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LITERATURE REVIEW
SIMPLE TEST METHOD FOR POSSIBLE USE IN PREDICTING

THE FATIGUE OF ASPHALTIC CONCRETE

by

J. R. Freeman, Jr.
Engineer Trainee

and

G. W. Maupin, Jr.
Research Engineer

It has been recognized for many years that fatigue is one of many mechanisms
by which asphaltic concrete pavefnents fail. Experience and empirical design procedures
such as those developed by Marshall and Hveefn have enabled engineers to design mixtures
against most common premaiture failure mechanisms sﬁch és rutting an.d bleeding, imt due
to the complex nature of fatigue failure it is difficult to analyze and to design pavements
preventing fatigue failure.

It is possible to define the fatigue behavior of an asphaltic concrete by running a
sveries of fatigue tests; howevér. the required equipment is very expensive and the testi'r_lg
time is usually in terms of Weeks. which make routine fatigue testing and design impractical.

If fatigue behavior could be defined by a relatively simple, fast, and inexpensive test,

many premature fatigue failures could be prevented.
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PURPOSE
The purpose of this literature review was to examine simple test methods that
possibly could Be used to delineate the fatigue properties of asphaltic concrete. The
literature review is one part of a multiphase project whose ultimate goal is the development
of a simple test to predict the fatigue béhavior of asphaltic concrete.

Four of the most promising simple tests for use in predicting the fatigue properties

of asphaltic concrete will be analyzed in a laboratory investigation.

SIMPLE TESTS
Because fatigue failure usually is caused by repetitions of tensile stresses and
strains, it is logical that the simple test should provide for testing in a tensile mode.
The findings from the literature search which follow concentrate on but are not limited
to the following items:
1. Tensile testing.
2, Simplicity of samplé preparation.
3. Utilization of laboratory and pavemeht samples..‘
4. Sensitivity of test method to:
A. Aggregate shape, texture, and gradation.
B.. Mineral filler.
C. Test temperature.
D. Rate of deformation.
E. Asphalt content and grade.

5. Predictive capability of fatigue behavior.
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SIMPLE TESTS USED FOR ASPHALTIC CONCRETE

" Indirect Tensile Test

The indirect teﬁsile test w;s develc;ped in 1952’; by éa‘rnéiro anci Barcellos of

Brazil and Akazawa of Japan, working i.ndepenelently. The test was devélobed for use
in testing cyliﬁdrical concrete specimens by applying compressive loads along a diametrical
plane through two opposite loading heads. This loading condition produces a relatively‘
uhiform stress which acts perpendicular to the applied load plane and the specimen
.usually fails by splitting along the loaded plane. ) - |

i Tirﬁoshenko and Goodier(z) developed the theory showing stresses present in a
circular disk when two equal and opposite forces act aleng the diametrical piane. Figure

1 shows the stresses developed in‘a circular disk when the forces are applied.

Figure 1. Stresses in a circular disk. @)

The thickness of the plate is unity and the load, P, is assumed to be distributed

uniformly over the unit thickness. ‘Cons idering a situation where the disk is loaded only

-3~
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from the top, the stress, 0., at a point M can be determined by simple radial stress
distribution. This simple compression stress is ln the radial direction and can be

computed by

=- 2P Cosg
T T @)

Or
When two equal and opposite forces act on the disk, each force produces a
simple radial stress distribution. Again using a point M, it would have two compressive
forces acting on it in the directions r and r;. These forces are equal to 2P Cos® gop p
i r

and 2P Co0S6p for ry. Since r and r, are perpendicular to each other, it can be

m ri
shown that C0s6 = %"Gl =1, where d is the diameter of the disk. It can now be seen
r ry d
- that the compressive forces acting in the direction of r and r; are equal and of magnitude
2P,
md

Timoshenko used this theory to develop equations for %x and Oy along the horizontal
4diametrical axis. However, for use with the indirect tensile test, equations must be
developed that can compute the x and y stresses for any point on the disk. These were
developed by Frocht(3) using a system of rectangular stress components.
| ‘Frocht used the theory of Timoshenko in his develépmeﬁt of the equatioﬁs. HIS
equation for simple radial compressive stress was the same as Timoshenko's except that
he did not assume the thickness to be unity. Frocht's equation for 0, is stated as:

g = - ZP COSG (2)

r ¢ r

where: t =the thickness of the (iisk.

