on the tempera
ture at the 12-in; depth. In fact, the 12-in. probe was not affected by any of the weath
er changes that occurred during the day. 

Monthly Temperature Distribution in Pavement 

Figures 12 through 23 show the temperature distribution of the air temperature and 
¾, 2, 4, 6, 8, 10, and 12-in. depths of each month during the testing period . A com
mon characteristic of these distributions is that for every month the ¼-in . depth 
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Figure 14. Temperature distribution in asphalt 
concrete pavement, Oct. 1966. 

ri1.1ure 13, Temperature Ji~tribution in asphalt 
concrete pavement, Sept. 1966. 

Figure 15. Temperature distribution in asphalt 
concrete pavement, Nov. 1966. 



Figure 16. Temperature distribution in asphalt 
concrete pavement, Dec, 1966. 

Figure 18. Temperature distribution in asphalt 
concrete pavement, Feb. 1967. 

61 

Figure 17. Temperature distribution in asphalt 
concrete pavement, Jan. 1967. 

Figure 19. Temperature distribution in asphalt 
concrete pavement, Mar. 1967. 
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fiRure 20. Temperature di3tribution in a~phalt 
concrete pavement, Apri I 1967. 

Figure 22. Temperature distribution in asphalt 
concrete pavement, June 1967. 

Figure 21. TP.mpP.raturl:' rli5trih11tinn in mphnlt 
concrete pavement,May 1967. 
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Figure 23. Temperature distribution in asphalt 
concrete pavement, July 1967. 
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Figure 24. Temperature distribution in asphalt concrete pavement, yearly summary. 

distribution curve always has the greatest range of temperatures and as depth increases 
a smaller range of temperatures is experienced. This is one indication that as the 
depth of the pavement increases, the temperature stabilizes. 

During the summer months, the distributions of the upper depths tend to have a 
greater spread of temperatures on the high side of the mean. This can be seen in Fig
ure 12 for August 1966. The distribution for the ¼-in . depth "stretches out" from 90 F 
to 130 F . This same shape occurs during September (Fig. 13) and October 1966 (Fig. 
14). In Figure 15, November 1966, this "stretching out" of the curve becomes l ess 
obvious for the ¼ -in. depth than for the previous months. · 

During January 1967 (Fig. 17), nowever, this "stretching out" occurs on the oppo
site side (on the decreasing temperature side) of the distribution. This occurs again 
for February (Fig. 18). Then the "stretching out" reverses again for the month of March 
(Fig. 19) and appears on the increasing temperature side of the distribution. This con
tinues for all the warm months of the year. 

From these observations, it can be concluded that the small percentages of extreme 
temperatures that occur near the surface of the pavement during the summer are on the 
higher temperature side of the mean. During the winter this reverses, and the extreme 
temperatures on the surface are on the lower temperature side of the mean. 

Yearly Temperature Distribution 

Figure 24 shows the yearly distribution of temperatures for air temperature and the 
¼, 2, 4, 6, 8, 10, and 12-in. depth in asphalt concrete. Again, as the depth in pave
ment increases, less variation in temperature occurs. 

Effect of Thickness on Pavement Temperature 

Some roads in this country have a relatively thin layer of asphalt concrete pavement 
on them, while others are much thicker. In the study of pavement temperatures, the 
question might be raised as to whether or not the thickness of the pavement changes the 
temperature at various depths. For this reason, the test section in this project was 
constructed in such a way that some of the temperature probes were placed in a 6-in. 
thick section (probes at the 2, 4, and 6-in. depth in the asphalt concrete pavement and 
12-in. depth in the soil) and others in a 12-in. thick section (2, 4, 6, 8, 10, and 12-in. 
beneath the surface). Daily observations of these probes were conducted. It was noted 
that both sections behaved in the same manner, and that the temperatures at the same 
depth in each of the two sections were usually very similar. Most of the time individual 
probes at the same depth on both sections were within 1 or 2 deg of each other. Small 
plus and minus differences between corresponding probes at the same depth seldom 
differed by more than O. 2 F. 

After observing the temperature differences between the two test sections of asphalt 
concrete pavement, it can be concluded that there is no important difference between 
the temperatures at a depth of 2, 4, 6, and 12 in. for the 6-in. thick pavement and those 
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Figure 25. Difference in temperature between 
surface probe and ¼- in. probe . 

at a depth of 2, 4, 6, and 12 in. in the 
12-in. thick pavement, probably because 
the thermal properties of the asphalt con
crete and the subgrade material are nu
merically similar. 

Surface Probe Accuracy 

Difficulties-When the "surface" probe 
was first installed in the pavement it was 
placed on the surface and covered with a 
thin layer of asphalt concrete. After the 
pavement was compacted, the pr obe was 
located at a depth of 1/4-in. from the sur
face. It was assumed that this probe 
would give representative temperatures 
for the surface of the pavement. During 

the winter months this assumption was brought into question. Figure 8 shows why. It 
is a plot of the surface temperature for February 6, 1967, when the air temperature 
was very cold. At 6 a.m. the air temperature was -12 F. The 1/1-in. probe, however, 
only reached 6 F. There seemed to be an unreasonable gap between the air temperature 
and surface temperat ure . It was suspected that the ¼-in . of asphalt concrete on top of 
the surface probe was hindering that probe from recording the actual surface tempera
ture. 

New Surface P:robe-As the weather became milder during late winter, a new surface 
probe was added fo tlie pavefaent. -This p.1.-ul.ie was piac-ed frush with the sur face of the 
pavement, so that one side of the probe was exposed to the air. The other three sides 
of the probe wer e surrounded by asphalt concret e . A comparison of the temperatures 
of the new surface probe and the ¼-in. probe were made. Figure 25 shows thi s com
parison for June 28, 1967. It is seen that during the day the new surface probe re-

~ed-surfa-c-e-temp-eratur-e-s---to--be- 13-F--higher --than--those--i-ecorded--by the 1/4-in--;-probe-. 
It was felt that this new probe gave a bet
ter representation of the surface tem}?er a
luni of the pavement than did the ¼- in . 
probe. 

Correct Installation of Surface Probe-
From this infor mation, it was concluded 
that the uppermost fraction of an inch of 
asphalt concrete sometimes experiences 
a large temperature gradient. To record 
the surface temperature, it is necessary 
to take great care in the location of the 
probe. Figure 26 shows how the surface 
probe should be installed. It is recom-
mended that one part of the thermocouple 
tip be exposed to the air. Care must be 
taken that the probe be flush with the pave-
ment surface and that the color of the ex-
posed tip is the same color as the asphalt 
concrete. 

Temperature Gradients in Pavement 

When observing temperatures in pave
ments, it is important to realize that 
temperature varies with both time and 
depth. When describing pavement tem
peratures, can one temperature adequately 

INCORRECT PLACEMENT 

BLACI< SURFACE POOBE 

SECTION Vl[W 

A~ALT 
CONC.RETE 

ALL SIDES 01' THE T~EP.MOCOUPL[ TIP 

AP.E SUP.ROUNDED BY A5PHAL T CONCRETE 

CORRECT PLACEMENT 

BLACI< SURFACE "'\ ./ PROBE 
r 

SECTION VIEW 

ASPHALT 
CONC.P.[T( 

THREE QUARTERS OF T\.lE PROBE TIP 

15 SUP.ROUNDED BY A5Pl-1AL T CONCR£TE, ANO 

ONE QUARTER 15 SURROUNDED BY AIR 

Figure 26. Installation of surface probe. 
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Importance of Solar Radiation 
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represent the entire pavement tempera
ture? Figure 27 answers this question. 
On June 28, 1967, at 2p.m., the surface 
temperature was 144 F and the 12-in. 
depth temperature was 82 F. There was 
a 62 F difference in pavement tempera
ture within a 12-in. difference in pavement 
depth. Pavement temperature also varies 
with time. On June 28, 1967, at 6 a.m. 
the surface temperature was 67 F. At 2 
p .m., the surface temperature was 144 F. 
Within an 8-hour period, the surface tem
perature increased 77 F. It can be con
cluded that no one temperature is repre
sentative of the pavement, but that 
pavement temperatures vary greatly both 
with time and depth. 

Potsdam, New York, is located at 44° latitude and 76° longitude, at an elevation of 
440 ft above sea level. There is no industry in the area that might cause any smog 
conditions. It is known that both air temperature and solar radiation can add heat to 
the pavement to raise the temperature. However, just what effect would be produced 
by both these factors acting together on the test pavement was unknown. It would be 
interesting to discover whether the air temperature or solar radiation has a greater 
effect on increasing the pavement temperature. By comparing various days that were 
monitored for temperatures it was hoped to determine some comparison between the 
two methods of producing heat flow to or from the pavement. 

Figure 28 shows a plot of two days that received the same amount of solar radiation, 
but with air temperatures that were different. The two days were April 12 and April 
13, 19 67. Both days were completely sunny with no cloud cover. The only differ -
ence in the two days was the air tempera-
ture. April 12 was cool, with a high air 
temperature of 40 F and a low air temper
ature of 20 F. April 13 was warmer, with 
a high of 64 F and a low of 26 F. The dif
ference in air temperature in the middle 
of the two afternoons was 24 F. However, 
the peak temperature difference of the ¼
in. probe for the two days was only 12 F 
(84 F on April 12 and 96 Fon April 13). 
This suggests that a 24 F increase in air 
temper ature produced a 12 F increase at 
the %-in . pavement depth. 

Figure 29 shows two days that had sim
ilar air temperatures, but had different 
values of solar radiation. The days were 
November 22, 1966, and April 12, 1967. 
Both days were completely sunny with no 
cloud cover. On November 22, the high 
air temperature for the day was 52 F and 
the low was 26 F. On April 12, the high 
air temperature was 40 F and the low was 
20 F. The air temperature patterns for 
these two days were similar, with the air 
temperature of November 22 being a few 
degrees warmer than that of April 12. 
The biggest difference between the two 
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Figure 29. Change in pavement temperatures at 
different solar radiation values with similar air 

temperatures. 

days was that on November 22 707 Btu/sq 
ft/ day of radiation was received by the 
solar cells while on April 12 the figure 
wa.s 2125 Btu/sq ft/day. The peak tem
perature difference of the ¼-in. probe for 
the two days was 31 F (84 F for April 12 
and 53 F for November 22). Even though 
the air temperature of November 22 was 
higher than the air temperature of April 
12, the larger amount of solar radiation 
received on April 12 caused the pavement 
temperatures on that day to be much higher 
than on November 22, 1966. 

From these graphs it can be concluded 
that solar radiation changes have a greater 
effect on pavement temperatures than is 
caused by varying air temperature. 

Nature of Solar Radiation-Figure 30 
shows a plot of daily solar radiation actu
ally received at the test site (including the 
interference of cloud cover) from October 
28, 1966, to July 31, 1967. The lowest 
amount of radiation occurred on December 
7, 1966. On this particular day 0.0 Btu/sq 
ft/nay was rP.r.orded as the amount of solar 
ractialiun 1·eceivea Dy me solar rachation 
instrumentation. Although some radiation 

must have been received during that day, the signal produced by the solar cells was so 
weak that it was unable to generate the necessary 0. 05 ampere (corresponding to ap
proximately 25Btu/sqft/hour )needed to start the DC ampere-hour meter. The highest 
amount was received on Jwre-27, 1967, when 2405 Btu/ sq ft / day was r ecorded. H cloud 
cover did not interfere, the maximum possible solar radiation would be received on 
June 21, while the minimum amount would be received on December 21. This is be
cause the sun is higheist in the l5ky on June 21 (travels the longest path in the sky), and 
lowest in the sky on December 21 (travels the shortest path in the sky). In general, 
Figure 30 verifies the expected pattern; i.e., in spite of marked fluctuations caused by 
varying cloud cover, the lowest daily amounts of solar radiation occurred in December. 
starting in January 1967, the daily amounts of solar radiation increased until June 1967. 

Figure 31 shows a typical record of solar radiation throughout the day in 
northern New York at various times of the year. All of these days were 
completely clear and free of clouds. 
On December 21, 1966, 644 Btu/sq 
ft/day were received by the solar 
cells. On March 16, 1967, this in
creased to 1630 Btu/sq ft/day, and by 
June 27, 1967, the daily amount was 
2405 Btu/sq ft/day. The maximum 
amount of hourly radiation increased 
during this period. The peak reading 
on December 21, 1966, was 120Btu/sq 
ft/hour, on March 16, 1967, it was 240 
Btu/sq ft / hour, and l;>Y June 27, 1967, 
it was 310 Btu/ sq ft/hour. 

H there were no cloud cover or 
haze in the sky the maximum possible 
solar radiation would be received on 
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Figure 30. Daily solar radiation received by solar eel Is. 



any given day of the year. Since the 
sun's path changes every day of the 
year, this maximum amount of daily 
solar radiation also changes. Figure 
32 illustrates how the changing path 
of the sun affects the maximum pos
sible daily solar radiation in northern 
New York. The daily solar radiation 
values of all zero percent cloud cover 
days were plotted. Then the points 
were connected to produce a curve 
that represents the maximum daily 
solar radiation that could be expected 
in northern New York. It can be seen 
that the low point of this curve is near 
December 21 and the maximum is near 
June 21. 

