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PREFACE

This report was prepared by Dr. B.J. Dempsey, Associate Professor, Department of Civil Engineer-
ing, University of INlinois; ). Ingersoll, Civil Engineering Technician, and T.C. Johnson, Research Civil
Engineer, Experimental Engineering Division, U.S. Army Cold Regions Research and Engineering
Laboratory; and Dr. M.Y. Shahin, Research Engineer, U.S. Army Construction Engineering Research
Laboratory.

The study was funded under DA Project 4K078012AAM1, Operations and Maintenance, Army;
Task 00, Fucilities Investigations and Studies Program; Work Unit 004, Stiffness and Fracture Strength
of Asphalt-Aggregate Mixtures Designed to Minimize Low Temperature Cracking.

The technical content of the report was reviewed by E.J. Chamberlain and W.F. Quinn of CRREL.

The contents of this report are not to be used for advertising or promotional purposes. Citation
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ASPHALT CONCRETE FOR COLD REGIONS
A comparative laboratory study and analysis
of mixtures containing soft and hard grades

of asphalt cement

B.J. Dempsey, }. Ingersoll, T.C. Johnson and M.Y. Shahin

INTRODUCTION
Research setting

Low-temperature transverse contraction cracking
is one of the most prevalent distress modes affecting
asphalt roads in frost areas and is widely recognized as
a significant adverse factor in pavement serviceability.!
Thermal cracking also affects airfield bituminous pave-
ments in cold regions, and the U.S. Army Corps of
Engincers has reported extensive low-temperature trans-
verse and longitudinal cracking at bases constructed for
the U.S. Air Force in the northern states. > Adverse
transverse cracking of asphalt pavements also has been
reported in southern states', and the development of
such cracking in the absence of severely ow temperatures
is attributed to daily temperature cycles that cause
thermal fatigue failures.’

Several approaches have been developed for designing
asphalt pavements with reduced propensity for thermat
cracking, based on the stiffness values and other proper-
ties of the asphalt cement or of the asphalt-aggregate
mixture, in relation to climatic conditions at the site.®
The U.S. Army Corps of Engineers, upon adopting
viscosity grading of asphalt cements for pavement con-
struction, revised the basis for selecting appropriate
grades and for specifying test properties of asphalt
cement for pavements in the cold regions.” The revised
criteria require that asphalt used in the cold regions be
of arclatively soft grade and of low temperature-sus-
ceptibility. The temperature-susceptibility is determined
by the relative values of the kinematic viscosity at 135°C
and the penetration at 25°C. These values define the
penetration-viscosity (pen-vis) number (PVN) according
to a method developed by Mc Leod,® based on exten-
sive experience with pavements in Canada.

Upon adoption by the Corps of Engineers of criteria
for selection of asphalt cement of low temperature-

susceptibility, the U.S. Army Cold Regions Research
and Engineering Laboratory (CRREL) began faboratory
rescarch investigations of the properties of mixtures
containing such asphalts, pertinent to their use in roads
and airfields in cold regions. 1t was considered particu-
larly important to investigate those properties that
would elucidate the possibie advantages of soft asphalt
ecements in reducing the incidence of thermal cracking
and the possible disadvantages of inferior performance
under traffic.

One of the carliest paving projects on which the
new specifications were applied was the overlay of the
runway at Thule Air Base, Greenland, for which asphalt
cement of grade AC2.5, with a PVN of about -0.5, was
used. Accordingly, the laboratory testing performed
by CRREL for the present rescarch project included
mixtures made with that same asphalt cement, secking
indications of advantages and disadvantages of the
material used at Thule, as well as research results of
general application to cold regions paving problems.

Objectives

The primary purpose of the investigation was to deter-
mine the properties of asphalt-aggregate mixtures made
with three grades of asphalt cement, ranging from very
soft to moderately hard and, based on the measured
propertics, to project the performance of such mixtures
in resisting thermally-induced distress {cracking) and
traffic-associated distress (cracking and rutting). The
laboratory testing included conventional physical proper-
ty tests on the three asphalt cements and two aggregates,
Marshall mix design tests, indirect tension (Brazil or
diametral load) tests to failure on the mixtures, and
repeated-load indirect tension tests to determine the
resilient modulus of the mixtures.

The analysis of the data, and of the projected per-
formance of each mixture in an airfield pavement




Table 1. Asphalt properties.

Test property

Asphult viscosity grade
AC25 ACS AC X0

Penetration at 25°C

Sottening point, C

Specitic gravity

Viscosity at 60 C, Pa+s {poises)

Viscosity at 135°C, mm?/s (= centistokes)

Thin film oven test

Penetration of residue at 25°C, mmx 101 132 92 4s

% Original penetration
% Weight loss
Penetration-Viscosity Number {PVN)

268 172 71
38.9 41.0 47.2
1.034 1.054 1.023

26.9 48.2 2113
(269.3) (482.1) (2113.2)
157.3 199.0 389.9

49 54 63
0.07 0.29 0.13
-0.49  -0.73 -0.63

section, included the following:

A. Comparison of Marshal stability, flow, unit weight,
percentage of air voids, and percentage of voids filled
with asphalt tor all mix designs at their optimum as-
phalt content as determined by the Marshall test.

B. Comparison of Brazil test data, including tensile
strength, tensile strain at faiture, and vertical deformation
at failure, of all mix designs at various temperatures.

C. Comparison of modulius of resilience for all mix
designs at various test temperatures,

D. Correlation of Marshall stability, indirect tensile
strength, and modulus of resilience for all mix designs.

E. Comparison of the asphalt-aggregate mixtures’
susceptibility 1o temperature cracking over a 10-year
period, by use of the thermai computer program de-
veloped by Shahin® as fullows:

1. Prediction of the stiffness history for each mix
design at depths of 0, 50.8, and 127 mm (0, 2, and
5in.); loading time of 3600 s.; and three climatic
conditions with low, average, and high temperatures.

2. Prediction of the amount of thermal cracking
for cach mix design at depths of 0, 50.8, and 127
mm (0, 2, and S in.); loading time of 3600 s.; and
three climatic conditions with low, average, and
high temperatures.

F. Comparison of the various asphali-aggregate mix-
tures’ susceptibility to traffic-load-dassociated distress
in a typical airport pavement. Making usc of a layered
clastic system analysis, the study included an evaluation
of rutting and fatigue distress occurring in pavements
incorporating each mixture.

MATERIALS, MIXTURE DESIGNS, AND TESTS
Materials

Tests were performed on mixtures prepared from
three asphalt cements and two aggregates. The asphalt
cements had a wide range in viscosity and other proper-
ties (Table 1). The AC 2.5 was obtained from Petrofing
in Montreal, Canada, and is the same asphalt used in
pdvement overlay construction at Thule Air Base, Green-
land, in 1977, The AC 5 was obtained from Hushky
Oil Company, Cody, Wyoming, while the AC 20 was
obtained from Pike Industries, Inc., Lebanon, New Hamp-
shire.

The first aggregate was also obtained from the Pike
plant; the coarse aggregate was a highly angular, crushed
quarry stone from Lebanon, New Hampshire, while the
sand was obtained by processing material from a gravel
pit in Norwich, Vermont. Previous tests on aggregates
from this source showed a Los Angeles abrasion value
of about 42. The second aggregate was obtained from
aplant in Tilton, New Hampshire. Both the coarse ag-
gregate and the sand of the latter were produced by
crushing and processing material from a gravel pit at
the plant site, and individual particles ranged from
rounded to angular. Previous Los Angeles abrasion tests
on aggregates from the same pit showed a loss of about
32%. Figure 1 shows gradation curves for both the
Pike and Tilton aggregates, while photographs of both
aggregates are shown in Figures 2 and 3. The Pike
aggregate had an apparent specific gravity of 2,79,
while the Tilton aggregate had an apparent specific
gravity of 2.75.

Mixture design tests

The proportioning of ninc scparate asphalt-aggregate
mixtures was determined by the Marshall method.®
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tigure I. Gradation curves for Pike and Tilton aggregates.

1/2" & 3/4" PIKE AGG.

3/8" PIKE AGG.

PIKE SAND

Figure 2. Pike aggregate.

Mixes with Pike aggregates were designed at 50 and 75
biows for cach of the three asphalts, for a total of six
mixes. A mix was designed, at 75 blows, for each of
the asphalts with Tilton aggregates; constraints of time
and resources made it negessary to forego preparing
and testing a 50-blow mix,

For cach mix design the following factors were
determined: optimum asphatt content, Marshall stability,
flow, air voids, voids fitled with asphalt, and unit weight
ot the mixture, Complete mix design data are given

in Appendix A, and a summary of mix propertics at
optimum asphalt content is given in Table 2. The op-
timum asphalt content was determined by averaging
the asphalt content at (1) peak stability, (2) 5% air
voids, and (3) 70% voids filled for mixes at 50 blows
and 60% voids filled for mixes at 75 blows. A sum-
mary of these data is given in Appendix A.