Solar Radiation Absorbed by P ave
ment-Not all the solar radiation re-
ceived at the pavement surface will be 
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Figure 31. Seasona I effect on solar radiation received. 

accepted bytheasphaltconcretepavement. Color is a major factor in determining how 
much solar radiation is absorbed by the pavement. A black pavement will absorb more 
solar energy than a white pavement. During the data collection period, the test pave
ment was kept black and as clean as possible so that the surface did not turn grey. 
Black-top driveway sealer was applied soon after initial construction and this helped 
to maintain a uniformly black color on the pavement surface. This ensured that the 
maximum amount of solar radiation was accepted by the pavement, and helped to en
sure that the pavement temperatures were being observed under reasonably uniform 
conditions. 

Edge Effects 

When this test section was first constructed, the size of the pavement was chosen to 
be 24 by 12 ft. In order to obtain accurate values of temperatures for the various 
depths within the pavement, the question was brought up of how close to the edge of the 
pavement a thermocouple could be placed and still give a true temperature reading of a 
depth without any effect from the soil that surrounded the test section. Since there was 
no time to investigate this problem before the site was actually constructed, it was de-
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Figure 32. Maximum solar radiation received by 
solar cells. 

cided to assume that there were edge ef
fects and that precautions had to be taken 
against them. 

All of the test probes in the asphalt 
concrete test section were placed in a 4 
by 4-ft square in the center of each side 
of the test section. It was assumed that 
the probes would be far enough from the 
edge of the pavement that there would be 
no edge effects, if such effects existed. 
The two areas in which the probes were 
located on each section can be seen in 
Figure 2. 

It should be pointed out that although 
the test section was 24 by 12 ft (288 square 
feet), only two 4 by 4-ft sections (32 
square feet) were used for actual testing. 
The rest of the area was unused for actual 
data collection. The question that could 
next be asked is whether or not it would 
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Figure 33. Check on edge effect when pavement experienced a negligible vertical temperature gradient. 

have been possible to construct a smaller test section and still avoid any edge 
effects. 

It was decided to place on one edge of the asphalt concrete test section a vertical 
section of 1-in. thick extruded expanded polystyrene plastic foam insulation. This in
Gulntion extended the width of one cd?;c of the toot section (12 ft) and was placed to a. 
depth of 2 ft. To determine whether or not this insulation prevented any edge effects, 
a series of probes were placed ½, 2, and 3 ft from the insulation. At various times 
during the fall and winter, the manually operated potentiometer was used to obtain 
readings from the edge-effect probes located near the vertical insulation. 

Figure 33 shows one set of data taken November 12, 1966. There appears to be no 
serious edge effects. No snow was on the edge of the test pavement when the data were 
taken. Figure 34 shows a set of data taken on January 18, 1967, when 3 ft of snow was 
piled on the edge of the test pavement. The data suggests that there is no edge effect 
problem in this case either. '!'his would indicate that if an edge effect existed, the 1-in. 
thick vertical insulation eliminated it and helped maintain horizontal isotherms under 
the test pavement. It can be concluded that two 2 by 2-ft test sections could have been 
constructed and have served as well as the 12 by 24-ft section, as long as the sides of 
the section were protected by 1-in. thick vertical insulation. The possibilities for 
more economic test site design and construction for future studies are obvious. 
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Insulating Effect of Snow 

One of the auxiliary studies conducted 
involved the insulating effect of snow. 
When snow covered the test pavement and 
the air temperature was near 30 F, it was 
noted at several times during the winter 
that the pavement temperature would be 
32 F throughout the entire thickness. If 
this snow remained on the test section 
(undisturbed) and the air temperature 
turned suddenly cold, would the snow act 
as an insulator and keep the pavement 
temperature from being radically influ
enced? 

To answer this question, a certain se
quence of weather conditions was neces
sary. First, there had to be a snowfall 
with the air temperature near 32 F. Then, 
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Figure 35. Insulation effect of snow. 

shortly after the snowfall, the air temperature had to decrease markedly. With the 
snow left on the pavement, it could be observed if the snow acted as an insulator. On 
February 2 and 3, 1967, this set of conditions occurred. 

The result of this experiment may be seen in Figure 35. On February 2, 1¾ in. 
had accumulated when the snowfall ceased at 10 a. m. The snow was light and powdery. 
The air temperature then fell quickly, and at 7 a.m. on February 3 the air tempera
ture was -14 F. During this period of time, the snow was not removed from the pave
ment. The pavement temperature remained very close to 32 F. At 6 p. m. on February 
3, the snow was r emoved from the pavement. The pavement temper ature immediat ely 
fell sharply . The insulation effect of 1 ¾ in. of snow is shown clearly by this plot. 

DIGITAL STh'.IULATION OF PAVEMENT TEMPERATURES 

Techniques and Advantages of Digital Simulation 

Assembling data in the form described in the foregoing is both expensive and time
consuming. Furthermore, while it may give a reasonable picture of annual pavement 
temperature variations in northern New York State for the years 1966-67, not too much 
can be inferred about maximum temperatures for other years and even less about pave
ment temperatures at other locations. Thus the most useful application of data of the 
sort just described is its use in the development of a general scientific method that will 
be applicable to pavements of any composition anywhere in the world. 

The ready availability of digital computers has made such a development possible, 
if one is able to discretize both the conducting medium and the time domain into small 
nodal increments and into small time steps. Such a digital program has already been 
completely described and used with hypothetical surface boundary conditions (18) that 
are varied simply in a sinusoidal manner over several years. The resulting subsur
face temperature variations predicted for the simulated years are typical of those often 
measured at various underground sites. Based on this program, actual underground 
temperatures that were monitored during the 1964-65 winter were simulated on a com
puter. The predicted temperatures compared well with those actually found in the 
ground, and the depths of frost penetration through the winter were closely predicted (4). 

In the case of asphalt concrete pavement, of most interest are maximum and mini--
mum temperatures, and they are seen to occur for short periods during given extreme 
day or night conditions. Thus the simulations already noted must be modified for pure
ly diurnal use. This is done by making the subsurface conducting increments and the 
time steps much smaller in size, thereby giving a more detailed picture of the under
ground temperature patterns than is required when a complete year of time is involved. 
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Figure 36. Nodes used in simulation model. 

Other than this change in mesh and 
time-step size, the programs already 
used are unchanged. These are forward
difference, one-dimensional transient 
heat-flow programs that are terminated 
at the depth below which the diurnal tern -
perature wave does not reach. The initial 
temperature conditions are inserted in the 
computer and it "steps through time" com
puting new sets of temperatures in re
sponse to air temperature and solar input 
conditions that are continually applied to 
the surface nodal increment. These con
ditions are, in this case, the actual mea
sured values obtained at the test site. If 
the program were to be used to predict 
maximum asphalt concrete temperature 
at a different location, these boundary 
conditions could be obtained from weather 
records at the location of interest. 

Errors in Discretized Models 

The engineer unfamiliar with finite-
. . difference methods is_oiten concerned with 

loss in accuracy due to the incremental modeling of a continuum. In fact, the surpris
ing thing about finite-difference methods is not their inaccuracy, but the remarkable 
predictions possible with models having only a very few increments and huge time steps. 
In the case of diurnal variations of temperature in asphalt concrete pavement, a smali 
enough time step must be chosen so that both air temperature variations and solar 
energy input changes can be varied on the upper boundary with reasonable accuracy. 
As suggested in Figure 39, a time step of one hour is probably fine enough, although a 
quarter-hour time step was actually used because of mathematical stability require
ments. Based on previous studies (18), this fine a time step with a 24-hour tempera
ture cycle will produce finite-difference errors that are far less than 1 percent of the 
maximum temperature swing. 

Previous work also suggests that conduction systems having seven to ten nodes will 
yield results with vanishingly small finite-difference errors, particularly when the 
surface temperature condition is not changing sharply (18). In this study, a 13-node 
model was used (Fig. 36), amply fine for any practical purposes. Thus it is reasonable 
to infer that any difference between the simulation and actual temperatures is due en
tirely to conceptual and instrument defects in the model and real systems-i. e., poor 
estimates of convection coefficient, asphalt thermal or radiation properties, crude 
modeling of reradiation terms, and failure of instruments to record temperatures ex
actly at the depth anticipated. The point, then, is that these and many other experi
mental and property uncertainties far outweigh the tiny effects of a discretized model. 
Indeed, one of the powerful applications of computer simulations to future systems of 
this sort will be to estimate, using trials, various parameter values that are difficult 
to measure directly on the site. 

DEVELOPMENT OF MODEL 

Two basic types of prediction were desired from the digital simulation. The first 
output required was the prediction of the temperature-wave movement at various depths 
in the pavement. These daily pavement temperature cycles have been described ear
lier. The second desired output was to predict extreme pavement temperatures at va
rious depths. Both of these outputs should be responsive to input climatic conditions. 

Much work has been done to develop methods of predicting pavement temperatures. 
Not all methods have been able to obtain the output data mentioned. Barber (~) obtained 
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pavement temperatures by using a solution of the diffusion equation. Basically, this 
approach was only good for an average prediction over many days of average weather. 
What was desired here, however, was a means of predicting extreme values of pave
ment temperatures, that is, the few cases of hottest or coldest pavement temperatures 
in a 5- or 10-year weather cycle. The digital simulation method is best for such pre
dictions, because of its ability to cope with many climatic parameters and its computa
tional speed. 

Basic Structure of the Simulation Model 

When setting up a simulation model, it must be remembered that there are three 
basic mechanisims for heat flow that occur at any surface location on the pavement. 
They are conduction, convection, and radiation. Each has different heat transfer rate 
equations (17). fu order to apply these equations, a representative section of the pave
ment must first be divided into small sections called nodes. fu general, the basic heat 
transfer equations, or a combination of these equations, relate a given node to sur
rounding nodes, and are used to compute a temperature after each small time interval 
at the given node. The temperature computed for any node is the average temperature 
of the entire volume, and usually represents the temperature at the center of the node. 
Since the temperature of a particular computer node is assumed to occur at the center 
of that node, it was desirable to have the centers of the nodes in the simulation model 
be at the location of the temperature probes in the field pavement study. This allowed 
the simulation pavement temperatures to be directly compared with the actual field 
pavement temperatures. The equations of the nodes in the simulation model were thus 
derived in such a way as to place their centers at the depth of the thermocouple probes 
(2, 4, 6, 8, 10, 12, and 18 in.). 

Figure 36 illustrates the various nodes used in the simulation model. Basically, the 
numerical model consisted of a column of nodes that had a cross-sectional area of 1 
sq ft. Node 1 is shown to be only half as high asthe next twelve nodes. This was done 
to place the temperature of Node 1 directly on the surface of the pavement. Actually, 
Node 1 is a standard node sliced in half so that its center point is exposed. Node 1, on 
the very surface of the test pavement, is the node at which solar radiation is introduced 
into the test pavement. Nodes 2 through 12 are all asphalt concrete nodes, and thus all 
have the same heat transfer equations . Nodes 2 through 12 are all 1/12 ft in height and 
have a convenient cross-sectional area of 1 sq ft. The centers of these nodes are lo
cated at 1-in. increments starting at 1 in. from the surface. Node 13 is called a 
"mixed node." It is the same size as Nodes 2 through 12, but it contains half gravel 
and half asphalt concrete. The actual test section has a pavement thickness of 12 in.; 
below this is more than 24 in. of gravel. This design was carried over into the simu
lation model. Node 14 is called a "termination node." It is a gravel node and has the 
heat transfer properties of gravel. Its purpose is to mathematically terminate the 
column of nodes. Since it is larger than the other nodes, its predicted temperatures 
will be less accurate than those of the other nodes. Note that the model assumes no 
diurnal temperature effect below 24 in. 

Input Information for Simulation Program-Certain heat transfer or thermal proper
ties had to be found for both gravel and asphalt concrete for use in nodal equations (18). 
The values used in this simulation model are given in Table 1, which lists the various 
input information required for the computer program. Besides the thermal properties 
for the various nodes, initial temperature values had to be entered into the program. 
These were obtained from the actual test section. If a simulation program was to be 
tried for a certain day starting at 6 a. m. , then the initial pavement temperatures for 
the nodes were obtained from the actual test pavement at 6 a. m. 

Certain weather data needed in the surface node equations must be placed into the 
program. Air temperature in degrees Fahrenheit and solar radiation in Btu per square 
foot per hour had to be known as a function of time for the simulation model. 

Use of the Simulation Model 

Before actually using the simulated model the type of day had to be selected. It could 
have been a completely sunny day, a cloudy day, a rainy day, or even a day with snow. 
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TABLE 1 

INPUT FOR SIMULATION PROGRAM 

TEST SITE 

A. Asphalt concrete properties (from Barber(~)) 

1. Dens ity, P, l~O lb/cu rt 
2. Conducllvl19, K, 0.1 Btu/ sq fl/hr, F pe r It 
3. SpecUlc heat, C , 0,22 Btu/lb F 
4. Con.vecUon coc1.t'lc1cnt , fl, 2,7 Btu/h F sq ft 

B. Gravel properties (last node) (from Carrol, Schenck, and Williama (!)] 

1. Density, LlO lb/cu It 
2. Conductivity, 0. 75 Btu/sq ft/hr, F per ft 
3, SpecUlc heat , 0. 20 Btu/lb F 

C. Initial conditions 

Initial temperature at each node, F 

D. Properties related to radiation 

1. Absorptivity, F, 1,00 (assumed black body) 
2. Emissivity, r, 0,90 

WEATHER INPUT 

A. Air temperature, F 
B. Solar tadlatlon, Btu/ sq ft/hr 

As the first step in the simulation model, it was decided to try only completely sunny 
days, Bright sunny days facilitate simulation since the high-level solar input overrides 
m innr prP.<lir.tivP. P.rrm•r-; in racfo1tinn to surroundings, wind effects, evaporative losses, 
etc. Also, such days are always associated with maximum pavement temperatures. 

On April 29 and April 30, 19 67, the weather at the test section was fair and clear. 
There were no clouds in the sky. The simulation computation was started at 6 a. m. on 
April 29. This was chosen as the starting time because it was still dark, and thus the 
initial pavement temperatures would not show any effects of the sun. The simulation 

-- enm:rdat_6_a~onA:prtl- 30;-19 67--;-- By-starting-b-efore--sunrise-on-one-day- and-ending- -
before sunrise on the next day, the simulation model was checked both during the day
light and the nighttime hours. 

Iuilial Nodal Temperalu1·es-Since the program was started at 6 a.m. on April 20, 
it was necessary to find input pavement temperatures for the 14 simulation nodes. This 
required a knowledge of the pavement temperatures for every inch of pavement from 
the surface level down to the 12-in. level. Also, a temperature had to be known for the 
18-in. depth (gravel node). Since the thermocouple temperature probes were not located 
every inch in fhe test pavement, it was impossible to find the required initial pavement 
temperatures directly. The initial conditions were known for the surface, 2, 4, 6, 8, 
10, 12, and 18-in. depths from the test section instrumentation. A graph of this infor
mation (pavement temperature vs depth) is shown in Figure 37. From this curve it was 
possible to interpolate the temperature of the pavement at any depth. The initial pave-
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Figure 37. Initial pavement temperatures for 
April 29, 1967. 

ment temperatures used for the simulation 
for April 29 are listed in Figure 37. 

Solar Radiation Input-Next, the input 
info1•mation for solar radiation had to be 
found. This information was collected at 
15-min intervals during the day of April 
29. The data collected are shown in Fig
ure 38. The solar radiation data collected 
for that day were obtained by the DC am -
pere-hour meter and solar cells. Any ab
sorbing surface in the sun will not, how
ever, retain the total amount of the in
coming radiation. Some of the solar radi
ation absorbed by the pavement will be re
radiated back to the surroundings. The 
amount of back-radiation in Btu per square 



foot per hour is assumed here to be 
simply a function of the difference 
between the fourth power of the tem -
perature of surface and the fourth 
power of the surrounding air tem -
perature (17). This back-radiation 
term is actually far more complex. 
However, this crude approach did 
produce good results. Omitting this 
correction resulted in a poorer 
simulation. During the night, there 
is also a difference between the 
pavement surface temperature and 
the air temperature. This suggests 
that there is probably surface back-
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Figure 38. Solar radiation for April 29, 1967. 

radiation at night also. Back-radiation appears in the heat balances as a negative term 
(-Btu/sq ft/hour). During the day, this back-radiation value is subtracted from the 
radiation value, usually resulting in a net positive (incoming) heat-flow term. This 
corrected radiation, which is the net amount absorbed by the pavement, is shown in 
Figure 38 as the "corrected value" curve. 

Results of Simulation-The pavement temperatures for the simulation model are 
shown in Figure 39. The simulation temperatures are compared-with the actual pave
ment temperatures for the surface, 2, 4, 6, and 12-in. depths. It is evident that the 
simulated temperatures and the observed temperatures follow the same pattern, and 
thus the simulation model can predict interior and surface temperatures on a sunny 
day. 

Figure 40 shows the results of this simulation for the surface node expressed in 
heat-flow terms. In the all-important surface node there are various types of heat flow, 
as follows: 

1. Net radiation-A positive value of net radiation means that radiation is entering 
the node, while a minus value means that it is leaving the node and going to the sur
roundings. 

2. Convection heat flow-A positive value means that convection is occurring from 
the air to the surface node. A minus value means that the pavement is losing heat, with 
convection occurring from the surface node to the air. 
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Figure 39. Comparison of simulated pavement 
temperatures with observed pavement temperatures 

for Apri I 29 and 30, 1967. 
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3. Conduction heat flow-A positive value means that the first node is gaining heat 
from below. This heat travels from Node 2 to Node 1. A minus value of conduction 
heat flow shows that heat is traveling from Node 1 to Node 2, or that the flow of heat is 
in a downward direction. 

4. Heat that is being stored or lost in Node 1-A positive value shows that there is 
a gain of heat in Node 1, while a negative value means that a greater amount of heat is 
leaving Node 1 than is entering. 

The detailed breakdown of the output of the simulation program for all types of heat 
flow affecting the surface node is plotted in Figure 40. It can be seen that the computer 
is providing a detailed picture of what is occurring in the pavement as the day pro
gresses. As expected, radiation input increases until about noon and then starts de
creasing. At 7 p. m. it becomes a negative value. This means that back-radiation to 
the surroundings is occurring. This back-radiation continues during the nighttime 
hours. From sunrise to 2 p.m., the stored energy is positive. It then changes to a 
negative value, meaning more heat is now leaving the node than is entering it. From 
the plotted information it can be observed that as long as the area under the stored 
heat curve is positive, the surface pavement temperature increases as would be ex
pected. The area under the stored heat curve has a direct relationship to the slope of 
the surface temperature curve. A large change in area under the stored heat curve 
will obviously correlate with a large rate of change in surface temperature. 

Convection heat flow remained minus during the entire simulation period; that is, 
the convective heat was always traveling away from Node 1 to the air. Conduction re
m:iinP.d minus during most of thP. daylight hours of April 29, indicatin~ that the heat 
now was downward into the pavement. 1Jur1ng the lale allernoon, however, t111s value 
became positive. At 7 p.m. the value of conduction heat flow became a positive max
imum. Although this upward flow is continuous during the night, it is not as great as 
at 7 p . m . 

It can be seen by this analysis that the actual pavement temperatures can be both 
predicted and understood in relation to the basic heat-transfer mechanisms operating. 

Limitations and Advantages of Simulation 

When using this simulation, initial pavement temperatures had to be provided as in
put information. However, the main purpose of this simulation was to develop a com
putational method by which pavement temperatures could be predicted for any part of 
the country. The U.S. Weather Bureau has both solar radiation and air temperature 
records for many areas that can be used as boundary conditions in a simulation model. 
No similar information, however, could be found for initial pavement temperatures. If 
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Figure 41. Variation of initial pavement tempera
ture conditions assumed for Apri I 29, 1967. 

the simulation is started before sunrise, 
a close assumption might be made for 
these temperatures. This would be pure
ly an "educated guess." If the area is 
nearby, a thermometer could be placed 
in the soil before sunrise, and an estima
tion of sorts could be made in that man
ner. Before sunrise, the surface tem
perature of soil and asphalt concrete are 
fairly similar . It is therefore possible 
to obtain a ''ballpark" figure for initial 
pavement temperatures. The real ques
tion is: How much in error do these initial 
conditions have to be before a serious er
ror in simulation predictions is produced? 

To answer this question, two simula
tion studies were run on the computer. 
Both were similar to the simulation model 
of April 29 and 30, 1967. The only differ
ence was that one model had all initial 



conditions 10 F lower than the correct 
ones, while the other had the initial con
ditions 10 F higher than the correct ones 
(Fig. 41). The purpose of this numerical 
experiment was to see how sensitive the 
simulation predictions were to errors .in 
initial conditions. 

Figure 42 shows the results of this test 
by showing the tempe1·ature curves of the 
surface and the 6-in. depth of pavement. 
It is seen that the peak temperature of the 
day for pavement surface does not change 
greatly due to a 10 F error in the initial 
nodal temperature conditions. The sur
facetemperature curve as a whole is also 
not greatly affected by the error. As the 
depth in the pavement increases, the 10 F 
error affects the temperature curve more. 
Thisisseenforthe plot of the 6-in. depth. 
The greater the depth of pavement, how
ever, the more constant is the tempera
ture during the day and also over a long 
period of time,- and thus, the easier it 
might be to obtain these initial conditions. 
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Figure 42. Resu Its of comparison using assumed 
initia I pavement temperatures for Apri I 29 and 

30, 1967. 

The conclusion from this test is that a 10 F error in initial nodal conditions does not 
affect the upper few inches of the pavement greatly, but as the depth increases, so does 
the resulting error of the temperature curve. 

Importance of Simulation-With further advancements in this type of digital simula
tion, it should be possible to predict maximum temperatures entirely from weather 
data. This simulation method can also be used as an investigative tool to determine 
what types and amounts of heat flows occur in highway pavements. Such a study will 
enable the highway researcher to understand better what is actually happening in high
way pavements. 

Trials similar to those summarized were attempted for winter (no sun) days but were 
not as successful, probably because small heat flows are difficult to predict and minor 
errors have large temperature effects. The simulation as described in this paper is a 
good tool for predicting maximum temperatures occurring within bituminous pavements, 
but more work is needed to predict minimums. However, it should be noted that min
imum temperatures of the surface seldom drop below the lowest air temperature, bar
ring an unusually clear night producing a so-called radiation frost. Thus local weather 
records are immediately usable for predicting "worst minimums." "Worst maximums" 
require a simulation study as described here. 

CONCLUSIONS 

1. Documentation of pavement temperatures has been made for one year at a north
ern New York State location. Resulting pavement temperatures are shown to be directly 
related to major climate factors of air temperature and solar radiation, and to vary 
greatly with depth. 

2. Solar radiation (radiation) has a greater influence on heat flow in the pavement 
than does air temperature (convection) for the increasing or decreasing of bituminous 
pavement temperatures. Researchers making pavement temperature studies should 
recognize this fact and provide for measurement of radiation as well as air temperature. 

3. The problem of accurately measuring temperatures that occur at the very surface 
of the pavement is important. It is necessary that great care be taken when placing a 
surface probe. 

4. A successful numerical simulation model has been developed that is able to pre
dict maximum temperatures that will occur on the surface and within bituminous 
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pavements. To obtain these simulated pavement temperatures, air temperature, solar 
radiation values, and initial pavement temperatures must be placed into the simulation 
model as input information. With this information, it is possible to predict actual 
pavement temperatures for any climate by the aid of a computer, without the necessity 
of constantly recording pavement temperatures. 

5. The simulation model developed works well for sunny days, and thus for pre
dicting maximum temperatures of the pavement. However, cold temperatures, which 
usually occur on winter, overcast, and snowy days, are much more difficult to simu
late since the heat flows are much smaller and minor input or constant errors become 
crucial. More work is needed to predict minimum temperatures within pavements 
from weather data. 

6. Additional studies are needed in various other climates to relate climate factors 
and pavement temperatures using actual test site data coordinated with the develop
ment of simulation models. 

7. Since mechanical properties of bituminous paving mixtures are very tempera
ture-dependent, paving technologists should seek meaningful ways to account for the 
steep temperature gradients and the temperature fluctuations that occur within actual 
pavements. For example, in surface courses, large temperature reversals can occur 
within minutes and the surface can experience substantial extremes in temperature 
within hours. Base courses, on the other hand, are subject to much less temperature 
fluctuations. Design, the analysis of performance, and laboratory testing all should 
develop procedures that account for temperature behavior of actual pavements. 
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Strength Behavior of 
Selected Asphalt-Aggregate Systems 
In Triaxial Compression 
ANWAR E. Z. WISSA and SCOTT E. BLOUIN, Department of Civil Engineering, 

Massachusetts Institute of Technology 

Some of the basic compositional and environmental factors in
fluencing the strength behavior of asphaltic concrete are iso
lated and studied using consolidated-drained and consolidated
undrained triaxial compression tests. The factors include 
asphalt content, aggregate grain size and distribution, aggregate 
density, rate of strain, temperature, and volume change during 
shear. 

It is shown that effective stresses rather than total stresses 
control the strength behavior of asphaltic concrete. The volume 
change behavior during shear is not only a function of the com-

-position of- the conc.ret-e hut is also dependent on environmental 
factors such as temperature and rate of strain. Volumetric 
restraints during shear cause an increase in the strength of the 
concrete without alteringthe effective stress-strength parame
ters. For a given asphaltic concrete the magnitude of the vol
umetric strain during sh.ea1· depends on the rate oi strain and 
the temperature. Any theoretical model for asphaltic concrete 
should therefore take these effects into consideration. 