1




TILTON 3/4" AGG.
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TILTON 3/8" AGG. TILTON SAND COOK SILT MINERAL FILLER
1
ligure 3. Tilton agyregute.
Table 2. Summary of Marshall mix design data at optimum asphalt content. 4
Compuction  Asphalt Asphalt content Myrshuall fFlow Adrvaids,  Veaids cilled with D iz sweigha
Aggreadte blows aJrade by ot of aggr.)  stability, kN (1b) e (0,01 in) i) Asphalt, [y m? e l..
4
Pike 50 2.5 5.2 6.49 2.8 4.7 72 2.6
{1460} (11.0) (1s3. 7
5 1.6 10.54 2.7 5.2 66 240
(2370) (10.6} 1i53.5
20 4.8 9,16 2.8 5.3 68 2.4
(2060) (11.2) (152.6)
75 2.5 4.7 8.72 2.5 5.8 64 244
{1960) (9.8) (1523
5.0 4.6 8.90 2.4 6.2 63 248
(2000} {9.3) (155.0
20 4.1 14.68 2.6 5.5 64 246
(3300) (10.4) 1133.5)
Tilton 73 2.5 5.3 6.85 3.2 5.5 67 2.39
{1540 (12.6) 1149.0)
5 4.4 9.79 2.8 6.3 62 242
(2200} {11.2) {150.8)
20 4.3 11.39 2.8 6.0 62 242
(2560} (11.1) (150.8)
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Brazil test

The Braszi) test was conducted on specimens repre-
senting each of the six mix designs compacted at 75
blows (Table 2). Other variables were rates of loading
and temperature. A nominal rate of loading of 0.83
mm/s (1.97 in./min) was used for tests at the higher
temperatures at which the principal pavement distress
would be caused by traffic toading; this rate was con-
sidered to be the minimum at which the results would
have significance for traffic loading.'® A nominal
Ioading ratc of 0.03 mm/s (0.08 in./min) was used for

tests at temperatures at which thermal cracking would
be the principal distress mode; this is only slightly higher
than the rate used by Christison et al.'', who consider-
ed that rate effects on fracture strength under simitas
conditions are minimized.

The Brazil test, also calied the indirect tensife or
diametral load test, provided three outputs: (1) in-
direct tensile strength, (2) total tensile strain at tailure,
and (3) totaf vertical deformation at tailure of the
specimen,

The Brazil test was conducted using equipment (Fig.
4) simila to that described by Gonzales et al'® A
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Figure 4. Brazil test equipment.
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Vertical Deformation

Measurement e

Load

Loading Strip
13mm Width

102 mm Diameter
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Lateral Deformation
Meosurement

Crack Forms At
Failure of Specimen

Figure 5. Dijagram of Brazil test.

Marshall-sized specimen was loaded across its diameter
by two curved loading strips (Fig. 5). The vertical and
horizontal deformations were measured as shown. The
tensile strength, tensile strain and other parameters
were computed according to equations given in Ap-
pendix B.

Resilient modulus test

The diametral repeated-load test was used to measure
the resilient modulus of compacted asphalt concrete
as described by Schmidt.!? The test was conducted
by usc of a “Mark 11 Resilient Modulus Device,” pur-
chased from the Retsina Company, 1224 Contra Costa
Dr., El Cerrito, California 94520. The device functions
by applying a 0.1-s load pulse once every 3 s across the
vertical diameter of a cylindrical specimen and sensing
the resultant deformation across the horizontal diameter
at cither 0.05 or 0.10 s after the beginning of specimen
deformation. A Marshall-sized specimen can be used;
optimum diameter is 102 mm (4 in.) and thickness is
70 mm (2 3/4 in.). The vertical loads can vary from
44 to 334 N (10 to 75 1b). Specimen deformations
across the horizontal diameter range from 25 nanometers
to 0.050 mm (1 to 2000 u in.).

The diametral loading (i.e., the application of a load
across the vertical diameter of the cylindrical specimen)
results in a deformation across the horizontal diameter

i itk o s e ot o D T L RPN PP LS .

of the specimen. The vertical load P and the toual
horizontal deformation A are related to the resilient
modulus by the following expression for a 102-mm
(4-in.)-diameter specimen:

Mg = (u+0.2734)

tA
where
Mg = resilient modulus, MPa (psi)
P =vertical repeated load, N (Ib)

A = total horizontal deformation, mm (in.)
t = thickness of specimen, mm (in.})
i = Poisson’s ratio

The resilient modulus was measured for cach of the
ninc asphalt-aggregate mixtures over a range of temper-
atures.

DATA ANALYSIS—MARSHALL TESTS

Mix design data according to the Marshall method®
are given in Appendix A. The optimum asphalt contents
for the nine mixtures are compared in | igure 6. Mar-
shall stability, flow, air voids, percentage of voids filled
and unit weight (all at optimum asphait content) arc
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content for the nine mix designs.

compared in Figures 7-11. The effects of asphalt grade, over all of the data:
compactive effort and aggregate type are summarized
below, (1) Optimum asphalt content decreases.
Asphalt grade AC Grade Mean
AC 2.5 5.1%

As asphalt viscosity grade increases from AC 2.5 to ACS5 4.5%

AC S to AC 20, the following generally occur, averaged AC 20 4.4%
7
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Figure 8. Comparison of flow at optimum asphalt content

for the nine mix designs.
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Figure 9. Comparison of air voids at optimum asphalt
coritent for the nine mix designs.

(2) Marshall stability increases.

AC Grade Mean

AC2.5 7.35 kN (1653 ib)
ACS 9.82 kN (2207 (b)
AC 20 11.74 kN (2640 (b)

(3) Flow apparently decreases slightly, but the dif-
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Figure 10. Comparison of voids filled at optimum as-
phalt content for the nine mix designs.

ferences are scarcely significant.

AC Grade Mean

AC25 2.82 mm (11,1 units of 0.01 in.)
ACS 2.64 mm (10.4 units of 0.01 in.)
AC20 2.77 mm (10.9 units of 0.01 in.)

{4) Air voids increase.
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Figure 11. Comparison of unit weight at optimum asphult con-

tent for the nine mix desiyns.

AC Grade Mean
AC25 5.3%
ACS 5.9%
AC 20 5.6%

(5) Voids filled with asphalt decrease.

AC Grade Mean
AC 2.5 67.7%
ACS 63.7%
AC 20 64.7%

(6) Unit weight apparently increases slightly, but
the differences are scarcely significant,

AC Grade Mean

AC?2)5 2.43 Mg/m? (151.7 pcf)
ACS 2.45 Mg/m? (153.1 pcf)
AC 20 2.44 Mg/m? (152.3 pcf)

The decrease in optimum asphalt content with in-
creased asphalt viscosity grade results mainly from the
shift (a decrease) in the asphalt content at peak stability
(Table A1, App. A). Apparently the asphalt tiim thick-
ness for maximum stability decreases as the asphalt
viscosity increases. The decrease in optimum asphalt
content results in an apparent slight increase in air voids
and a decrease in percentage of voids filled with asphalt.
The increase in Marshali stability, determined at 60°C
(140°F), is believed to derive from the increased viscos-

ity of the asphalt at that temperature, and from the
decreased asphalt content.

Compactive effort

The effect of increased compdctive effort from 50
to 75 blows for the Pike aggregate {only one compactive
cffort of 75 blows was used for the Tilton aggregate)
is as follows:

(1) Optimum asphalt content decredses an average
of 0.4%.

(2) Marshall stability increases an average ot 2.10
kN (473 Ib).

(3) Flow decreases 0.28 mm (1.1 units of 0.01 in.).
(4) Air voids increase 0.8%.

(S) Voids filled decrease 5.0%.

(6) Unit weight increases 0.005 Mg/m* (0.3 pct).

Again, these results are expected, since greater com-
pactive effort in a given specimen should resull in higher
unit weight and greater Marshall stability due to greater
volume concentration of the aggregate particles. The
increase in air voids at optimum asphait content is fess
obvious but can be explained by the substantial de-
crease in asphalt content at the increased compactive
effort, countered by only a slight increase in unit weight.




Aggregate type

The Pike and Diiton aggregates showed some dit-
terences in Marshalt test propetties. They can be com-
pared only tor the 75-blow compactive eftort, By
averaging results over all three asphalt grades the follow-
ing ditferences are noted:

(1) Opumum asphalt content is approximately the
SAme

Mean
Pike 4.5,
Lilton 3.7

() Marshall stabitity is greater tor Pike aggregate:

Mean
Pike 10.84 AN (2437 1b)
Hilton 943 kN (2120 1b)

{31 Flow is fess tor Pike aggregate:

Mean
Pike 249 mm (1.8 units of 0.01 in.}
filton 295 mm (11.6 units of 0.01 in.)

(-h) Air voids and voids tilied are approximately
the same:

Meun Mean

voids Voids filled
Pike 5.8% 63.7%
filton 5.7 63.7%

(5) Unit weight is greater tor the Pike aggregate:

Mean
Pike 2.46 Mg/m? (153.6 pcf)
Tilton 241 Mg/m? (150.2 pcf)

DATA ANALYSIS—BRAZIL TESTS

Three properties of cach specimen were measured
from the Bravil tests: indirect tensile strength (Table
3), tensile strain at failure (Table 4), and total vertical
deformation at failure (Table 5). The tabulated data
are averages of the test results from three like specimens.
The effects of aggregate type, asphalt grade, test tem-
perature, and loading rate on these propertics are sum-
marized below,

10

Indirect tensile strength

Figure 12 shows the effects of asphalt grade, rate of
loading and temperature on indirect tensile strength, As
temperature decreases the tensile strength increases for
all asphalt grades. The rate of change in tensile strength
with temperature decreases below about -10°C; below
about -20°C there is in most cases 4 slight decredse in
tensile strength. Similar trends are reported tor tests on
other mixtures.'* The higher viscosity asphait grades
have higher indirect tensile strengths at temperatures
above about -10°C, but at very low temperatures (i.c.,
-10°C and below) the strengths for all grades tend to be
very similar. The rate ot loading has 4 very large effect on
the tensile strength at +4.4°C; the higher the rate of
loading, the higher the tensile strength (Fig. 13). Data
were not obtained permitting direct comparison at other
temperatures.