The effective stress principle explains the effect of air void 
content on the strength of asphaltic concrete. The influence of 
changes in temperature on the effective stress-strength param -
eters suggests that optimum field compaction of asphaltic con
crete may occur at temperatures below the maxima currently 
used in practice. 

•OVER the years the design of asphalt roads has been based on experience and em -
pirical procedures. Today's higher tire pressures, higher speeds, and higher traffic 
volumes, along with the expenditure of large sums of money for the improvement of 
existing roads and construction of new ones, have necessitated a more thorough design 
procedure. The development of modern soil mechanics has greatly added tothisknowl
edge, because a good foundation is essential to satisfactory pavement performance. 
However, the complicated strength properties of the bituminous carpet are not as easily 
defined. The great cost of faulty design necessitates a thorough investigation of these 
properties in the hope it will lead to a rational design procedure. 

The bituminous carpet is made up of an asphalt cement binder and a mineral aggre
gate filler. The strength properties of this mix are derived from the qualities of both 
the binder and aggregate. They are influenced by time, temperature, rate of strain, 
confining pressure, type of binder, percentage of binder, aggregate material, aggregate 
gradation, aggregate angularity, amount of void space, and so forth. In addition, the 
carpet is subjected to a variety of loading conditions, ranging from a stationary vertical 
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load, roughly equal to the tire inflation pressure, to double this vertical load applied 
over extremely short periods by moving vehicles. To further complicate this, hori
zontal shear force components resulting from the vertical may be as much as 60 per
cent of the vertical (10). 

Field performance indicates that the most critical surface loading occurs during 
summer climatic conditions under heavy stationary loads, usually where heavy trucks 
are stopping and starting. These are likely to cause a plastic failure of the bituminous 
carpet. 

The triaxial test is a logical means of testing bituminous material under conditions 
similar to those found to be critical in the field. It provides a method of determining 
the fundamental strength properties using the Mohr-Coulomb failure criterion, which 
is considered to be the most appropriate theory for analyzing the strength behavior of 
both cohesive and cohesionless particulate systems. 

The purpose of this study was to investigate the basic strength properties of asphalt
aggregate systems using the triaxial compression test. By first studying the simplest 
system possible, asphalt combined with a single-sized perfectly spherical aggregate, it 
was hoped to isolate and define the effects of the many variables controlling the strength 
of the bituminous mixes. 

LITERATURE REVIEW 

Before attempting to obtain a fundamental understanding of the shear strength be
havior of bituminous concrete mixes, we must understand the behavior of the aggregate 
filler without asphalt. This literature review summarizes some of the important the
ories on the shear strength behavior of particulate systems. 

In recent years the triaxial test has been extensively used to study the strength be
havior of cohesionless and cohesive soils, but its use for investigating the behavior of 
bituminous paving mixes has been limited. For the most part, bituminous paving mixes 
are designed empirically using past performance records rather than attempting a more 
scientific approach using complicated and often poorly defined strength parameters for 
asphaltic concrete. In a few instances researchers have attempted to determine the 
variables that control these parameters. Once the influence of the individual variables 
is clearly understood a start can be made toward the rational design of asphaltic con
crete mixes. 

Shear Strength of Particulate Systems 

Mohr-Coulomb Criterion of Failure-The strength criterion most widely used today 
for particulate systems was first suggested by Coulomb (4), who used it to investigate 
the strength behavior of rocks and sands. He showed experimentally that the strength 
was made up of two physical components, which he measured separately. The first 
component, which he called "cohesion," he assumed was independent of the normal 
stress on the failure plane and was equal to the tensile strength of the material. The 
second component he assumed was directly proportional to the normal stress on the 
failure surface and, therefore, he called it "friction." He measured friction by deter
mining the resistance to sliding between two surfaces of the materials as a function of 
normal stress. The Coulomb criterion of failure can be given by 

s = c + aff tan ¢ 

where 

s is the shear strength of the material, 
c is the cohesion, 

CTff is the normal stress on the failure plane at failure, 
¢ is the angle of friction, and 

tan ¢ is the coefficient of friction. 

(1) 
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Coulomb also showed theoretically that the plane of minimum resistance (failure plane) 
was inclined at an angle of 45° + ¢/2 to the major principal plane. Mohr later proposed 
a more general criterion of failure based on shear stress, which assumes that atfailure 
the shear stress on the failure plane, Tff, and the normal stress on the failure plane, 
C1ff, are uniquely related, i.e., 

Tff = f (O'ff) (2) 

and that the functional relation is a characteristic of the material that can be repre
sented on a shear stress vs normal stress diagram by the envelope of all possible Mohr 
circles of stresses for the material. 

When the functional relation of the Mohr criterion of failure is linear, it becomes 
identical to the Coulomb criterion of failure, i.e., 

Tff = c + C1ff tan ¢ (3) 

where 

c is the intercept of the Mohr-Coulomb envelope on the shear stress axis and 
is known as the cohesion intercept, 

tan ¢ is the shape of the Mohr-Coulomb envelope and is known as the coefficient of 
internal friction, and 

¢ is the angle of internal friction or the angle of shearing resistance. 

The straight-Jim~ Mohr P.nvP.lopP. e;ivP.n hy F.q, 3 will hP. rMP.rrP.il to :ir-; thP. Mohr
COUlOmb envelope. The Mohr envelopes for most particulate systems are close to 
straight lines and therefore can usually be approximated by the Mohr-Coulomb equa
tion. When the envelope is slightly curved an average straight line is used, but in such 
cases the stress range over which the approximation applies should be stated. 

The Mohr criterion of failure assumes that failure is reached at point of first tan
gencrw1tlr~lre~MohY~envelope~wh1cnmeans that tne failure surface 1s mchnedat~an ~~ 
angle of 45° + ¢/2 to the major principal plane where ¢ is the angle whose tangent is the 
slope of the Mohr envelope at the point of first tangency. 

Effective Stress Principle-In 1923 Tei-zaghi put Ioi-wa1·d the effective sti·ess pl'in
ciple, which stated that the "effective" stress, a, controls the deformation behavior of 
saturated soils and that it is equal to the total stress (external stress) minus the pore 
water pressure, u, or, stated mathematically, 

ci'=cr-u (4) 

In a discussion of a paper by Jurgenson (1934), Casagrande showed that the effective 
stress as defined by Eq. 4 also controls the strength behavior of particulate systen1s 
and that the Mohr-Coulomb envelope in terms of total stresses is not unique but depen
dent on the pore water conditions prior to and during shear. 

If the Mohr-Coulomb envelope is plotted in terms of effective stresses, it is not ap
preciably influenced by drainage conditions nor the total str ess path during triaxial 
compression. The Mohr-Coulomb criterion of failure for saturated particulate systems 
can therefore be rendered more unique if it is stated in terms of effective stresses, i.e., 

Tff = C + (O"ff - Uf) tan ¢ (5a) 

or 

Tff = c + o'ff tan ¢ (5b) 



where 

Tff is the shear stress on the failure plane at failure*, 
crff is the total normal stress on the failure plane at failure*, 
_llf is the pore water pressure at failure, 
C1ff is the effective normal stress on the failure plane at failures*, 

c is the cohesion intercept in terms of effective stress (effective cohesion 
intercept), and 
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i is the angle of shearing resistance in terms of effective stress or angle of in
ternal friction in terms of effective stress (effective angle of internal friction). 

For saturated, unbound, particulate systems, the effective stress-strength parame
ters, c and 1, have been found to be approximately independent of drainage and/or vol
ume change conditions. The Mohr-Coulomb criterion of failure in terms of effective 
stress is therefore considerably more useful than in terms of total stress, in which c 
and r/J are completely dependent on testing conditions and may vary over a wide range. 
Further, the predicted orientation of the failure plane using ¢ is in closer agreement 
with the observed failure surface than the orientation using ¢. 

Physical Significance of the Mohr-Coulomb Envelope-Rowe (14) has shown that for 
densely packed particulate cohesionless systems the shearing resistance in drained 
shear is made up of three components: one due to mineral-mineral friction, one due 
to geometric interference between particles, and one due to the work done during dila
tion. The mineral-mineral friction is related to the coefficient of sliding of a grain on 
a smooth surface of the same material. The shearing resistance due to dilation can 
be determined from the volume change vs axial strain curve. The particle-particle in
terlocking is dependent on the packing and shape of the grains. 

In the case of a drained test on a dense particulate system, the maximum particle 
interlocking or interference occurs at a relatively small axial strain when the volume 
is a minimum. On further straining, the interlocking decreases because the volume 
starts increasing and it reaches a minimum at ultimate conditions when the volume has 
reached its maximum value. Rowe has shown that throughout dilation the change in 
packing occurs in such a way that the rate of internal work done by friction is a mini
mum. Therefore, the maximum principal stress difference occurs when the rate of 
volume change with axial strain is a maximum, i. e., at the point of inflection of the vol -
ume change vs axial strain curve. He showed theoretically that the effective principal 
stress ratio at peak strength and during subsequent state of deformation follows the law 

where 

~
1 = tan a tan (¢µ + {3) 

crs 

cr1 is the major principal effective stress, 
o's is the minor principal effective stress, 

(6) 

a is the angle between the plane of maximum interlocking of particles and the major 
principal plane, 

f3 is the angle between the plane of sliding of the particle and the major principal 
plane, and 

¢µ is the angle of sliding friction of the particle on a smooth surface of the same 
material as the particles. 

Rowe also showed that the energy ratio (E) for fixed orientation of particle movement 
is given by 

E = tan ( r/Jµ + /3)/tan f3 (7) 

*The orientation of the assumed failure plane with respect to the major principal plane is given by 
0 = 45° + ¢/2 ore= 45° + ¢/2, but, since¢ and¢ are not numerically the same, the orientation of 
the assumed failure plane will not be the same in terms of effective stress as in terms of total stress. 
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and, by differentiating Eq. 7, it can be shown that the rate of internal work done is a 
minimum when 

/3 = 45° - ¢µ/2 (8) 

Rowe also showed that, for a number of different ideal packings of uniform particles, 

tan ex= (1 + dV / t' 1 )/tan /3 

where 

V is the volumetric strain (volume increase being positive) = dV IV, and 
E1 is the axial strain (compression being positive). 

(9) 

Rowe assumed that, since such a relation existed for a number of different ideal pack
ings, it would also exist for a random packing. By substituting Eq. 8 and Eq. 9 in Eq. 
6, he obtained 

(10) 

It has been shown experimentally that Eq. 10 applies to densely-packed particulate 
systems as they approach failure during the first load application, and that on reloading 
the equation applies throughout shear. The stress-strain behavior of loose particulate 
sy15te1:,:,5 dcvia.tc.s c0m,h:lei<1.Lly frum Eq. 10, ,:,i:;ve1;i<1.lly Juiiui,; lhe Iiii:;l lu<1.J it.vvli.:ali.0u. 
As the number of load applications increases, the stress-strain behavior of a loose
packed system approaches that given by the equation. This is probably due to the fact 
that repeated loadings densify the system. 

Considerable disagreement exists concerning the physical significance of the cohe-
-------sien--inter--c--ept--anEl-ang-le-0f-shea-r-ing--resistanee--a-s-dete-r-mined-by-t-he-M0hr---GGul0m,,------

envelope. Wissa and Ladd (16) have shown that the Mohr-Coulomb effective cohesion 
intercept is a function of the strength of the cementation between particles, whereas 
the effective angle of internal friction is essentially independent of the cementation. 
They showed that for a uniform sand the cohesion intercept increased with increasing 
cement content and increasing curing time (strength of cementation), but the angle of in-
ternal friction was independent of the cementation and solely a function of the relative 
density of the sand excluding the cement. 

According to Wissa and Ladd, the Mohr-Coulomb envelope represents conditions 
when the sum of the shearing resistance due to friction and the shearing resistance due 
to cohesion are a maximum. They show that, for particulate systems cemented with 
1;mp rrr pnT'tlQinrl flAn1.t=J.nt, thiP- iii~Yip:,nn, Pnh.::i..c,!ju,::::i, l",::::i,Sist'!ln{'l,::::i, nf'lfl'Ul".C!. ~t !ii 9n,!lllP.1 .. ;;;zh,::::i,~,. 

strain and the maximum frictional resistance occurs at a larger shear strain than that 
required to reach the Mohr-Coulomb envelope. This type of cementation is not self
healing and therefore is partially destroyed by the time the Mohr-Coulomb envelope is 
reached, whereas a large relative movement between particles is needed to fully mobi
lize the friction and this only occurs after the Mohr-Coulomb envelope hasbeenreached. 

Shear Strength of Bituminous Mixes 

Nijboer has done extensive research into the strength properties of bituminous con
crete using the compression test. As is usual with triaxial test results, he uses the 
Mohr-Coulomb theory to separate the shear strength into two components: a cohesion 
term, c, which is stress independent and is equal to the shear intercept of the strength 
envelope, and a frictional term, which is directly proportional to the normal stress on 
the failure plane at failure. The constant of proportionality is known as the coefficient 
of internal friction, tan ¢, and is equal to the slope of the failure envelope. 

Nijboer finds that the angle of internal friction, ¢, depends on the shape of the ag
gregate particles, with the angular particles giving higher values of ¢. For a sandsheet 
mixture of river sand filler and asphalt he reported a ¢ of 28°, and for an asphaltic 



concrete containing about 60 percent by weight of graded rock chippings, a ¢ of 35° 
(11, p. 39 ). Neither strain rate nor temperature had much effect on these friction 
angles. 
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For an asphaltic system using a one-size aggregate, the friction angle, ¢, was not 
affected by changes in the particle diameter for either rounded or angular mixtures. 

The sandsheet mixture without asphalt had a ¢ of 37. 25°. With the addition of as
phalt this dropped to 28°, indicating a lubrication effect of the asphalt as reported by 
Horsfield (7) and others. On the addition of rock chippings to this mixture, little effect 
on the friction angle was noticed until the percent by weight of chippings reached about 
30°, then the friction angle rose to 35°. The addition of greater percentages of chip
pings had little additional effect. Nijboer hypothesizes that it takes about 30 percent 
chippings to form a skeleton of coarse aggregate which raises the friction angle. 

There is little change in friction angle with changes in asphalt content except when 
so much asphalt is used that volume of voids falls to 2 percent of the total volume or 
less. At this point a drop in ¢ of about 10° for the asphaltic concrete and 7° for the 
sandsheet occurred. It was thought that during testing voids were lost and a hydro
static pressure developed lowering the stresses between particles. Nijboer feels that 
this loss in frictional resistance is probably the most widespread cause of insufficient 
stability in road carpets. 

Nijboer calls the cohesion intercept, c, the initial resistance and points out that it 
is very complicated in character. He assumes it is made up of various components. 
The first of these is termed the true interlock, Thh, and is due to the interlocking of 
angular components of the aggregate. The magnitude of Thh increases with the amount 
of angular particles in the mix, independent of size, and is also independent of the 
presence of asphalt. [In terms of effective stresses, interlocking only increases the 
frictional resistance but does not cause cohesion. In terms of total stresses an apparent 
cohesion can be observed but this is due to volume changes and pore pressures developed 
during shear. J 

With a rounded aggregate system there is no true interlock and the initial resistance 
results from the asphaltic binder, which Nijboer termed Tb; Tb depends on the hard
ness of the binder and consequently on temperature, and is believed to be due to the 
resistance to shear of very thin layers of asphalt on the aggregate near the contact 
points. The number of contact points between aggregate particles, as measured by 
the ratio_ of filler to bituminous binder, has a marked effect on the value of 7b. 

The term TT indicates the increase in initial resistance with the addition of coarse 
aggregate to a bituminous mix, and is proportional to Tb. 

While strain rate has little effect on ¢, it is seen that total initial resistance in
creases with increasing strain rate. For a given asphalt, the effect of changing the 
asphalt penetration (by changing the test temperature) on initial resistance is negligible 
when penetration exceeds 50, but below a penetration of 50 the initial resistance in
creases rapidly with a decrease in penetration (a decrease in temperature). 

Over the past 15 years an extensive triaxial test program on asphalt-aggregate 
mixes has been conducted at Purdue University directed toward the need for under
standing the plastic deformation of these systems. It was run in the belief that Mohr's 
strength theory is more nearly in accordance with the behavior of bituminous mixtures 
than any of the other theories applicable to the strength properties of a cohesive
granular material. 

Herrin and Goetz (6) made an investigation of aggregate shape on the stability of 
bituminous mixes. Variables studied included the shape of both coarse and fine ag
gregate and the grading of the aggregate. For a one-size gravel mixture, ¢ increased 
considerably with increasing angularity while c was not affected. As sample density 
increased, the effect of increasing the percentage of coarse gravel on increasing the 
strength lessened. At low densities, the increase from Oto 55 percent of crushed 
(angular) gravel had little effect on ¢ while c increased slightly. Above 55 percent 
crushed aggregate, no further increase in c was observed. 

At high densities, c and ¢ were not influenced by the percentage of crushed (angular) 
gravel over the full range from 0 to 100 percent. Finally, for both the high and low 
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densities, the cohesion was increased by changing the fine aggregate from rounded sand 
to crushed limestone, but ¢ was not affected appreciably. 

Schaub and Goetz (15) conducted a study of the behavior of bituminous mixes using the 
triaxial cell with a device for measuring the volume change of the sample during shear. 
Since the void content is continuously changing during a test, it was felt that by monitor
ing the volume change the void content of a specimen could be evaluated at any given 
time. Their observations of volume-change characteristics are especially interesting 
since this investigation also studies the volume-change behavior during shear. 

In measuring the volume change of an asphaltic concrete, a small decrease in vol
ume occurred in all tests during the initial stages of the tests. Additional axial loading 
(stress controlled tests) produced a volume-change increase that continued to failure. 
Several explanations are given for the initial volume reduction. First, there may have 
been a recovery of expansion that occurred upon release of the compaction pressures 
applied during the sample fabrication. Second, there may have been an elastic com
pression of the specimens under the confining pressures. Third, there may have been 
plastic deformation of the bitumen. 

The dilatancy portions of the volume change curves are explained by the fact that 
grains are forced to move apart to ride over one another. This expansion continues 
until all particles on the shear plane are free to move. At this point the maximum 
shear strength is reached. The dilatancy during shear occurs at a uniform rate with 
axial strain, the rate being a function of the initial density of the aggregate mass. 

Between O and 2 percent axial strain, the magnitude of dilatancy increased with in -
creasing compaction pressure (density) regardless of the asphalt content. At constant 
bulk density, the rate of volume increase with axial strain was greatest for the lower 
asphalt contents. It was felt that thicker film& between the particl"1s pPrmittPn e;rP.atP.r 
strains with less particle movement. 

Some relations between compactive effort (density) and cohesion were given for 
various asphalt contents. At both 3 and 4 percent asphalt content, the cohesion in
creased with increasing compactive efforts. At 5 percent it rose with increasing com
pactive effort, then dropped beyond the 400-psi effort. It was felt that beyond a critical 

- --v=a~r~u~e~thefotumen forms th""Tclreriilms on tlie aggregatepru-tii:~llfm~~a-se-in 
contact between them and a drop in the value of cohesion. However, the friction angle 
remains nearly constant over the range of compactive efforts investigated. 

MATERIALS AND TESTING PROCEDURES 

Only one asphalt was used throughout the test program. It was derived from Vene-
zuela crude and had the following properties: 

Penetration, 82-85 ASTM D 5-52 
Softening point, 118 to 120 F ASTM E 28- 517 
Viscosity, 9 >< 107 cps at 70 F, 1 >< 104 cps at 175 F 

To eliminate the system variables of grain size distribution and particle angularity, 
a single-sized spherical aggregate was used in the initial stages of testing. It consisted 
of nearly perfect spherical beads of crown-barium glass 0.278 mm in diameter. 

In the later stages of testing, a well-graded glass-bead aggregate was used to study 
the effects of filler gradation on the strength properties. This consisted of the same 
crown-barium glass beads as used previously, ranging in size from No. 16 U. S. Stan
dard sieve (1.19 mm) to No. 140 and finer (less than 0.105 mm). The gradation used 
was based on the equation by Fuller, 

P = 100/f, 
where 

P is the percent by weight passing a given sieve size, 
d is the largest particle diameter passing that sieve size, and 
D is the largest particle diameter. 
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Figure 1. Grain size distribution of the well-graded glass beads and the well-graded quartz sand. 
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The grain size distribution is shown 
in Figure 1. 

The final series of tests studied 
the behavior of a well-graded sand 
with and without asphalt. The graded 
sand consisted of a Fuller distribu
tion of Ottawa sand and flint powder 
fines. Its grain size distribution (Fig. 
1) closely resembled that used in the 
well-graded bead systems. 

All test specimens were cylinders 
3.15 in. long and 1.405 in. indiameter. 
The specimens containing asphalt were 
prepared in double-end static com
paction while the specimens without 
asphalt were prepared on the triaxial 
cell base using the standard vacuum 
technique. 

Triaxial Tests 

Two types of triaxial compression 
tests were used in this investigation, 
consolidated-drained tests with vol
ume-change measurements and con-
solidated-undrained tests with pore 

water pressure measurements. A brief description of these tests is given here; a de
tailed discussion appears elsewhere (19 ). 

Consolidated-Drained CompressionTests-The consolidated-drained triaxial com
pression test with volume-change measurement was primarily used. In this test, the 
specimen is sealed to the base pedestal and top cap of the triaxial cell with a thin rubber 
membrane and 0-rings. The specimen is then confined by a hydrostatic water pres
sure and is saturated by applying a pore water back pressure to the interior of the 
sample such that the difference between the two pressures is equal to the desired ef
fective confining or consolidation pressure. The back pressure saturates the specimen 
by compressing the entrapped air and taking it into solution. 

In the case of the Ottawa sand and asphalt system the permeability of the sample was 
so low that it could not be saturated with water. No back pressure was therefore used 
and the consolidation pressure was just equal to the cell pressure. 
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The test specimens were allowed to consolidate completely under the back pressure 
before shearing. The samples were sheared by increasing the axial load on the cell 
piston at a constant rate of strain. During shear the cell pressure and back pressure 
were kept constant at their initial values. The axial deformations of the test specimens 
were determined during shear using an Ames dial, which measured the piston travel. 
The total axial force applied to the cell piston was measured with a highly sensitive 
proving ring placed between the top of the piston and the loading frame. Volume changes 
during shear were measured in one of two ways. In all tests except the Ottawa sand 
series the volume change during shear was determined by measuring the flow of pore 
water into or out of the sample using a benzene type volume change apparatus having a 
resolution of 0. 02 cc. To use this accurate method of measuring volume change it was 
necessary to have the pores of the specimens completely filled with water. 

To check that saturation of the asphalt samples with water had no effect on the 
strength properties, tests were run on two identical samples of uniform 0.278-mm 
beads plus 9 percent asphalt at a bead density_ of 97.0 lb/cu ft. Each test was run at 
an effective confining pressure of 2.42 kg/cm 2. The first sample was saturated with 
water at a back pressure of 3. 23 kg/cm2 and tested at a cell pressure of 5.65 kg/cm 2. 

The second sample was run without water in the pores at a cell pressure of 2. 42 kg/cm 2. 

The stress-strain curves are essentially identical, there being no more than a 3 per
cent separation at any strain, which is within experimental error. These results show 
that pore water in no way affects the strength of the samples (Fig. 2 ). 

For the Ottawa sand and asphalt system, where the low sample porosity prevented 
saturation of the samples, the volume change during shear was determined by measur
ing the flow of water into or out of the cell chamber with the benzene type burrette. 
Durlug i:;ht:a1· lht: \;dl-walt:r vulumt: d1c1.11gt:;:; Lt:\;c1.u;:;1:: uf lwu fact.0rs: the volume cha11ge 
of the sample and the volume change of the cell chamber due to the movement of the 
cell piston and sealing diaphragm. The total volume change of the cell is recorded 
during shear and then corrected for the effect of the piston and diaphragm. 

Consolidated-Undrained Compression Tests-The consolidated-undrained compres-
sion tests with pore pressure measu1·ements were run on several duplicate-sample-s-o,...----~ 
those used in the drained tests to determine the effect of restricting volume changes 
on the strength of the samples and to correlate volume change with excess pore pres-
sure. The specimens were consolidated to an effective p1·essure of aboi1t 1 kg/cm2 by 
using a cell pressure of 960 psi and back pressure of about 945 psi. These pressures 
necessitated use of specially designed high-pressure triaxial cells (19 ). After consoli-
dation, the pore pressure lines were closed to prevent volume change of the specimens 
during shear. The high back pressure was needed to prevent cavitation of the pore 
water resulting from large negative excess pore pressures that developed during un-
drained shear. The pore pressure was continually measured using a diaphragm type 
millivolt pressure transducer. 

Representation of Data 

The shear stress on any plane in a sample during a triaxial compression test may 
be represented on the shear stress vs effective stress plot, ,,. vs a, by the locus of 
points forming a circle whose diameter is coincident with the "'ff axis between the points 
o'3, the effective confining pressure (cell pressure minus back pressure), and cr1, the 
effective axial load (stress due to the piston force plus the cell pressure minus the back 
pressure). When such a circle (a Mohr circle) becomes tangent to the failure envelope 
defined by Eq. 5b and known as the Mohr-Coulomb envelope, the sample is considered 
to have reached a failure condition (9 ). 