Tensile strain

As lemperature increases, the tensile strain at faijure
increases (Fig. 14), particularly tor tests ai the lower
loading rate (0.03 mm/s), which were run at much
lower temperatures. The higher the viscosity grade
of the asphalt, the lower the tensile strain at failure,
particularly at the lower temperatures and loading rates.
However, the rate of loading did not appear to have a
large effect on tensile strain at failure, nor did the
aggregate type.

Vertical deformation

As test temperature increases, the total vertical de-
formation at faiture generally increases (Fig. 15). The
mixture with AC 2.5 viscosity grade asphalt generally
has a slightly higher vertical deformation than the mix-
tures with AC 5 or AC 20, indicating that the stiffer
the asphalt binder, the less total deformation at rupture
of the specimen. The data indicate that aggregate source
and rate of loading did not have a large effect on total
vertical deformation at failure of the specimens. The
data for the Pike aggregate specimens were somewhat
inconsistent and did not show well defined trends.

Summary of Brazil test results

A summary of the general trends for the effects of
mix and test parameters on Brazil test results is given in
Table 6. Test temperature and asphalit grade have con-
siderable effect on alf the observed stress-strain propertics
(strength, strain, and deformation). The rate of loading
has a very significant effect on strength but not on strain
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Table 3. Indirect tensile strength, MPa (psi).

Sprcimens prepared at optimum asphatt content and 73-biow compadtion.

Rute ot
Loading, lempergture Pike aqyreyate Lilton ugyrequte
mmls {injmin) "ClH) AC 2S5 AC 5 AC20  ACLS  ACS AC 20
0.03 ~40.0 3.73 3.22 3.56 3.69 3.29 3.47
{0.08} (=40.0) (541.0) {467.0) (516.3) (535.2) (477.2) (503.3)
~23.3 3.63 4.08 3.86 4.56 3.92 3.87
{=10,0) (526.5) (591.8) (559.8) (661.4) (568.5) (561.3)
~6.7 212 2.68 2,98 2,92 3.02 3.40
(20.0) (307.5) (388.7) (432.2) (423.5) (438.0) (493.1)
4.4 1.07 113 0.97 1.21 1.55
(40.0) (155.2) (163.9) (140.7)  (175.5) (224.8)
0.83 4.4 2.19 2,54 2.4S 2.70 2.55
(1.97) {40.0) (317.6} (368.4) (355.3) (391.6) (369.8)
211 0.50 0.65 .14 0.49 0.69 1.08
{70.0) (72.5)  (94.3) (165.3) (1.1} {100.1) (156.6)
32.2 0.21 0.27 0.12 0.32
{90.0j (30.4)  {39.2) (17.4) (46.4)

Table 4. Tensile strain at failure, mm/mm (= in/in}
Specimens prepared at optimum asphalt content and 75-blow compaction.

Rate ot
Loading Temperature, Pike uggregute l'ilton aggregate
mm/s {injmin) °C(°l) AC25 ACS AC20 AC25 ACS AC20
0.03 -40.0 0.12 0,09 0.08 0,21 0.12 0.5
(0.08) (-40.0)
-23.3 0.08 0.1 0.11 0.13 0,16 0.13
{-10.0) :
-6.7 0.20 0,17 0.1 0.23 0.19 0.7
(20,0)
4.4 0.24 0.29 - 0.29 0.29 0.23
(40.0)
, 0.83 4.4 0.27 0.25 - 0.29 0,23  0.19
, {1.97) {40.0)
211 0.27 0.31 0.29 0.25 0.28 0.29
(70.0)
32.2 0.26 0.26 — 0.33 - 0.29
(90.0)

different loading times, measured from sta.t of defor-
mation. These results show that as temperature de-
creased from about 20°C to ~20°C, the resilient modulus
increased as much as two orders of magnitude.

The effects of asphalt grade and compactive effort
for mixtures with Pike aggregate arc shown in Figure 17,
and the effects of asphalt grade at a single compactive
effort are shown for Tilton aggregate in Figure 18.

The resilient modulus generally increased with increasing
asphalt viscosity grade, particularly at the higher tem-
perature (i.e., 21.1°C or 23.9°C). At lower temperatures,
the resilient modulus was not always higher for the
higher viscosity asphalt (Fig. 17). Loading time (from
start of deformation) showed a pronounced cffect on

or deformation, and aggregate source did not have an
effect on any of these properties.

DATA ANALYSIS—RESILIENT MODULUS

The resilient modulus of asphalt-aggregate mixtures
was measured at two loading times for a range of tem-
peratures, asphalt viscosity grades, compactive efforts,
and aggregate sources (Table 7). The effects of these
variabies on the resilient moduli of the mixtures are
summarized below,

The general effect of temperature is shown in Figure
16 for mixes with Pike and Tilton aggregate for two




Table 5. Total vertical deformation at failure, mm (in)

Specimens prepdred at optimum asphalt content and 75-blow compaction,

Rate ot
Louding, lemperature, Pike uygregate Jilton aygregute
mm/s (infmin) °CF) AC25 ACS5 AC20 AC2S5 ACS5  AC20
0.03 ~40.0 1.50 1.58 1.80 1.52 1.07 0.97
{0.08) (-40.0) (0.060) (0.062) {0.071) (0.060) (0.042) (0.038)
~23.3 1.40 1.68 1.50 1.35 1.37 1.27
{-10.0) {0.055) {0.066) (0.059) (0.053) (0.054) (0.050)
-6.7 2.08 1.98 150 1.83 1.52 1.45
(20.0) (0.082) (0.078) (0.059) (0.072) (0.060) {0.057)
4.4 1.70 1.78 - 2.02 1.93 1.63
(40.0) (0.067) (0.070) (0.079) (0.076) (0.064)
0.83 44 2.26 2.01 - 2.01 1.88 1.50
(1.97) (40.0} (0.089) (0,079) (0.079) (0.074) (0.059)
21.1 2.82 3.05 3.07 3.30 3.18 343
(70.0) {0.111) (0,120) (0.121) (0.130) (0.125) (0.135)
32.2 2.68 2.54 - 2.64 - 2.90
(90.0) (0.106) (0.100) (0.104) {0.114)
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Figure 12. Effects of asphalt grade, rate of loading, and tem-

perature on indirect tensile strength (75-blow compaction).
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Table 6. Summary of effects of mix and test parameters
on Brazil test results.

Tensile Vertical
Tensile  strain at  deformatjon
Factor strength failure at failure
Increase temperature Decrease  Increase Increase
Increase rate of load increase No effect No effect
Aggregate source No effect  No effect No effect
Increase AC viscosity grade Increase Decrease Decrease
the resilient modulus; in general, the modulus increased modulus (Fig. 19). The Tilton aggregate shows a much
by a factor of 1.5 to 2 as the time was decreased from higher modulus at higher temperatures (approximately
0.10 to 0.05 s, an exception being at the lowest tem- 45% higher for temperatures greater than 0°C) than the
peratures, where the increase was smaller. The influence Pike aggregate. At lower temperatures mixtures made
of compactive effort for the Pike aggregate also should from the two aggregates have approximately the same
be noted. The higher compactive effort (75 biows as moduli, except that the AC 5 mixture shows a higher
opposed to 50 blows) resulted in a resilient modulus modulus with Pike aggregate than with Tilton aggregate.
that averaged about 15% higher. Aggregate type ap- These results are in general agreement with previous
pears 1o have a very significant influence on resilient research findings.'?" '*' 1S They show that the resilient
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Z Table 7. Resilient modulus, MPa (10 kg/cm?).
{ Pike Aygreqate Lilton Agygrequte
i 50-bluw compuction 75-bluw compuction
i Asphult Temperature, Fimme trom start ot deformuation, s
Grade Ct) 0.05 0.10 0.05 0,10 0.05 0.]0
! AC25 222 (72.0) : : - 2,15 (21.9) 0.94 (9.6)
| 21,1 (70.0) 0.71 (7.2) 0.39 (4.0) 0.80 (8.2) 0.39 (4.0) -
4.4 (40.0) 12,1 (123} 7.26 (74) 14,5 (148) 8.92 (91} 20.4 (208) 19.7 {201)
i -6.7 (20.0) - - . 26,6 (271) 26.1 {266)
¥ ~17.8 (0.0) 51.6(526) 31.9(325) 32.1(327) 45.8 (467) 31.4 (320) 33.4 (341
i -28.9 (~20.0} - 54.2 (553) - 76.8 {783) 38,4 (392) 38.1 (38Y)
; ACS 23.9 (75.0) - - - .- 1.86 (19.0} 1.12{11.4)
: 21,1 (70.0) 0.80 (8.2} 0.43 (4.4) 1.18(12.0) 0.66 (6.7} -
. 4.4 (40.0) 13.9(142) 8.53 (87) 13.1(134) 8.14 (83) 18.7 {191} 15.7 (160)
-6.7 (20.0) — - ~ 31.3 (319} 31.4 (320)
. -17.8 (0.0) 37.3(380) 26.9(274) 60.5(617) 41.8{426) 43.5 [444) 462 (47);
-28.9 (-20.0) - 78.6 (801) 51.6 (526) 74,7 (762) 51.8 (528)
AC20 23.9 (75.0) - — - .- 4.47 (45.6) 2.93(29.9)
21.1 (70.0) 2.45(25.0) 1.50{15.3) 2.81(28.7) 1.83(18.1)
4.4 (40.0) (161) (128) {181) (132) (201) {176}
-6.7 {20.0) —- -~ - - 31.8 (324) 29.8 (304)
~17.8 {0.0) 39.3 (401} 30.5 (311} 45.7 (466) 34.6(353) 45.5 (464) 39.3 {401)
-28.9 (-20.0) -- 71,1 (725) 74.4 (759) 119.2 (1216} 69.6 (710}
30
; s
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Figure 16, Effect of temperature on resilient modulus measured at 0.05 and
0.10 s from start of deformation.
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madulus tor asphalt concrete varies widely with mix
temperature, toading time, asphalt viscosity grade,
aggregate type, and compactive cffort. The most sig-
nificant factor by far is the temperature of the mix.