Conversely, it is possible to determine the Mohr-Coulomb envelope by running 
drained triaxial compression tests at several different confining pressures. For each 
test, Mohr circles representing the stress history of the specimen during shear are 
constructed. A family of these circles is drawn for each consolidation pressure and 
an envelope is drawn tangent to all the families. The stress history of a specimen 
during shear can be more easily represented by an effective stress path, which is the 
locus of the stress history on a fixed plane. The failure plane is usually selected as 
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SAMPLE 
TOTAL ORY BEAD ASPHALT < ¢ SYMBOL 

NO. 
DENSITY OENSI fy CONTENT Ko/em• lb/cull lb/cull "lo -

0 5.5,4.2.,.2 
97.0 97,0 0 0 34° 2,2,3.1 ,_ 

X 
A2, A3,AI 

105] 96.B 9 0.04 18_5• 
A5 , A4 

_/-
..-1'9• -

0•1• ASPHALT...._ 

./ 
v--

~ 
,,r 

---- -i'7.50 ..,, -,,,,,, / l---
" 9% ASPHALT d .? l---

h ,,,,~ /'-Effective Stress Path 
/ ,t' 

./ I I I I _/ 
4 6 10 II 

AVERAGE PRINCIPAL EFFECTIVE STRESS, y(U, +a';) Kg/cm' 

Figure 3. Influence of asphalt on the effective stress-strength behavior of 0.278-mm glass beads at 
0.1 percent axial strain per min. 

the fixed plane, but in this investigation the 45°plane was used to facilitate computa
tions. The effective stress paths and effective stress-strength envelopes have there
fore drawn on p vs q plots where p = 1/2 (c,1 + ci'3 ) and q = 1/2 \C11 - a3 ). A Mohr circle 
of stresses can easily be obtained for any point, (p, q), on such a plot by simply drawing 
through the point a circle whose radius is equal to the ordinate, q, and whose center 
lies on the p axis at a distance p from the origin. 

The effective stress path that usually defines the stress history during shear on the 
plane at 45° + 7;/2 to the major principal plane (failure plane) is now the locus of stress
es on the maximum shear plane, which is still a fixed plane with respect to the prin
cipal planes and is at an angle of 45° to them. 

The trigonometric relations between the Mohr-Coulomb effective stress parame
ters, c and W, and the q intercept, a, and angle a of the p-q envelope are 

tan a = sin i (11) 

_tani a c =a--= (12) 
tan a cos¢ 

The angle and intercept of the envelopes as obtained on the p-q plots have been con
verted using the above relations and only the values of the effective stress parameters, 
c and l, are referred to in this paper. 

EXPERIMENTAL RESULTS 

Compositional Factors 

Asphalt Content- In order to determine the inflence of asphalt content on the strength 
behavior, consolidated-drained triaxial compression tests were run on four sets of 
samples having a bead density of 97 lb/cu ft and 0, 3, 6, and 9 percent asphalt contents 
by we ight. All tests were run at a temper ature of 21. 0 ± 0. 5 C with consolidation 
pressures ranging from 0.141 kg/cm 3 to 4. 22 kg/cm 2. The tests on the plain bead 
samples and on the 9 percent asphalt samples were run at 0.1 percent strain per min. 
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To speed up testing, the 9 percent as
phalt samples were rerun at l.0percent 
strain per min, as were the 6 and 3 
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on the untreated beads were not re
peated because rate of strain does not 
affect the friction angle of a cohesion
less granular system. The cohesion 
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influence of strain rate. During shear 
all samples bulged out around the 
center. 

The Mohr-Coulomb envelopes for 
the plain bead system and the 9 percent 
asphalt and bead system at 0. 1 per
cent strain per min are shown in Fig
ure 3. The envelopes of the untreated 
and treated samples plotted as straight 
lines. 

The effect of adding 9 percent as
--phalt to the untreated bead system- -

while holding all other variables con
stant was to increase the effective 
cohesion, c, from 0.0 to o.·04 kg/cm2 

and to decrease the effective angle of 
internal friction, ii, from 34° to 18. 5°. 
Thus, asphalt seems to impart a co-
hesion to the samples and acts as a 
lubricant along the planeA of failure. 

The asphalt coat on each particle acts like a lubricating oil lowering the coefficient of 
friction (tan ¢µ) between the glass beads and thus lowering i (see Eq. 10). Character
istically, the stress-strain curves for both systems rose sharply to a peak, the asphalt
bead curves then leveling off at a nearly constant value while the plain bead curves 
dropped off somewhat before reaching a constant value. 

The volume-change curves were slightly negative for very small strains, indicating 
a slight initial volume decrease, but then rapidly became positive showing considerable 
dilation during shear. In all cases except at lhe lowest consolidation pressure, the 
dilation of the plain bead samples was much larger than that of the asphalt bead sam
ples. According to Rowe (14), this indicates that the plain bead samples require a 
large input of energy to reach failure, which is due to a higher ¢µ, as can be seen from 
Eqs. 7 and 8. The asphalt acts as a lubricant, permitting less total volume change 
during shear by allowing an easier and consequently more extensive movement of par
ticles in the failure zone, resulting in an overall rise in the "efficiency" of the failure 
mechanism. 

A slight volume decrease was observed with both the plain and asphalt samples dur
ing initial stages of shear, and this therefore is obviously a property of the granular 
material. It is evidently caused by the initial low shear stresses densifying the ag
gregate in the potential failure zone. The asphalt samples exhibited larger and more 
prolonged densification due to the lubricating effect of the asphalt. 

Figure 4 is a plot of volume change vs consolic:lation pressure at two axial strains 
(10 and 5 percent). These plots show that the magnitude of volume change decreases 
as the effective confining pressure is increased. While the curves for the plain bead 
system in Figure 4 are not well defined, it can be seen that the decrease in volume with 
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Figure 5. Influence of asphalt content on effective stress-strength behavior of 0.278-mm beads at a 
particle density of 97.3 lb/ cu ft sheared at 1.0 percent axial strain per min. 

increasing consolidation pressure is greater for the asphalt-bead system. This is 
again a consequence of the lubrication properties of the asphalt. 

From Figure 5, it is seen that reducing the asphalt content of the samples from 9 
to 6 to 3 percent had no significant effect on the strength parameters, c and ¢. The 
only significant effect was on the volume change behavior. The samples with the higher 
asphalt contents experienced the larger dilations during shear. The addition of more 
asphalt to a sample at the same bead density deposits a thicker film of asphalt on the 
beads. This apparently causes increased volume change. The effect is like that of 
increasing the size of the glass beads without altering the asphalt film (lubricant)thick
ness. Thus, only an increased volume change results without a noticeable effect on the 
other parameters. 

At some point below 3 percent asphalt content, the film coating the beads will be
come so thin that good lubrication between beads will no longer be provided. This would 
result in an increase in friction angle toward that of the plain beads. 

Influence of Density -Two sets of samples with 0. 278-mm beads and 9 percent as
phalt were prepared at an average initial bead density of 92. 7 and 99. 2 lb/cu ft and 
tested over a range of consolidation pressures (0. 703 kg/cm3 to 4. 22 kg/cm2

) at a strain 
rate of 1 percent/min and a temperature of 21 C. These densities were the maximum 
and minimum that could be readily reproduced in the laboratory. Although these den
sities do not differ by much, the shearing characteristics were very different. (It is 
interesting to note that the theoretical maximum density for single size glass spheres 
in a hexagonal close-packed array is 122 lb/cu ft, which is much higher than could be 
experimentally obtained.) The strength envelopes for the two systems are shown in 
Figure 6. 

It is perhaps surprising that there was no s ignificant difference in either the cohe
sions, 0.16 kg/cm2 vs 0.23 kg/cm2, or the friction angles, 16. 0° vs 17.5°. It is evident 
from the typical stress-strain and volume-change plots shown in Figure 7 that, whereas 
the strength parameters are roughly equal, the failure mechanisms that determine these 
parameters are considerably different. 

The stress-strain curves for the high-density samples rose sharply to a peak and 
then fell off slightly. The low-density samples, with the exception of that at the lowest 
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Figure 6. Influence of bead density on the effective stress-strength behavior of 0.278-mm beads with 
9 percent asphalt sheared at 1.0 percent axial strain per min. 
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effective confining pressure, initially 
rose sharply but then bent over and 
continued to rise gradually throughout 
.the r_emainde_r Qf. the re~ts. At tp._e 
termination of the tests these curves 
had risen nearly to the height of the 
high-density curves. In other words, 
the shear strength continued to build 
up throughout the tests. Since failure 
in consolidated-drained triaxial com
pression tests occurs at the maxi
mum stress difference, it can be seen 
from the stress-strain curves that 
failure of the high-density samples 
occurred at about 4 percent strain, 
while the low-density samples failed 
at about 15 percent strain. 

This stress-strain behavior can be 
explained by analyzing the volume 
change curves. The low-density sam
ples at the higher consolidation pres
sures had an increasing negative vol
ume change throughout the tests while 
the high-density samples were dilating. 
This tended to cause an equalization 
of the void ratios of the low- and high
density specimens in the shear zones 
by the time failure was reached. This 
phenomenon is known to occur in sands. 

This influence of bead density on 
the dilation of the 0. 278-mm beads with 
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samples at all consolidation pressures above 0.8 kg/cm2 showed a volume decrease 
during drained shear that increased with increasing consolidation pressure and increas
ing axial strain. At all axial strains the differences in volume change between the high
and low-density specimen was essentially independent of consolidation pressure. The 
overall volume-change behavior of the glass beads with asphalt is similar to that ob
served with plain sands. 

Influence of Bead Size-A change in the maximum particle size of a cohesionless 
particulate system should not alter its effective stress-strength behavior provided the 
particle size distribution, the particle shape, and the density of samples are kept con
stant. This was verified by conducting consolidated-drained triaxial compression tests 
at five different consolidation pressures on samples prepared with 0.278-mm and 
4. 0-mm diameter glass spheres compacted to 90.1 ± 1. 9 lb/cu ft. The results of these 
tests are given in Figure 9, which shows that the Mohr-Coulomb effective stress enve
lope is independent of particle size per se. Both bead sizes had an effective angle of 
internal friction of 29° and zero effective cohesion intercept. 

In order to check that this was also true for samples containing asphalt, test speci
mens were prepared using the 4-mm and 0.278-mm beads and 9 percent asphalt by 
weight, with the same bead density as the untreated samples. These samples were 
tested in exactly the same way as the beads without asphalt. The testing temperature 
was closely controlled at 21 ± 0.5 C, and samples were sheared at 0.1 percent axial 
strain per min. Here again the bead size had no effect on the Mohr-Coulomb effective 
stress-strength envelope (Fig. 10). It can be seen from Figures 9 and 10 that the addi
tion of asphalt caused a reduction in the effective angle of internal friction of 10° and 
made the systems exhibit a small effective cohesion intercept of 0.08 kg/cm2

• Addi
tional results showing the effect of asphalt on the shear strength behavior of various 
aggregate systems are given in other sections of this report. 

Influence of Bead Gradation-In order to investigate the effects of bead gradation on 
the strength and volume change behavior, a well-graded aggregate consisting of spher
ical beads was tested with and without asphalt in drained triaxial shear. Tests were 
run at 1 percent axial strain per minute, 20 C, and over a range of effective confining 
pressures from 0.703 kg/cm to 4.22 kg/cm2

• The aggregate consisted of the graded 
bead system described earlier at a density of 117 lb/cu ft. 

The strength envelopes obtained from these tests are shown in Figure 11. As in 
the case of the single-size 0.278-mm glass beads, there was no cohesion intercept, c, 
for the samples without asphalt. The friction angle of 30.6° was lower than the 39° ob
tained with the plain 0.278-mm beads. With all other conditions equal, a well-graded 
sand will have a higher friction angle than a uniform sand. The lower angle of friction 
is probably due to the well-graded beads having a lower relative density. This could 
be seen from the fact that they exhibited less dilation during shear than the correspond
ing uniform bead samples. 

As was the case with the plain uniform bead system, the addition of asphalt caused 
a friction angle drop (from 30. 6° to 20°) and a cohesion intercept (0. 59 kg/cm2

). This 
would again indicate that the asphalt acts as a lubricant. 

Figure 12 shows typical stress-strain and volume-change curves for the well-graded 
beads with and without asphalt. The stress-strain curves for the plain beads rose 
sharply until failure. This was immediately followed by sharp fluctuations indicating 
stick-and-slip friction behavior throughout the remainder of the test. It was noticed 
that the amplitude of the fluctuations increased with increasing effective confining pres
sure, while the frequency decreased. According to Bowden, Leben, and Tabor (E,), 
stick-slip sometimes occurs when unlubric.:ated, like materials slide upon one another. 

The stress-strain curves for the 9 percent asphalt system were much the same as 
the corresponding curves for the 0.278-mm beads and asphalt. They did not exhibit 
the stick-slip behavior observed with the plain beads because of the lubricating in
fluence of the asphalt. 

The volume-change curves showed an initial negative volume change as experienced 
in the previous tests. The volume-strain curves show dilation in all tests decreasing 
with increasing effective confining pressure. 
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The volume change vs consolida
tion pressure curves of Figure 13 
show a much greater decrease in 
volume change with increasing con
solidation pressure for the bead-as
phalt system than for the plain beads. 
The uniform bead systems exhibited 
a similar behavior, as was discussed 
earlier. 