COMPARISON OF MIXTURE SUSCEPTIBILITY TC
TEMPERATURE CRACKING

General

The primary purpose of this phase of the study was
to analyze the temperature cracking expected to devefop
in the various mixtures. Both stiffness variation with
time and thermal cracking were determined over a
10-year period for the six different mix designs com-
pacted at 75 blows, by using the thermal computer
program developed by Shahin.’

In the program the models and submodeis forming
the system provide for simulation of pavement tem-
peratures, estimation of asphalt concrete stiffness,
prediction of in-service aging of asphalts, and con-
sideration of stochastic variations and thermal fatigue
distresses. Temperature cracking is predicted by the
developed system as the appropriate addition of two
forms of cracking, which are briefly defined below:

(1) low-temperature cracking, which occurs when
the thermal tensile stress exceeds the asphalt con-
crete tensile strength, and

(2) thermal-fatigue cracking, which occurs when the
thermal fatigue distress, due to daily temperature
cycling, exceeds the asphalt concrete fatigue resistance.

The stiffness and temperature cracking were pre-
dicted for the low temperatures and thermal cycles ex-
pected in a 127-mm {5-in.) asphali concrete pavement
at depths of 0, 50.8, and 127 mm (0, 2, and S in.) for
a cold climate (Fairbanks, Alaska), and a moderate
climate (Springfield, {linois), and a4 warm climate
(Houston, Texas). Table 8 shows the input dats for
the three climatic conditions.

Asphalt concrete stiffness

Figure 20 shows the influence of climatic region and
age on the annual maximum stiffness (stiffness on the
coldest day of an average year) of the asphalt concrete
mixes assuming a loading time of one hour. The stiff-
ness was calculated by a computer program developed
by Shahin,® for which the inputs are air temperature,
solar radiation, wind velocity, asphalt-aggregate mix-
ture thermal properties, asphalt penetration and sof-
tening point, and volume concentration of aggregate
in the mixture; inputs for analysis of aging include
penetration, softening point (ring and ball), and per-
centage of original penctration after the thin-film oven
test. In Figure 20 only the stiffness at the pavement
surface and for a compactive effort of 75 blows is
shown. As expected, the calculated stiffnesses ot the
asphalt mixes with both the Pike and Tifton aggregates
were found to increase not only with age and with as-
phalt viscosity but also with the climate becoming
colder. The calculated stiffniesses of the Pike mixtures
containing a given asphalt are slightly greater than those
for the Tilton mixtures at the same temperature. Figure

C——— e

RS TY TELE ¥ RN

e R AT
> O ool .'."“ " o

MR P easictang

Py SFad B



Table 8. Climatic input data for stiffness and thermal cracking analysis.

Cold chimyte

. Input Juty

Averdge annual solar tadiation, J/m* . 108
{langleys per dav) (224)
Average Juby solar radiation, Jrm? - 210
(langlevs per day ) (434)
Average annual wand velocity, m)y 2.4
tmph) (5.3)
Average annual air temp, -3.5
{4 (25.7)
Average annual range of air temp, € 40.3
N {72.0)
Averade daily range ot air temp, 11.8
b (21.3)

20 also shows that the caleulated rate of increase of
asphalt min st iness with age is greatet for the warmed
climates than tor the cold climates.

Thermal cracking

Ihe progression of total calculated thermat cracking
ds the pavement ages is shown (1 ig. 21) tor the various
asphalt concrete mixes designed at 75-blow compaction
for cold, moderate and warm climates, respectively.

The totatl thermal cracking developed by the end of

cach year was determined over a 10-yvear period based

on the low temperatures and temperature cveles expected
al pavement depths ot 0, S0.8, and 125 mm (0, 2, and
Sind. A thermal loading time of one hour as recom-
mended by Shahin® was used in the analysis. The
calculated thermal cracking includes both low-tem-
perature cracking and thermal fatigue cracking,

The analysis shows that, in most cases, thermal
cracking will occur only at the temperatures projected
to prevail at the pavement surface. Figure 22 shows
4 summary of the total thermal cracking predicted o
develop by the end of the 10-year period after con-
struction, for the different mixes and climatic con-
ditions. For depths of 0 and 50.8 mm (2 in.}, respectively,
the mixes with the AC 20 asphalt _ement will experience
the most thermal cracking for all the climatic conditions,
while the least cracking is expected in the mixes using
AC 2.5. There is no consistent pattern showing greater
or lesser cracking in mixes using Tilton aggregate com-
pared with mixes using Pike aggregate. Shahin® has
indicated that cracking of 200 m/305 m? (200 ft/1000
ft2) can be considered severe, Accordingly, it can be
interpreted that the mixes using both the AC S and
AC 20 develop moderately severe to severe thermal
cracking at the pavement surface under cold climatic
conditions, and that mixes with AC 20 have substantial
cracking potential at the pavement surface in the mod-
erate climate also,

Maoderate Gttt Warm climmute

!fw/{vtlf'lﬁ\'\_,’}/u:/‘u/ (Sptatrgtre)d, W) (Howuston, Texgs)

174 203
1360y (420)
2ot 281
(5543 {S80)

5.1 3.4
1. (7.6)
1S 20.5
{(52.7) (68.9)
274 17.4
(49,4 {314
1.0 12
(19.8) (21.8

The resufts of this analvsis show that, cansidering
onfy thermal cracking, mines conwaining cither AC 2.5,
AC 5, or AC 20 would pertorm well in the warm ¢limate
that was studied. Onlv AC 2.5 and AC 5 mines would
pertorm well in the moderate cimate, and only AC 2.5
mixes would perform well in the cold ¢limate, The
suttability of cach of these mixes for adequate perior-
mance under tratfic in a particular chimatic zone will
depend also upon its resistance to rutting and tatigue
distress, Trattic-load-associated distress is discussed
below.

Influence of asphalt cement properties

The influence of asphalt cement properties on ther-
mal cracking can often be evaluated in terms of the
pen-vis number (PVN) (Table 1), Howevet, since com-
parisons in this report are being mdde between mixes
with asphalt coments of different viscosity grades the
cffect of PVYN cannot be effectively evaluated.

Figure 23 and 24 show the influence of asphalt
cement viscosity and penetration, respectively, on ther-
mal ¢racking at the pavement surtace. As expected,
the calculated total thermal cracking incredses with an
increase in asphalt viscosity and decreases with an increase
in penetration,

The influence of climate on the amount of thermal
cracking is also readily apparent in these figures. It
appears that asphalt cements with viscosities (135°C)
less than about 300 mm? /s {300 centistokes) and pen-
ctrations greater than about 120 would not experience
large amounts of thermal cracking in the moderate
climate that was studied. Viscosity less than about
160 mm? /s (160 centistokes) and penetration greater
than about 260 are needed to restrict cracking to an
acceptable degree in the cold climate. In both cases
the predicted cracking after 10 years would then be in
the range of 40-60 m/305 m? (40-60 11/1000 f1°).
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Figure 20. Effectsof age and asphalt grade on stiffness of pavement surface of mixture
compacted at 75 blows,
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Figure 24. Effect of asphalt penetration on projected total thermal cracking at pavement surface 10 years after con-

struction.

It is clear from the figures that asphalt cement properties
such as viscosity and penetration are important in the
design of asphalt concrete pavements that will resist
thermai cracking and that asphalt grades must be
sclected with consideration of climatic conditions.

Summary

Mixes using AC 2.5 asphalt cement and either Pike
or Tilton aggregate show excellent resistance to thermal
cracking in the cotd, moderate and warm climates that
were studied. Mixes with AC 5 also should perform
well in the moderate and warm climates, but show
significant thermai cracking in the cold climate. Mixes
with AC 20 show severe cracking in the cold climate,
considerable cracking in the moderate climate, and
negligible cracking in the warm climate. Asphait
viscosity and penetration, accordingly, have 4 sub-
stantial effect on thermal cracking of the min, But
the choice of grade of asphalt cement should also ac-
count for mixture resistance to traffic-induced distress
(see below).

COMPARISON OF MIXTURE SUSCEPTIBILITY
TO TRAFFIC-LOAD-ASSOCIATED DISTRESS
Stress/strain analysis

An analysis of the behavior of the various asphalt
concrete mixtures under aircraft loading is presented.

The analysis was conducted using a typical airficld
flexible pavement cross section for F-104 fighter air-
craft loading {Fig. 25}, and a computer program'® for
lincar clastic fayered systems. The pavement <tructure
shown in Figure 25 meets the U.S. Army Corps of
Engineers criteria' 7 as to layer thickness and CBR
values. The resilient moduli of asphalt concrete used
in the analysis were taken from relationships between
temperature and resilient modulus determined by
labordtory tests. These values are summarized in Table
9 for three temperatures. Table 9 also shows aircrafi
foads as well as resilient moduli and Poisson’s ratios
assumed for the other layers of the pavement structure.
T'he resilient moduli for the base and subbases were
typical values as measured by Allen and Thompson'®
in repeated-toad triaxial testing. The subgrade was
assumed to be clay, with a modulus of 41 MPa (6000
pst). To simplify the analysis and comparison of the
asphalt concrete mixtures, the moduli of the subgrade,
subbases and base were assumed to be constant through-
out the loading periods at various temperatures. Sig-
niticant seasonal variation of these moduli would be
expected in actual service, especially in frost areas,
The model for elastic layered systems was used to
compute stresses, strains, and displacements at critical
locations in the pavement structures when loaded with
one wheel of the fully loaded F-104 aircraft. The
displacements, strains and stresses directly beneath
the center of the wheel load at various depths below
the pavement surface are tabulated in Appendix C.
The same parameters, which are widely used as indicators
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Figure 25. Aircraft loading and pavement/subgrade
structure analyzed for fatique and rutting. E = Resilient
modulus, n = Poisson’s ratio, and CBR = California
bearing ratio.

of expected pavement performance, are plotted in
Figures 26 to 30 to illustrate the effects of asphalt
viscosity grade, aggregate type, compactive c¢ffort, and
temperature,

Vertical displacement (or deflection) of the pavement
surface {Fig. 26) increased with increased temperature.
Deflection decreased with increased asphalt viscosity
grade, particularly at higher temperatures. The Pike
aggregate in the mix resulted in higher deflection than
the Tilton aggregate. A higher deflection is generally
indicative of relatively fewer load applications to pave-
ment distress occurrence.'®

The temperature of the asphalt concrete has a very
large effect on radial strain at the bottom of the asphalt
concrete layer (Fig. 27). The higher the temperature,
the higher the strain, because of the decrease in resilient
modulus. As the asphalt viscosity grade increases, the
tensile strain decreases, particularly at the highest
temperature. Asphalt concrete containing the Pike
aggregate has greater tensile strains than the mix con-
taining the Tilton aggregate. Data from lable C2

23

(App. C) show that compactive effort has only minimal
ctfect on radial tensile strains,

Radial tensile strain has generally been used as an
indicator of a pavement's susceptibility to tatigue
damage. As arule, a higher strain, whether caused by
4 higher wheel load or by lower subgrade or buse coutse
stiffness, is associated with 4 higher potential for tatigue
damage.2®: 2!+ 22 0 the present comparison, however,
both the wheel load and the subgrade and base course
stiffness are assumed 1o be constant. Consequently,
any difference in radial tensile strain found in this com-
parative study results only from a difterence in the
resilient modulus of the asphalt concrete itselt, and
therefore is associated also with a ditference in the
tensile stress. The variation of the calculated radial
tensile stresses at the bottom of the asphalt concrete
layer (Fig. 28) confirms this principle. Hence, no
special conclusions can be drawn at this point regarding
the significance of the variations in the calculated radial
stresses and strains. An danalysis of fatigue damage is
required for their interpretation {see below).

Vertical subgrade compressive strain is plotted in
Figure 29. As the temperature increasces, the resilient
modulus of the asphalt concrete decredses and the sub-
grade vertical compressive strain beneath the wheel
load increases very significantly. The higher the asphait
viscosity grade, the less the vertical subgrade strain,
especially at the highest temperature. The subgrade
strain was higher in the mix with Pike aggregate than
in the mix with Tilton aggregate. Greater vertical sub-
grade strain has gencerally been associated with increased
load-associated deformation (rutting) ot the pave-
ment 23 24, 25

The vertical stress at the top of the granular base
course increases rapidly as the temperature increases
(Fig. 30). At the highest temperature the vertical stress
decreases as the asphalt viscosity grade incredses. The
Pike aggregate in the mix results in ¢ much higher
vertical stress on the base course at higher temperatures,
The higher the vertical stress on the base course, the
higher the potential for permanent deformation in the
base course, and consequent rutting of the surface.®®

Fatigue damage analysis

The result of fatigue damage from repeated aircraft
loadings is alligator cracking of the asphalt concrete
surface as described and iHustrated by Shahin et al.2¢
The radial strain in the asphalt concrete surface is the
major toad parameter that has been associated with
fatigue damage in flexible pavements.?” 28+ 29 With
asphalt concrete at a given temperature, and having a
certain resilient modulus, higher radial tensile strains
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{ Table 9. Material properties and aircraft loads
, used in stress-strain analysis.
1 a. Material Properties
)
Resilient modulus, [hickness,
’ faver MPu (psi) Foisson's rativ  mm  (in.)
1 variable (see below) 0.30 127.0 (5.0)
,‘ 2 172 (25,000) 0.35 152.4  (6.0)
k. 3 103 (15,000) 0.35 152.4 (6.0}
1 ) 69 (10,000) 0.40 304.8 (12.0)
3 5 41 (6,000 0.45 semi-infinite
i
i b. Aircraft Loading
X}
Aircratt
g wheel load Pressure Rudius
' kN (Ib) kPy  (psi) mm (in.)
3 104.1 (23,400) 1517 (220) 147.83 (5.82)
!
. ¢. Resilient modulus in GPa (psi) of asphalt concrete made with different grades of
' asphalt cement.
j
i Surface
g temp Compaction Pike aggregate lilton uggregute
"C(°F) (blows) AC 2.5 ACS AC 20 AC 2.5 AC S AC 20
) -6.7 50 16.66 19.59 2253 : -
{20) (2,416,000) (2,842,000) {3,268,000) .- -
L 75 21.56 23.51 23.52 26.47 30.39 29.41
! (3,128,000} (3,410,000} (3,411,000) (3,839,000) (4,408,000) (4,266,000)
-7.2 50 5.68 6.66 10.78 - -
(45) {824,000) (966,000) {1,563,000) .-
s 6.86 6.37 10.29 15.68 12.75 14N
{995,000} (924,000 (1,492,000} (2,275,000) (1,849,00G) (2,133,000}
211 50 0.38 043 3.23 -
(70) (55,000) (63,000} (469,000) : -
75 0.39 0.65 1.76 1.57 2,25 4.21
: (57,000) (94,000) (256,000) (228,000) {327,000) {611,000)
1
R in the bottom of the layer, caused by either greater necessary to examine available fatigue failure relation-
A wheel loads or reduced infrastructure support, can be ships.
interpreted to signify reduced number of load applica- Fatigue failure has been observed in repeated-load
tions to cause fatigue cracking (decreased fatigue life). laboratory flexural testing of asphalt concrete beams,
In the present case the variation in radial tensile strains as evidenced by the development of cracks in the beams;
has been calculated under an unchanging wheel load at an and in pavements subjected to traffic loads, by alligator
assumed constant substructure support, and results cracking visible at the pavement surface. For both
only from differences in asphalt concrete mixture classes of fatigue failure, the fatigue life has been ex-
resilient modulus, caused by varying temperatures or pressed as a functior: of tensile strain. In the absence
by different mixtures. Accordingly, as mentioned of data relating fatigue life to tensile strain for the as-
above, to interpret the variation in radial strains it is phalt concrete mixes that are the subject of this report,
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published fatigue data on other asphalt concrete mixes is termed by the author “provisional laboratory fatigue
were used. Hence, the present fatigue analyses will not data,"” and attributed to Nijboer,32 while the second,
yield absolute values of fatigue life, but will be useful after Monismith and Finn,*" is based upon laboratory
only for purposes of comparative analyses of the as- controlled-stress testing of a dense-graded asphalt con-
phalt concrete mixtures, crete mixture with about 5% voids. Two sets of field
Two sets of laboratory fatigue curves are shown in fatigue curves derived by Kingham33 from the AASHO
Figure 31;3% 3! the first, after Heukelom and Klomp,*° Road Test are shown in Figure 32. The first is based
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Figure 31. Laboratory fatigue data.
on analysis of all strain data and load repetitions through- elastic layered system program were used with the tour
out the period of the Road Test, including times when sets of fatigue curves to compute the numbers of foad
the subgrade was frozen. The second is based on an applications of the F-104 aircraft expected to cause
analysis of data that exclude the period when the sub- 1] crack initiation of {aboratory beam specimens and
grades were frozen. 2} field fatigue failure conditions. In some cases the
The resilient moduli of the asphalt concrete and the strains and resilient moduli fell outside the limits ot

radial tensile strajns previously computed with the
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Figure 32, Field fatigue failure curves with and
without datu from trozen periods, after Kingham.*?
the curves. In those cases no laboratory fatigue lives
were estimated, but field fatigue lives were estimated
with the equations representing the respective curves,
and rounded to the nearest 100 load applications.
Consequently, some ol the tield fatigue lives contain
an clement of uncertainty regarding the validity of the
extrapolations beyond the fimits of the curves. The
calculated tatigue lives, listed in Table 10 and plotted
in Figures 33 and 34, show the tollowing resufts:

{1} The two sets of laboratory fatigue curves, which
dare derived trom tests on different asphalt concrete
mixes, give tatigue lives (numbers of load applications)
that generallv are of similar orders of magnitude
tor a given mix at a particular temperature,

{2) According 1o the laboratory fatigue curves,
the fatigue life decreases with increasing temperature,
There is no consistent pattern of significant change
in fatigue life with asphalt viscosity grade, especially
tor mixes with the Tilton aggregate. For mixes with
Pike aggregate at -6.7 and 7.2°C the fatigue curves
of Figure 31b project higher fatigue tife for mixes
with AC 5 and AC 20 asphalt cements, while at
21.1°C the tatigue life is higher for mixes with AC
2.5. The fatigue life in most cases is higher for
mixes with Tilton aggregate than for mixes with
Pike aggregate. There is little change in fatigue life
with the compactive effort used in the mixes.

(3} The two sets of field tatigue tailure curves,
which are based on complete or partial data sets
from the AASHO Road Test, show little difference

in fatigue life at <6.7°C. At higher temperatures
the curves based on all data give much higher fatigue
lives, ranging up to one order of magnitude higher
at 7.2°C and to more than two orders of magnitude
higher at 21.1°C.