Additional tests were run with and 
without asphalt on the same bead 
gradation but at lower bead densities . 
The plain beads were at a density of 
107 lb/cu ft and the asphalt-bead 
samples at 110.5 lb/cu ft bead den
sity. The strength envelopes, along 
with those of the higher-density sys
tems, are shown in Figure 14. 

A reduction of 10 lb/cu ft in the 
density of the plain bead samples 
caused the friction angle to drop from 
30.6° to 21.3°. A drop of 6 lb/cu ft 
in the density of the asphalt-bead 
samples caused no decrease in the 
IricLlun an!:{lt:!- .Tlu.u:i, while a d -
crease in density caused a consider
able drop in friction angle for the 
plain bead system, no change in fric
tion angle with density occurred with 
the asphalt-bead system. This is 
consistent with the observations made 
on the 0.278-mm bead-asphalt system. 

Decreasing the density was found 
to decrease the cohesion from 0. 59 

to 0.21 kg/cma. On the 0.278-mm bead-asphalt system no significant change in cohe
sion with density was noticed. This seems to present an inconsistency. If cohesion is 
due to the asphalt at the bead-to-bead contacts, an increase in density increases the 
number of contacts and therefore should increase the cohesion. An increase in density 
of the samples with the one-size aggregate did not significantly increase the number of 
bead-to-bead contacts and therefore did not increase the cohesion. With a well-graded 
system the number of contacts can increase substantially with increasing density, since 
the number of particles per unit volume is considerably larger than that for a uniform 
aggregate and therefore the cohesion should be more sensitive to change in density. 

Sand-Asphalt System-A test program identical to the preceding was carried out on 
a well-graded Ottawa sand with ground flint powder fines. Tests were run on two series 
of samples, one without asphalt and the other with 9 percent asphalt by weight. All 
samples were at 129.8 lb/cu ft aggregate density. Both series were tested at consolida
tion pressures ranging from 0. 703 to 4. 22 kg/cm2 at a temperature of 20 C and a strain 
rate of 1 percent per min. The plain samples failed along a single inclined failure sur
face while the asphalt samples failed by bulging. 

The Mohr-Coulomb strength envelopes are shown in Figure 15. As is common for 
a dense sand, the envelope is slightly curved with no cohesion and a friction angle drop
ping from an initial 54° to 41. 5°. This steep envelope compares to a f of only 30. 6° for 
the well-graded glass beads. Two factors iniluen this increase: firRt, the material 
is quartz, which has different frictional properties than the crown-barium glass, and, 
second, the sand and ground flint grains are not perfectly spherical, resulting in more 
interlocking and less rolling during shear. 
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Figure 13. Influence of asphalt on the dilation of well-graded glass beads. 
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Figure 15. Influence of aspha It on the effective str~s- trPnoth b,hnvinr of WP. I I-graded Ottawa sand 
and flint powder. 

For the sand-asphalt system, the friction angle of 20°is the same as that forthewell 
grag~d beE-d~a~halt system. ~in_ce th_e a~phalt acts as a lubricant, it seems that the 
material it lubricates does not affect the friction angle. The degree of angularity in
troduced by the Ottawa sand and flint powder apparently was not sufficient to affect the 
friction angle when the material was lubricated by an asphalt film. 

The cohesion intercept of 5. O kg/cm2 due to the addition of the asphalt is very large 
compared with the 0.59 kg/cma obtained with the addition of asphalt to the well-graded 
bead system. The air void space of these samples was only about 2. 5 percent of the 
total volume (compared with 9 percent for the well-graded beads with asphalt), indicat
ing that the samples were nearly saturated with asphalt. This in turn means that this 
system had many more particle-to-particle contacts than the well-graded bead system, 
which explains the higher cohesive resistance. 

Environmental Factors 

Influence of Strain Rate-Consolidated-drained triaxial compression tests were run 
on 0. 278-mm glass bead samples with 9 percent asphalt (97. 0 lb/cu ft average density 
of beads) at three axial strain rates, 0.1, 1. 0 and 10. 0 percent per min. The tests were 
run over a range of consolidation pressures from 0.141 to 2. 42 kg/cm2 at a temperature 
of 21 C. All samples exhibited a bulging mode of failure. The strength envelopes for 
the three rates of strain are shown in Fi~ure 16. 

Over the range of strain rates investigated there was no significant change in the 
friction angle. There seemed to be a slight trend toward a decrease in friction angle 
with increasing strain rate, but this was only 2½0 over a hundredfold increase in rate. 
Such a small change is well within the range of experimental error and cannot be con
sidered significant. Unfortunately, higher strain rates could not be achieved with the 
equipment used in this investigation. 

The cohesion increased rapidly with increasing strain rate. Figure 17 is a plot of 
the effective cohesion intercept vs rate of axial strain plotted on log-log paper. It is 
well within the experimental error to consider these points to lie on a straight line 
defined by the equation 
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Figure 16. Influence of strain rate on the effective stress-strength behavior of 0.278-mm beads plus 
9 percent aspha It. 
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Figure 17. Influence of rate of strain on the effective cohesion intercept of 0.278-mm beads plus 
9 percent aspha It. 

log10 c = log10 0.192 + 0. 62 log10 t: 

which can be rewritten as 
o, 68 

c = 0.192 (r) 

where c is the effective cohesion intercept in kg/cm2 and t is the axial strain rate in 
percent per minute. The constants of this equation obviously apply only for the 0. 278-mm 
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bead system with 9 percent asphalt at 21 C. The influence of strain rate on the strength 
behavior of this system can therefore be represented by 

D 0 82 

Tff= 0.192(f:) kg/cm2 +o'fftan17.5° 

The effect of strain on the other systems has not been investigated; however, it is 
reasonable to assume that a similar relationship would exist, given by an equation of 
the following form: 

Tff = A(d3 kg/cm2 + Off tan 'f 

where A and B are constants to be determined experimentally and "i is the effective 
angle of internal friction obtained from consolidated drained tria:xial tests at a single 
strain rate. 

It is interesting to note that, assuming the above equation holds for all asphalt sys
tems, theoretically only two tests at the same consolidation pressure but at different 
strain rates are needed to determine the constants A and B. 

Typical stress-strain and volume chang-e curves are shown in Figure 18. For low 
rates of axial strain, the stress-strain curves rose sharply to a peak and then leveled 
off at a nearly constant value. For the higher strain rates, the curves peaked and then 
dropped, tending to level off after dropping. The higher the strain rate, the more pro
nounced was the hump al lhe peak slress. 

Krokosky (8 ) showed the asphalt used in road materials to be an ideal linear visco
elastic material. AJJ such it i~ ca{)aple of both energy atora.gc a,nd diflflipu.tion. The 
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Figure 18. Influence of strain rate on the stress-strain 
and volume change behavior of 0.278-mm beads plus 

9 percent asphalt. 

difference in the stress-strain curves 
is believed due to strain energy stored 
and released by the sample duringthe 
tests. At the higher strain rates a 
greater amount of strain energy is 
stor-ed in the samples than at the lower 
rate. The humps in the stress-strain 
curves are due to large amounts of 
strain energy being stored and then 
released as the samples fail. At 
large strains, when the shearing 
resistance of the specimens reaches 
a constant value, the rate of storage 
becomes equal to the rate of dissipa
tion of energy. Since the angle of 
internal friction of the asphalt-bead 
system was independent of rate of 
strain, the cohesion intercept should 
have represented the same rate of 
strain properties as the asphalt binder, 
i.e., c should have increasedlinearly 
with increasing rate of strain. It is 
evident from the results presented 
that this was not the case. A partial 
explanation can be obtained by ex
amining the volume change behavior 
as a function of rate of strain. 

Figure 19 shows that rate of strain 
influences the magnitude of the vol
ume change during shear. At a given 
consolidation pressure and axial 
strain, the faster the rate of strain, 
the larger the observed dilation. This 
means that failure occurred more 
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easily at the lower rates of strain. A similar phenomenon has been observed with un
treated sands (5). At low rates of strain, particles have more time to relocate during 
shear and therefore cause less interference along the potential failure surfaces. As 
the rate of strain increases, the viscous nature of asphalt makes it more difficult for 
particles within the potential failure zone to relocate and thus the failure becomes less 
efficient and involves larger dilation of the specimens. In addition, at the faster strain 
rates there is less time for progressive relocation of particles in the failure zone. The 
combination of these effects can contribute to the nonlinear viscoelastic behavior of as
phaltic concrete. The observed rate of increase in cohesion with increasing rate of 
strain was less than would be observed for linear viscoelastic material. This could 
be due to fewer particles moving relative to each other at the faster strain rates, since 
the failure is less efficient and the failure zone less extensive. 

Influence of Temperature-In order to study the influence of temperature per se on 
the strength behavior of asphalt-bead systems, three sets of tests were conducted at 
0. 5, 21, and 55 C. The samples for the three sets of tests were prepared with the 
0.278-mm beads and 9 percent asphalt. The specimens were then consolidated, satu
rated, and tested in drained shear at the above temperatures. A rate of axial strain 
of 1 percent per min was used for all these tests. The Mohr-Coulomb strength en
velopes at 0. 5, 21, and 55 C are shown in Figure 20. 

Lowering the temperature from 21 to O. 5 C had no significant effect on the friction 
angle, but raising the temperature from 21 to 55 C caused a very significant increase 
in the fr iclion angle, from 18. 0° Lu 27. 0°. On lhe ulher hand, lowering lhe Lemperalure 
caused a large increase in the cohesion but raising the temperature caused it to drop 
onlv sli~htly. 
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Figure 21. Influence of temperature on the stress-strain and volume change behavior of 0.278-mm 
beads plus 9 percent asphalt. 

,, 

1B 



"' 

101 

Nijboer (11) reported similar results but did not note any increase in friction angle 
at higher temperatures. However, the highest temperature used in his investigation 
was only 40 C. Nijboer showed that at some temperature below 20 C the value of the 
cohesion begins a rapid increase. Likewise, for this bead-asphalt system, it is be
lieved that at some temperature above 21 C the angle of friction starts increasing to
ward that of the plain aggregate system. 

The rise in cohesion at low temperatures seems to be analogous to the rise in co
hesion with increasing rate of axial strain. Both factors have the same general effect 
on the shearing resistance of the asphalt binder. 

The rise in the friction angle at high temperatures seems to be caused by a partial 
breakdown in the asphalt film at points of contact between particles moving relative to 
one another. This is due to the lower strength of the asphalt film at high temperatures, 
which results in some glass to glass contact. At 55 C the angle of friction had in
creased from 17 to 27°. Obviously, at this temperature only partial breakdown of the 
asphalt films had occurred, since the angle of friction was still less than the 34° ob
served for the plain uniform beads. 

The stress-strain and volume change curves are shown in Figure 21. The curves 
at 21 C rose sharply and then flattened to a nearly constant stress level throughout the 
remainder of the tests. Those at 0, 5 C rose sharply to a high peak and then dropped 
off considerably on further straining. Those at 55 C and the higher consolidation pres
sures rose steeply, bent over, and then started· a series of violent fluctuations through
out the remainder of the tests. 

The stress-strain curves for the 0. 5 C tests have peaks similar to those run at the 
high strain rate shown earlier. Similarly, these peaks are caused by the samples ab
sorbing and releasing strain energy. 
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The violent fluctuations in the stress-strain curves of the high-temperature tests 
are caused by stick-and-slip friction phenomena due to a partial tearing of the lubricat
ing asphalt film (13). This supports the explanation that the increase in friction angle 
is caused by a breakdown in the lubrication qualities of the asphalt, allowing some 
mineral-to-mineral contact of the aggregate and the subsequent increase in friction 
angle. 

The 55 C test at the low effective confining pressure showed no signs of stick-slip 
behavior. This indicates that either the magnitude of the fluctuations was too small to 
measure with the equipment or that no stick-slip was taking place. lithe latter is the 
case, then evidently the effective confining pressure was not large .enough to cause 
stick-slip even though a breakdown in the asphalt film between particles occurred. 
Stick-and-slip would then have a minimum normal stress below which it doesnotoccur. 

The low-temperature tests showed by far the greatest volume dilations during shear 
(Fig. 22). The situation is analogous to that of the samples at the high rate of axial 
shear explained in the preceding section. Instead of high strain rate lowering the fail -
ure of efficiency, the high viscosity of the asphalt at the low temperatures and the poor 
lubrication qualities of the asphalt at the high temperatures tend to lower the efficiency. 

Influence of Volume Change-In order to study the influence of restricting volume 
changes during shear on the strength behavior of the various systems, duplicates of 
some of the different samples used were tested at constant volume (consolidated-un
drained shear ). This wa s achieved by consolidating and saturating the triaxial test 
specime n under a back pressure of approximately 67 kg/cm2 and cell pressure of about 
68 kg/cm2, giving an effective consolidation pr essure of approximately 1 kg/cm 2. The 
pore water lines were then closed off and the samples sheared at 1 percent axial strain 
per min and 21 C. By closing off the pore water lines the volume of the specimens was 
maintained constant during shear. During shear the cell pressure was kept constant 
and pore water pressure change was measured by means of a transducer. 