(4) From both sets of field fatigue failure curves
the highest tatigue life was obtained for the mix
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with AC 2.5 at 21.1°C. For other mixes and tem-
peratures the curves based on all data give fatigue
lives that increase with increasing temperature,
while the curves based on data that omit frozen
subgrades give tatigue lives that decrease with in-
creasing temperature. There is little variation in
fatigue life with asphalt viscosity grade, except that
a1 21.1°C the tatigue life decreases sharply with in-
creasing viscosity grade. There is little variation in
fatigue life with aggregate type at -6.7 and 7.2°C,
but at 21.1°C the Pike aggregate gives much higher
fatigue lives than the Tilton aggregate. There is little
change in fatigue life with the compactive effort
used in the mixes.

(5) For cither aggregate the fatigue lives given by
any of the four sets of fatigue curves show little
variation with asphalt viscosity grade at -6.7 and 7.2°C.
At 21.1°C the fatigue life is cither abcut the same
for ditferent asphalt grades, as given by both sets
of laboratory fatigue curves, or is much higher for
softer grades, as given by the field fatigue failure
curves,

The large discrepancies evident in the results given
by the various sets of fatigue curves lead to some un-
certainty in interpreting the results, and emphasize the
importance of developing specific criteria of radial
strain vs fatigue tife tor the particular asphalt concrete
mix in question. In the present case one must choose
among the various fatigue curves available from the work
of others, and there is reason to give more credence 1o
the pattern ot variation of fatigue life given by the
field fatigue failure curves. They are based on observed
numbers of load applications to faifure in relation to
tensile stresses and strains developed in the asphalt
concrete under actual tratfic conditions. Also, the
set of field fatigue failure curves based on the complete
data se: from the AASHO Road Test may be the more
reasondble choice, among the two field fauigue curves,
tor application to loads applied throughout the year.
According 1o Kingham,™ this set of curves was selected
by Witczah®? in his development of a design procedure
for airficld pavements.

Accordingly, if the fatigue lives of the various mixes
given by Kingham's*? fatigue curves for the complete
data set are judged to give the most valid comparison
ot the mixes, one concludes that the fatigue life either
is essentially equal for the three asphalt grades or is
highest for AC 2.5 asphalt. Also, the portion of the
tota fatigue life that is expended by one load application
is much higher at Jow and moderate temperatures
(=6.7 and 7.2°C) than at higher temperature (21.1°C).
This finding is reasonable in the light of the conclusion
reached by Freeme and Marais®® that, for pavements
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with thin asphuit concrete suttaces, the fativue lie is
lowest at fow temperatures. But the comparative data
on which 1t s bused are perhaps exaggerated by the

tact that att the radial strains were calculated trom as-
sumed constant values of resilient modulus ol the base
and subgrade soils, In seasonal frost areas, it the tem-
perature of the asphatt concrete were -6.7°C, at least
part of the base and subgrade would be trozen, and the
much higher modulus would result in much lower radial
tensile strain in the asphalt concrete, Consequently, the
latigue lives at 6.7 C would be higher than those
tabuiated. Inspring and early summer, when the sub-
grade would be first thawing and then recovering

from its softened condition, the moduln would be much
lower and the strains much higher. Consequently, the
tatigue Hives tor load applications during this period
would be lower than those tabulated. For these reasons,
the numbers of load applications to tatigue failure
shown in Table 10 do not represent absolute or even
redalistic values of tatigue fite, but are usetul only for
comparison ot the various asphalt concrete mixes.

Rutting analysis

The rutting ot dirfield pavements from repeated
fuads results trom permanent deformation ot the various
pavement tayers and the subgrade. The vertical com-
pressive strain at the top of the subgrade has been con-
sidered a prime factor affecting rutting. Dorman and
Metcalf*® developed strain criteria based upon elastic
Jayered system danalysis and data trom the AASHO
Road Test. A plot of vertical compressive strain at the
top of the subgrade versus the number of load applica-
tions associated with ultimate rut depths of about 19
mm {3/4 in.)2* 3¢ is shown in Figure 35.

Other researchers have developed criteria for lesser
amounts ot rutting.>*+ 37+ *® However, the criteria of
Dorman and Metcalf3¢ are used herein to show the
relative difference in rutting potential between the
mixes.

Table 11 summarizes the estimated number of loud
applications to rutting failure [i.c., about 19 mm (3/4
in.)], computed with the equation given in Figure 35,
based on the calculated vertical subgrade strain sum-
marized in Table C4 (App. C). The results are plotted
in Figure 36 and can be summarized as follows:

(1) Temperature of the asphalt concrete surface
course has a very significant effect on the vertical
compressive subgrade strain and consequently on the
load applications to significant rutting. The higher
the temperature, the fewer the load applications to
significant rutting; this confirms a long-standing

concern tor the Tish ot Tulting i pasements con
structed inwarmer dimngtes, I trost areas, the ver
tical compressive subgtade sttaim weoand be much
incredased during the spring whoen determabd ity of
the suppoiting Livers for the pavement is sncreased.
I such areas itas Hiels that the peniod of greatest
rutting potential would imclude also the peyiod o
moderate temperatures o the spring. Data trom the
AASHO Road Test show that most ratting accuried
during the spring and summier and none during the
winter,

(2) Asphalt viscosity grade had a significant eifect
on rutting at the highest temperature that was ana-
Iyzed. The higher the viscosity grade, the more load
applications were required 1o cause significant rutting,
indicating 4 necd tor asphait ot higher viscosity grades
to be used in warmer climates,

{3) The mix with Tilton aggregate allowed more
load applications to signiticant rutting than did the
mix with Pike aggregate.

A mix parameter that has been considered to be
related to rutting or permanent deformation originating
in the asphalt concrete itself is the Marshall stabiiity
This test is conducted at a temperature of 6G0°C (14071},
which is about the highest temperature of in-service
pavements in moderate and warm ciimates. Some field
data show that in mixes having moderate Marshail
stability fower viscosity asphalt results in greater rutting.
The following data were taken from the Utah experimen-
tal road test:??

Asphalt cement Varshall

used inmix  Mean rutting (12 mos.j stability*, 60°C

AC6 3.5 mm {0.14in.) 345 AN
AC 12 2.1 mm (0.08 in.}) S3HRAN (1200 16y

*Stability of cores at 12 months.

In view of data such as these, the Marshatl stabifities
of the various mixes analyzed in this report were ey
amined in relation to possibfe rutting. The Marshall
stability for cach of the mixes is shown in Figure 7.
These data show that the higher the asphalt viscosity
grade, the higher the Marshall stability, with the one
exception that AC 5 asphalt cement gives higher sta-
bility than AC 20 with Pike aggregate at 50 blows, F'or
75-blow compaction, and including both Pike and Til-
ton aggregates, the following mean stabilities are ob
tained:

S AN (1000 Ib:
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rutting farlure, from Dor-

Table 11. Estimated load applications to rutting failure | Rut depth = 19 mm (3/3

in.}]

Surtyce
Temperature,  Compaction Pike Aygregate Filton Aggregate
C{F) {blows) AC 2.5 ACS AC20 0 A 2S AC 3 AC 20
-6.7 (20) 50 195,618 269,417 362,307
75 331,097 397,110 397,110 S13,867 704,808 654814
7.2(45) 50 34,623 43,162 89,202
75 4.4 852 40,342 82510 174,618 118,984 134359
21.1(70) 50 3,452 3,747 18,046
75 3,056 4,920 10,300 9 396 12,734 24,222

Log N = -10.075-5.025 log .
N = Load Applications.

€, 7 Vertical Compressive Strain on Subyrade (rom [abte C4, App. (.

Asphalt cement

grade Marshall stability  Ratio to AC 2.5
AC 2.5 7.78 KN {1750 Jb) 1.00
ACS 9.34 KN (2100 Ib) 1.20
AC 20 13.03 kN (2930 Ib) 1.67

Although the AC 20 grade, giving the highest sta-
bility, would be expected to have Jess rutting potential
than the AC 2.5 or AC S, the stabihitses given by all
three grades dare so high as to comnate rutting originating
in the asphalt concrete as a signilicant consideration

STRENGTH CORRELATIONS

Astudy was completed to determine it there was
a correlation bepween Marshal stabdiy ) indiedt ten-
sile strength, and modulus of resttierce tor the vatious
mines, boests were pertormed to determine whethier
correlations existed at a signiticance fevel ol 8 ia
0.05), 1t was tound that there was nosignificant cot -
refation fa - 0.051 berween Marshall stabihiny and
modulus ot resifience. However, there was signiticant
cotrelatton (a - 0.05) between Marshall stability and
indirect tensile strength at maderate and higher tem-
peratures. Significant linear cotrelation was tound
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Figure 36, Lstimated load applications to rutting failure.

between indirect tensile strength and resilient modults,
but the correlation is not considered useful because of
excessive scatter in the data,

Marshall stability and indirect tensile strength

Figure 37 shows the linear regression correlations
between Marshall stability and indirect tensile strength
for asphalt mixes using Pike and Tilton aggregates. The
correlation was influenced by test temperature and by
the foading rate used in the indirect tensile strength
determination. A significant correlation (@ < 0.05)
was found between Marshall stability and indirect
tensife strength at 4.4°C and 21.1°C. But the correlation
with indirect tensile strength at ~23.3°C was not sig-
nificant (a = 0.05).

Indirect tensile strength and resilient modulus

There was no significant Tinear correlation (a > 0.05)
between indirect tensile strength and resilient modulus
at a specitied temperature and rate of loading. While
there was significant linear correlation {a < 0.05) when
comparing all data regardless of test temperature and
loading rates {Fig. 38), the correlation is not considered
usctul because of excessive scatter in the data.