The stress-strain and pore pressure behavior in undrained shear of the plain uniform 
bead system and the plain well-graded sand system are shown in Figures 23 and 24. It 
can be seen that the shearing resistance of the specimens kept increasing while the 
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PX~P~F prwP p1·e1=1Rurei:; kept becoming more negative with increasing axial strain. The 
tendency for fhe specimens o dilate during sbear causea tlie drop i n excess pore-pres
sure, which in turn increased the average effective stress within the sample. The in
crease in average effective stress increased the shearing resistance by increasing the 
normal effective stress on the failure planes. 

Figures 25 and 26 show the effective stress paths of the plain uniform bead system 
and the graded sand ·system in undrained shear; Also included in-these figures are the 
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Figure 28. Effective stress-strength behavior of 0.278-mm beads plus 9 percent aspha It in drained and 
undrained compression. 

effective stress envelopes for the corresponding drained tests. The effective stress 
paths of the undrained tests became essentially tangent to the drained envelopes at 
relatively low shear stresses and then followed the envelopes for some distance before 
dropping off. This means the drained and undrained tests on the untreated systems 
give essentially the same envelope even though the undrained tests have considerably 
higher strength. The higher strengths are due to the increase in average effective 
stress resulting from the negative excess pore pressures developed during shear. In 
drained tests the pore pressures during shear remain constant at their initial value and 
therefore have no influence on the measured strengths. 

In the preceding section it was observed that for stick-slip behavior to occur during 
shear a minimum normal effective stress was possibly needed. From Figure 23 it can 
be seen that, in the case of the uniform plain beads, stick- slip behavior only started at 
approximately 4 percent axial strain, which corresponded to an average effective stress 
of about 13 kg/cm2

• This suggests that there is a threshold effective stress below 
which stick-slip does not occur, even when the system does not contain asphalt. This 
threshold is also probably a function of the particle size gradation and dry density of 
the system. 

Figures 27 and 28 show the influence of drainage conditions during shear on the ef
fective stress-strength behavior of some of the asphalt systems. It can be seen from 
Figure 27 that the effective stress-strength parameters, i and c, of the well-graded 
beads with 9 percent asphalt are essentially the same in drained and undrained shear. 
However, due to the negative excess pore water pressures, which developed during un
drained shear (see Fig. 23 ), the undrained samples were at least four times stronger 
than the corresponding drained samples consolidated at the same pressure. This be
havior is similar to that observed with the plain systems, i.e., the effective stresses 
rather than the total stresses also control the strength behavior of asphaltic concrete. 

The influence of bead density on the stress-strain and excess pore water pressure 
behavior of the uniform beads with 9 percent asphalt is shown in Figure 29. The high
density sample developed large negative excess pore pressures during shear, whereas 
the low-density sample started out developing a small positive excess pore pressure, 
which became slightly negative at large strains. The difference in pore pressure be-



106 

12 .o -. 
,o ·? ,o 

~ 
I 

.!!: •-

• 
4.0 

0 

0 

-. 1 · 2.0 

.. 
"' ~ 

- 4 0 

: -• .o : 
"' "' f -8.0 

9 .... • inn .. 
... ,z.o 

J ,,, 
/ 

✓• ) " 
./. 

1.r -

2.0 4 .0 

""· \ \ 
X 

\ 
I\ ·-. 

-· -·-.,, ....... -/A 

./ 
~ 

HIOH flNIESSUfl C UIID•AIH, D TUTS ,-
x CUAQ , ~~:g~~=~is~L711:~/~m 1 

• 
0 2711mm. BEADS AT 97. 2 
P. C,F. ,_ 

0 CVALD, 9% ...S.PHALT, ·vo .co/cm1• 

~"la°l:l':.i~~~\'r 
92 7 P.C,F, 

,_ 

eo 1.0 10-0 12.0 14,0 l&O ta.O 

" ·, 
..... , ., 

~ 
~ ~ 

r-ir-, -· A)UAL :$TRAIN, c ' 

Figure 29. Stress-strain and pore pressure response curves 
for undrained tests on high- and low-density uniform 

beads plus asphalt . 

havior of the low- and high-density 
samples caused the high-density 
sample to be over five times stronger 
than the low-density sample. In 
terms of effective stresses, both 
samples shared essentially the same 
strength envelope (Fig. 28 ). 

It is evident from the experi
mental results that the magnitude 
of the volume changes during shear 
can appreciably influence the maxi
mum shear strength of asphaltic 
concrete. In general, asphaltic 
concrete contains air voids that are 
compressible and will allow some 
change in volume of the concrete 
during shear. Since the asphalt 
and aggregate are relatively incom
pressible, the volume change during 
shear will be a function of the amount 
of air in the system. As the air 
content in the concrete increases, 
the resistance to volume changes 
during shear decreases and con
St-'llUt-'nlly lhH ,"II l'Hnel.h ,lttCl'P.aRfU-1 

for a given aggregate density. In 
practice, it is not possible to elim
inate all air voids by increasing the 
asphalt content without decreasing 
the aggregate density and therefore 
reducing the beneficial interlocking 
influence of the aggregate on the 

stren~h. Furthermore, complete elimination of air voids can result in a reduction 
of the residual negative fluid pressure in the asphalt after compaction. This would 
cause a decrease in the residual effective stress (consolidation pressure) in the con
crete after compaction and therefore a decrease in its strength. It follows that for 
practical reasons a small percentage of air voids should exist in compacted asphaltic 
concrete and consequently some volume change will occur during s hear. For maxi
mum strength, this volume change should be kept to a minimum by reducing as far as 
possible the percentages of air voids without reducing the aggregate density or the re
sidual effective stress after compaction. 

SUMMARY, CONCLUSIONS, RE COMMENDATIONS 

The strength behavior of bituminous concrete was investigated using both drained 
and undrained triaxial compression tests to deter mine the basic Mohr-Coulomb s trength 
parameters, effective angle of internal friction, and effective cohesion of various ag
gregate and asphalt-aggregate systems, and the influence of the stress-strain, volume
change, and excess pore pressure behavior on these parameters. 

The systems investigated were selected so as to isolate and determine the influence 
of the more important individual compositional factors on the strength behavior of as
phaltic concrete. These included asphalt content, aggregate grain size, aggregate den
sity, aggregate gradation, and aggregate material and grain shape. In addition, en
vironmental factors of strain rate I temperature, and volume change wffre studied. 

Using a uniform spherical sand-sized aggregate of glass beads, it was found from 
drained triaxial compression tests that 
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1. The introduction of asphalt produced an effective cohesion and a considerable drop 
in the effective angle of internal friction, and 

2. Neither this angle of internal friction nor the resultant effective cohesion was 
significantly affected by changes in aggregate grain size, asphalt content, or aggregate 
density. 

Using a well-graded glass bead aggregate in drained triaxial compression, it was 
found that 

1. The introduction of asphalt again produced an effective cohesion and a drop in 
angle of internal friction, and 

2. The effective angle of internal friction was also independent of aggregate density, 
but in this case the effective cohesion decreased with a decrease in density. 

A similar reduction in effective angle of internal friction was observed on the addi
tion of asphalt to a well-graded sand. With this system the asphalt produced a con
siderably larger effective cohesion than had been observed with the glass bead systems. 

Environmental factors of strain rate and temperature were studied on the strength 
behavior of the uniform bead-asphalt system in drained triaxial compression. It was 
found that 

1. The effective angle of internal friction was independent of rate of axial strain 
while the effective cohesion increased with increasing strain rate, and 

2. High temperatures caused an increase in the effective angle of internal friction 
with little change in effective cohesion, whereas low temperatures resulted in a large 
increase in effective cohesion with no significant change in internal friction angle. 

Undrained triaxial compression tests were conducted on some of the systems that 
had been studied in drained triaxial shear. In all cases, there was no significant change 
in either the effective angle of internal friction or the effective cohesion. The un
drained shear strength of all samples with a high-aggregate density was much larger 
than the corresponding strengths obtained in the drained tests. Drainage conditions 
did not significantly influence the strength of the low-aggregate density systems. 

The influence of the compositional and environmental factors on the effective stress
strength parameters of the systems studied in this investigation is summarized in 
Table 1. 

From the results of the experimental investigation it can be concluded that 

1. The effective stresses rather than the total stresses control the strength be
havior of asphaltic concrete. 

2. The addition of asphalt to a cohesionless aggregate system will cause it to exhibit 
an effective cohesion intercept at failure due to the viscous nature of asphalt. How
ever, its effective angle of internal friction (as determined from the Mohr-Coulomb 
criterion of failure) is considerably reduced due to the lubricating effect of the asphalt. 

3. The effective cohesion is a function of strain energy stored in the asphalt binder 
during shear. The energy storage capacity, and therefore effective cohesion, increases 
with increasing strain rate, decreasing temperature, and increasing amount of asphalt 
undergoing strain. 

4. The effective friction angle increases only when the lubrication qualities of the 
asphalt decrease, due to either high temperatures or very low asphalt contents. 

5. Restricting sample volume change during shear has no effect on the Mohr
Coulomb effective stress-strength parameters, but can result in a large increase in 
strength if the sample has a tendency to dilate during shear. 

6. The volume change behavior during drained shear not only is a function of the 
compositional factors such as density, gradation, and angularity of the aggregate and 
the asphalt type and content, but also depends on the environmental factors such as 
temperature and rate of strain. 

Practical Implications 

Some practical implications resulting from this investigation can be summarized as 
follows: 
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TABLE 1 

SUMMARY OF MOHR-COULOMB PARAMETERS 

Aggregate Strain Temperature ii c Drainage Sample Composition Dry D<>nslty Rate C (degrees) (kg/cm') Conditions (lb/cu ft) (<t/min) 

Uniform 0.278-mm beads 97.0 0.1 21 34 0.0 Drained 

Uniform 0 .278-mm beads plus 9 percent asphalt 96.8 0.1 21 18,5 0.042 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 97.3 1.0 21 18.0 0.21 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 97 10.0 21 16.0 0.69 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 92. 7 1.0 21 16 0.16 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 99.2 1.0 21 17.5 0.23 Drained 

Uniform 0.278-mm beads plus 6 percent asphalt 97.2 1.0 21 15.5 0.23 Drained 

Uniform 0.278-mm beads plus 3 percent asphalt 97.3 1.0 21 15.5 0.18 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 97 1.0 55 27.0 0.045 Drained 

Uniform 0.278-mm beads plus 9 percent asphalt 97 1.0 0.5 16.9 3.37 Drained 

Well-graded beads 107 1.0 21 21.3 0.0 Drained 

Well-graded beads 117 1.0 21 30.6 0.0 Drained 

Well-graded beads plus 9 percent asphalt 110.5 1.0 21 20.1 0.21 Drained 

Well-graded beads plus 9 percent asphalt 117 1.0 21 20,1 0.59 Drained 

Well-graded Ottawa sand and flint powder 129.8 1.0 21 54-41 .5 0.34 Drained 

Graded Ottawa sand and flint powder plus 9 percent asphalt 129.8 1.0 21 20.0 5.0 Drained 

Uniform 0,278-mm beads 97 1.0 21 34 0.0 Undrained 

Uniform 0. 278-mm beads plus 9 percent asphalt 97.2 1.0 21 16 0.31 Undrained 

Uniform 0.278 mm beads plus 9 percent asphalt 9?..7 1.0 21 Undrained 

weu-graaea oeaas p1us l:f percent aspnal[ lli 1.0 21 :U .E o.,. Undr~ifu;:ari 

Well-graded Ottawa sand and flint powder 129.8 1.0 21 45.5-30.5 0 Undrained 

1. Optimum compaction of asphaltic concrete should occur when the shearing resis
tance of the mix during compaction is a minimum. At a given rate of strain, the ef
fective cohesive resistance decreases with increasing temperature, whereas the effec
tive frictional resistance decreases with decreasing temperature. Therefore, optimum 
compaction should occur at a temperature where the sum of the frictional and cohesive 
resistances is a minimum. 

2. Increasing the compaction effort can result in an increase in the shear strength 
of asphaltic concrete, provided it decreases lhe air void content and increases the ag
gregate density without causing a significant reduction in the residual negative fluid 
pressure in the asphalt. 

3. For a given asphaltic concrete, the magnitude of the volumetric strain during 
shear is dependent on the rate of strain and the temperature. Any theoretical model 
for asphaltic concrete should therefore take these effects into consideration. 

Recommendations 

Due to time limitations, it was not possible to carry out this investigation to com
pletion. The influence of asphalt on the coefficient of sliding friction of the glass beads 
and the sand grains should be determined. This would involve conducting direct shear 
tests on these aggregates sliding over a smuolh surface of the same material in order 
to eliminate the effects of interlocking. 

To generalize the findings reported here, angular sand aggregates and actual as
phaltic concrete aggregates should be studied in a manner similar to that used in this 
investigation. In studying the behavior of asphaltic concrete aggregates it would be 
necessary to use considerably larger size test specimens, since such aggregates con
tain large particles. 

The environmental effects of rate of strain and temperature should be examined in 
further detail as well as the influence of various asphalts. 
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