Summary

In summary, there would generally appear to be
significant correlation {a = 0.05) between Marshall
stability and indirect tensile strength, Acceptable
lincar correlation was not found between either of
these properties and resilient modulus.
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SUMMARY AND CONCLUSIONS
Recapitulation of investigations

A comprehensive analysis was conducted to predict
nd compadre the thermal cracking and airceaft-load-
assuciated distress in pavements with surface courses
consisting of one of severai asphalt concrete mixtures,
Marshall, Brazit, and modulus of resilience test data
were analy zed and correlations were determined.

Asphalt mix design behavior at fow temperatures
was analyzed over a2 10-vear period, Stitfness histor
and projected thermal cracking were determined .t
various depths for the dif ‘erent mixes.

The behavior of the mixes in gty pical pavement
system was analyzed using the lay ered elastic system
program. Both fatigue damage and rutting analvses
were conducted for the various gsphalt concrete mines.

Summary of resuits

Temperature was found to have considerable in-
fluence on the properties of the asphalt concrete mives
studied. The Marshall stability of the mixes increased
as the asphalt viscosity grade increased from AC 2.5
to AC 20, but the stability of all the mixes was so high
as to preclude concern for pavement distress dependent
upon this test property. The optimum asphalt con-
tent of the mixes decreased with viscosity incredse.
For a given asphalt viscosity and compactive ctfort,
the mean Marshall stabilitics of the mixes with Pike
aggregate were higher than those of mixes with Tilton
aggregate. Mixes compacted at 75 blows generally
displayed higher stability than those compacted at 50
blows.
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The tensile strength of the mines increased as the
asphalt viscosity increased, except that at temperatures
below about ~10°C the strengths of all the mixes tended
to be similar. However, both the tensile strain and
vertical deformation at tailure were less tor the higher
viscosity grades than for the lower viscosity grades.,
Temperatures had substantial influence on the strength
parameters. The tensile strength decreased and the
tensile strain and vertical deformation increased as tem-
perature increased. Aggregate source did not have a
substantial influence on the strength parameters. At
the one test temperature at which pertinent data were
obtained, there was evidence that loading rate influenced
the tensile strength of the asnhalt mixes; the higher
tensile strengths were obtained at the faster rates of
luading.

The resitient modulus of the mixes generally in-
creased as the viscosity grade increased, particularly at
the highest test temperatures, At lower temperatures
(below 0°C), the resilient modutus was not aiways
higher for the mixture containing the more viscous
asphait. The higher compactive effort {75 blows as
compared with 50 blows) resulted in about a 15%
increase in resilient modulus for mixes with Pike ag-
gregate. Mixes with Tilton aggregate displayced a higher
resilient modulus than those with Pike aggregate at
the higher temperatures (greater than 0°C). The resilient
moduli of mixes with the two aggregates differed less
at temperatures below 0°C.

The susceptibility of the various mix designs to
thermal cracking was studied in detail. Studies were
conducted for climatic zones defined as cold, moderate
and warm. The most scvere thermal cracking was pre-
dicted for the cold climate represented by central
Alaska. {n this climatic zone the average annual air
temperature is low and the average annual range of air
temperature is very broad. A study of asphalt mix
stiffness estimated in relation to temperature, asphait
penetration and softening point, volume concentration
of aggregate, and thin-film oven tests indicated that
the mixture stiffness generally increases with age and
with increase in asphalt viscosity grade. Stiffness
changes with age and asphalt viscosity were not greatly
influenced by the aggregate type used in the mix. The
total thermal cracking predicted to develop after a 10-
year period was generally greatest for the mixes with
AC 20 asphalt cement at both the surface and at the
50.8-mm (2-in.) depth. Mixes with the AC 2.5 asphalt
cement displayed the [east amount of thermal cracking.
Mixes using the AC S asphalt cement displayed thermal
cracking intermediate between the mixes using AC
2.5 and AC 20.

Analysis of fatigue damage that would be experienced
in cach of the mixtures when incorporated in 4 pavement

subjected to diteraft trathic, based o tictd St

failure criteria developed for the asphalt concrote poa
ment at the AASHO Raodd Test, showed that tatene
damage under cach Toad appiication would be mos
severe at low temperatures, The analy sis afso showed
that the fatigue damage would be essentiahin vaual tor
the three asphalt grades, except at the highost test
temperature (21,1 L‘(:), which shows tar botter pertor-
mance for the mises with the softer grades of asphalt.
The tatigue performance of the mises with Pihe ag-
gregate is about the sanie as that of mses with Lilton
aggregate at =6.7"C and 7.2 77, and tar better than that
of mixes with Tilton aggregate at 201 € Alises com-
pacted at SO blows displaved o 1ter tatipue performance,
at high temperature, than mises compacted it 75 blows,
while performance of mines designed at the two levels
of compaction was about the same a4t low trmpergiute,

It is again emphasized that no fatieue testing was
performed, and that the analyvses of tatieus pertormance
are based upon relationships amony tensile st <t
ness modulus, and fatigue life developed for othee as
phalt-aggregate mixtures. Henee dhigh degrec ot con
fidence in the results is not justiticd. | atigue testing
of the actuai mixtures that were analy zed would be
needed to reach definitive conclusions regarding the
projected fatigue life of cach mix for cach climatic
zone. The large secasonal variations in subgrade resifient
modulus also should be included in a mote definitive
analysis.

It was found that rutting damage would be mast
severe in warmer climates for the mines anahy zed. The
number of load applications to cause signiticant rutting
generally increased somewhat as the asphalt grade used
in the mix increased from AC 2.5 to AC 20, and the
increase became more signiticant as the temperature
increased. Compared with mixes containing Pike ag-
gregate, the higher resilient modulus of mixes using
the Tilton aggregate resulted in lower vertical strain on
the subgrade and hence better performance in relation to
rutting potential. Also, mixes compacted at 75 blows
displayed less rutting potential than mixes compacted
at 50 blows.

Correlation studies indicated that Marshall stabilits
was significantly related (a < 0.05) 1o indirect tensile
strength at moderate and higher temperatures. Accept-
able lincar correlations between Marshall stabitity and
resilient modulus, and between indirect tensife stiength
and resilient modulus, were not evident,

Conclusions

Conclusions concerning the asphalt concrete mives
that were analyszed are as foilows.




1. Well designed asphalt concrete mines using AC
2.5 asphalt simitar to that tested and described here
should perform satistactorily in cold climates.

2. Mixes using AC 5 asphalt similar 1o that described
here showed little susceptibility to thermal cracking
in the moderate climate, white mixes using the AC
20 asphalt showed negligible thermal cracking in
the warm climate that was studicd.

3. Although the Marshall stabilities of mixtures with
AC 2.5 and AC 5 asphalts are excellent, their lower
resilient moduli at moderately high temperatures
could lead to unacceptable rutting originating in
the subgrades of pavements constructed in warm
climate. Use ot the harder AC 20 asphalt would
give better rutting performance, but it is subject to
moderate to severe thermai cracking. As rutting is
considered to be the more detrimental of these two
distress modes, it is believed the compromise choice
of asphalt for use in warm climate would have to
favor the harder grade.

4. Asphalt concrete mixes using the Tilton aggregates
may be expected to exhibit less rutting potential
than mixes using the Pike aggregates.

5. Mixes compacted at 75 blows generally displayed
higher Marshall stabilities and resilient moduli than
mixes compacted at 50 blows, but there was little
difference in the projected susceptibility to fatigue
and rutting distress.

6. Marshall stability may be significantly related to
indirect tensile strength at « = 0.05.
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APPENDIX A: ASPHALT-AGGREGATE MIXTURE PROPERTIES
BY MARSHALL METHOD
Table Al. Percentage of asphalt* obtained at peak stability, and by
established criteria for air voids, and voids filled.
k 75 blows 50 blows 1
Asphult grude/ Feak 60% vaids 705 voids :
{ Compaction  stubility 5 Air voids filled tilled Averuge E
. £
Pike ayqregate by
AC 2.5 50 blows 5.5 5.1 5.0 5.2
75 blows 4.9 5.0 4.2 4,7
ACS 50 blows 4.5 4.6 - 4.8 4.6
75 blows 4.5 5.0 4.4 4.6
AC 20 50 blows 4.5 4.8 5.0 4.8
75 blows 4.1 4.3 3.9 - 4.1
: ‘ l'ilton aggrequte
L;‘ AC 2.5 75 blows 5.7 5.6 4.7 - 5.3
! ACS  75blows 4.2 4.9 4.2 . 4.4
L' AC 20 75 blows 4.0 4.7 4.2 - 4.3
L i *Percent asphalt by weight of dry aggregate,
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APPENDIX B: EQUATIONS FOR CALCULATING SPECIMEN
PROPERTIES FROM BRAZIL TESTS

Table Bl. Equations for Calculating Tensile Propertics?’ from Brazil lests.

Static Properties

P
. . . : - Fail
(1) Tensile strength ST , psi P AO
DR +A, + 8
L ' . -
(2) Poisson's ratio v DR -A. + B
2 2
Sy
(3) Modulus of elasticity E , psi e (A3 - v -Aa)
Ag - v-Aa’l
(4) Tensile strain «<p = XT Al _— 'AZJ

(3) Compressive strain &g

sy (BT
S R
Repeated~Load Properties
L .
RLa + 8
(6) Instantaneous resilient HRI 1 1
] \ ) =
X Poisson's ratio VRI 7
| RI1

(7) Instantaneous resilient modulus P
pd of elasticity E psi = A, - “AL
RI ’ n 3 RI 4
HRI
P = total load at fatlure (maximum load P ot load at f.rst
Fail max

intlection point), pounds

? s .applied load or repeated load, pounds
h = height of specimen, i1nches
v .
.. DR = dgeformation ratio (—T (the slope of line of dest t:t" beCween
°T
vertical deformation YT and the corresponding horiz.rtal
Y deformatton XT up to failure load
’ t_r = total horizoncal deformation, inches
h
} YT * total vertical deformation, :inches
P
, SH 2 norizontal tangent modulus — (the -lope ot the lire Oof

best fit+ between load P and horizontal defcrmat:ion H.

for loads up to failure load, |

I HR' . IR = .nscantanenus res:lient hor.zonctal anc vertical tetarmat:ons,

R N ‘ respectively

;; 1
A A‘,) , Al , r\z B r\] R r\“ . A_) . k(’ . B1 , B: . 8) . ﬂ_‘ = constants .

(see Table B2).

#lt 18 recommended that the lLine of hest fit be determined by the method ot
least squares.
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APPENDIX C: CALCULATED DISPLACEMENTS
STRAINS AND STRESSES

’

Note: Negative sign used with stresses and strains
signifies compression,

Table C1. Vertical displacement, mm (in.) at various pavement depths beneath centerline of road.

O s =, ¢ o AW - PRI P Y, S PRGITRE PP B G B v 2 i 8 PRI

Surtdce
temperdture,  Compaction Depth Pike aggregate rilton agyregate
Crti rblows) rien iin) AC 2S5 ACS AC 20 AC25 AC S AC 20
-6.7 S0 2.5 (0.1) 1.30(0.051)  1.24 {0.049) 1.19{0.047) - -
(20} 127 (5) 1.30 (0.051) 1.24 (0.049) 1.19(0.047) - -
279 {11} 1,19(0.047) 1.14(0,045) 1.12(0.044) -
432 (17) 1,09 (0.043) 1,04 (0,041} 1.02 (0.040) -
737 (29 0.91(0.036) 0.89(0.035) 0.86(0.034) - -
75 2.5 (0.1) 1.22(0,048) 1.09(0.047) 1.19(0.047) 1.14 (0.045) 1.12(0.044)  1.12 (0.044)
127 {>) 1.22{0.048) 1.17{(0.046) 1.17(0.046) 1.14(0,045) 1,12 (0.044) 1,12 10.044;
279 (11} 1.12 (0.044) 1.09(0,043) 1.09(0.043) 1.07 (0.042) 1.04 (0.G41)  1.04 (0,041}
432 (17} 1.04 (0.041) 1.02(0,040) 1.02(0.040)} 0.84 (0,039} 0.97 (0.038; 0.7 (0.038)
737 (29) 0.86 (0.034) 0.86(0,034) 0.86(0.034) 0.84 (0,033} 0.84(0.033) 0.841{0.033)
7.2 50 2.5 (0.1) 1.68 (0.066) 1.60(0.063) 1.45(0.057) -
(45} 127 (s) 1.65 (0.065) 1.60(0,063) 1.42(0.056) — -
279 (11} 1.45(0.057) 1.42(0.056) 1.30(0.051) - - -
432 (17}  1.30(0.051) 1.27(0.050) 1.17(0.046) - - -
737 (29) 1,02 (0.040) 1.02(0.040) 0.97 (0.038) - - -
75 2.5 (0.1) 1.60(0.063) 1.45(0.064) 1.45(0.057) 1.32{0.052} 1.37(0.054) 1.32 (0.052)
127 (5) 1.57(0.062) 1.60{0.063) 1.45(0.057) 1.32(0.052) 1.37{0.054) 1.32(0.052)
279 (1 I) 1.42 (0.056) 1.42 (0,056} 1.32(0.052) 1.19(0.,047) 1.24(0.049) 1.22 (0.048)
432 (17 1.24 (0,049} 1.27 (0,050} 1.17(0.046) 1.09 (0.043) 1.14(0.045) 1.12(0.044)
737 (”9) 1.02 (0,040} 1.02(0.040) 0.97(0.038) 0.91(0.036) 0.94 {0.037) 0.91 (0.036!
210 50 2.5 {0.1) 2,95(0.116) 2.84(0.112) 1.88(0.074) - - -
(70 127 (5)  2.62(0.103) 2.84(0,102) 1.85(0.073) — - -
279 (11} 2,11(0.083) 2.08 (0,082) 1.60{0.063) - -
432 (17} 1.73(0.068) 1.70(0,067) 1.40(0.055) - —
737 (29) 1.27 (0.050) 1.24 (0.049) 1.07 (0.042) - - -
75 2.5 (0.1} 2.92(0.115) 2.62(0,103) 2.13(0.084) 2,18 (0.086) 2.03(0.080) 1,78 (0.070)
127 (5)  2.62(0.103) 2.44(0.096) 2.08 (0.082) 2.11(0.083) 1.98(0.078} 1.75(0.069)
279 (11} 2,08 (0.082) 1.98(0.078) 1.75(0.069) 1.78 (0.070) 1.68 (0.066) 1.52(0.060)
432 (17} 1.73(0.068) 1.65(0.065) 1.47(0.058) 1.50(0.089}) 1.45(0,057) 1.35(0.053)
737 (29) 1.27(0.050)  1.22(0.048) 1.12{0.044) 1,14 (0.045) 1.12(0.044) 1.07 {0.042)
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. Table C2. Radial strains at various pavement depths beneath centerline of load.
al
! Surfuce
\ temperature, Compaction Depth Pike agyreqate lilton uggrequte
q CC(°F) (blows) mm (in) AC 2.5 ACS AC 20 AC 2.5 AC S AC 20
3 ‘ -6.7 S0 2.5 (0.1} -2,46E.04 -2,18E-04 -1,96t-04
= (20) 127 (5) 2.626-04  2.33E-04  2.10L-04 - -
279  (11) 3.09£-04 2.80E-04 2.57E-04
i 432 (17) 3.02E-04 2.77E-04 2.56E-04 -
4 737 (29) 2.51€-04 2.35E-04 2,21E-04 -
' 75 2.5 (0.1) -2.02E-04 -1.89E-04 -1.89E-04 -1.55E-04 -1.55E-04 -1.59E-04
127 (5) 2.17E-04 2.03E-04 2.03E-04 1.86E-04 1.67E-04 1.71L-04
279 (1) 2.64E-04 2.50E-04 2.50E-04 2.32E-04 2.12E-04 2.16E-04
432 (17) 2.63E-04 2.50E-04 2.50E-04 2.34E-04 2.16L-04 2.20E-04 4
737 (29) 2.25E-04 2.16E-04 2.16E-04 2,05E-04 1.92£-04 1.95E-04 A
. 50 2.5 (0.1) -5,23E-04 -4, 71E-04 -3.37E-04 - - -
(45) 127 (5) 5.42E-04  4.90E-04  3.57E-04 - - -
279 {11) 5.52E-04 5.11E-04 3.97E-04 . -
432 (17) 4.49E-04 4,59E-04 3.73E-04 - - -
737 (29) 3.61E-04 3.45E-04 2.96E-04 - —
75 2.5 (0.1) -4,61E-04 -4.85E-04 -3.49E-04 -2.57E-04 -2,99E-04 -2.69E-04
127 (5) 4.81€-04 5.04E-04 3.68E-04 2.74E-04 3.18E-04 2.87E-04 {
279 (11) 5.03E-04 5.22E-04 4.07E-04 3.21E-04 3.62E-04 3.33E-04 k
432 (17) 4,54E-04 4.68E-04 3.81E-04 3,11E-04 3.45E-04 3.21E-04 !
737 (29) 3.42E-04 3.50E-04 3.01E-04 2,57E-04 2.79E-04 2.64E-04 i
;. | 21.1 50 2.5 (0.1) -2,16E-03 -2.06E-03 -7.51E-04 - - - ;
. 70) 121 (5) 1.45E-03 1.44E-03 7.50E-04 - - —
1 ‘ 279 (11) 1.31E-03  1.286-03  7.10E-04 - - - |
- 432 (17) 9.61E-04 9,43E-04 5.96E-04 - — — "‘
737 (29) 5.73E-04 5.65E-04 4.13E-04 — — - ’:
i 75 2.5 (0.1) -2.14E-03 -1.74E-03 -1,06E-03 -1.14£-03 -9.29E-04 -6.37E-04 :
| 127 (5) 1.45E-03 1.37E-03 1.00E-03 1.06E-03 9.00E-04 6.47E-04 I'
E | 279 (1Y) 1.30E-03 1.18E-03 8.92E-04 9.27E-04 8.18E-04 6.34E-04 &
4 432 (17) 9.57E-04 8.81E-04  7.10E-04  7.32E-04 6.65E-04  S.45E-04 K
] 737 (29) 5.72E-04  S5.35E-04  4.62E-04 4.71E-04  4.43E-04  3.89E-04 r‘
!
! ;
]
3]
]
{
.
i
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Table C4. Vertical subgrade strain beneath centerline of load.

YRSV

Toesparatine,  COompyg ticn bike aggregote Litton aygregute
¢ t Chtownd A 25 AC S AC 20 AC 25 AC 5 AC 20
-t S0 -8.750.04 -8.216-04 =7.74L-04
(i 7S -7.88L.-04 -7.60E-04 ~7.60t.04 -7.22L-04 -6.78L-04 -6.881 .04
T2 50 =12.35L-04 -11.82L-04 -10.23b-04
[BAY 7S -19.736-04 -11.98E-04 -10.39t-04 -8.95L-04 -4.66L -0 “49.17t-049
211 S0 -19.548-04  -19,23E-04 -14.06L-04 -
[ 7S ~19.48E-04 -18,21E-04 ~15.72L-04 -16,0)E-04 -15.07L-04  -13,26L-04
0.-2 0
6 ML ¢, = vertical subgrade strain
E
o, = radial subgrade stress

o, = vertical subgrade stress

. . , . E = subgrade modulus
u = Poisson’s ratio
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