Using this eciuation for simple radial compressive stress and the system of
rectangular stress components shown in Figure 2, Frocht developed the equations for
stresses in the x and y directions at any point to be |

- ) noain2 2P
Ox = 0 sin 61+0rs1n 62+m : 3)
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R =
Figure 2. Sketch showi é; notation for rectangular stress
components.( ) :

By the substitution of various expressions into the equations, they can be

éimplified into the form

o= 2P [R-y)x2 , ®+yx2 _1 ®) -
S 2 T ra4 . d A . .

o,= 2P (R -y)3 +(R+'y)3 ‘-'1_ o R - 6
y 1rt< r14 ro4 d) ©)

The stresses developed on the horizontal diametrical plane by use of the above

*

equations are shown in Figure 3. The equations for these stresses are

o - 2P [d?-4x2)2 |
x ntd \ d2 +4 x2 ’ ‘ _ , )

o = -2P ~ 4d2 ' - 4 ) (8)
X Ttd (dz +4 x2)2

with9x being a tensile stress and 0y being compressive.
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Figure 3. Stress distributions on x-axis. @)
The stress distributions along the vertical y-axis through the use of equations

5 and 6 are shown in Figure 4. These equationé can be ‘simplified to be®)

T td ' :
o, - —2P 5 5 1
X = = + - = 0
v ntd \d -2y d+2y d | 10)

\ dX,Tension
. ._2P
wtd

o_,Compression y
- Y |

L

N

Figure 4. Stress distributions on y-axis. @)

i



e
>3
Z -

I 3a!

Variations from Theory

The theory which has been developed will give the exact solution for an idealized
case. Howevex;. in testing asphalt theoretical conditions will never be attained.
Assumptions that were made during the development of the theory are:a)

1. Homogeneity of asphaltic concrete.

2. Hooke's law is valid for.asphaltic concrete.

3. Point loading.

Since these assumptions are not valid for the iﬁdirect tensile test the variations have to be
considered.

Bituminous materials are heterogeneous, whiqh causes a less than ideal condition.
The heterogeneity(l) of the material affects the stress distributions, however fhe degree |
to which they dQ so has not been determined. Tests which have been performed show that
the heterogeneity of the material definitely affected the stress distribufions, although it
was to ~su.ch a small degree that the te~st was considered satisfactory for use..

Frocht's theory considers the material to be linearly elastic. This is not true
for bituminous materials tested at slow loading rétes because they show a visco-elastic
behaviof. Heukelom and Klomp(4) stated that Van der Poel defined the stiffness modulus
of a visco-elastic material as time and temperature dependent. This is shown in Figure 5,
where asphalt was subjected to a slow loading rate and a fast loading rate. ’

When the asphalt is subjected to a slow loading rate, it behaves as a viscous
material and flows under a constant load. ®) As the loading rate is increased, the |
material will becomé more elastic, and it becomes almost completely elastic at very

fast loading rates.
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Log S _ Viscous (Slow Loading Rate)

/-— Elastic (I'ast Loading Raté)

Visco-elastic —/

Logt

Figure 5. Stiffness modulus for asphalt as a function of the loading time. (4)

In static testing such as is usually done in the indirect tensile test, the modulus
of elasticity increases with increased loading rates. The University‘of Texas(®) performed
tests on asphalt specimens bylvarying the loading rates and recording the effect on the specimens.
It was found that loading rates ranging from 0 05 in. /min. (1.3 mm/min.) to 0.5 in. /_min.
(1.2A...7 mm/ mbin.) caused a fairly fast increase in the modu1u§ of elasticity as the rate was
.i_ncx"ease‘d. For rates of 0.5 in. /min. (12.7 mm/in.) upto 6 in./min. (152.4 mm/min. ),
the modulus of elasticity increased at a much slower degree with an increased loading rate.
'i‘he development of the indirecf fensile theory assumed that bituminous 'niaterials
' obey Hooke's law, that is, stres.s is proportional to strain. @) However, this is not true
‘because f:h.e mcidulus of elasticity will decrease with -increased stress. Wrigvht(ﬁ) felt- that
because of the nonelaétig nature of the material, the more highly stressgd parts of the

specimen would be relieved by.throwing the stress on elements where the stress was lower.

This in turn would cause an increase in the load required to break 'the specimen. Hudson
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and Kennedy(l) felt that so long as the specimens fa.illthed in tension, the results obtained
from the indirect tensile test were éaéiéfactory for use.. However, for less brittle
materials, -such as asphaltic clzonc.‘r»ete in a' "wa;'m stafé. théA test did not give satisfactory
results because the specimen v(10u1d faii:in cofnpres_s_ioh.

Frocht's theory also assumed that the loading was a point loading not spread
evenly over a 1/2" (12.7 mm) wide loading str.ip as is the case in the in.direct tensile
test. The st'ress components that are developed by the loading strips are shown in

Figure 6.

y
ll]]| Pressure "p"

o
-

yyv

Figure 6. Stress components of specimen compressed using loading
strips. ©®) ' ' :

Hondros(7) developed equations for the stresses along the principal diameters
when using loading strips. It was found that the stress distributions did vary from those
caused by a point loading; however, the stresses at center were the same for both point

loading and with the loading strips. .The stress distributions ©) produced when the loading

-9-
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heads are used are shown in Figure 7. It can be seen' that the oy stress goes from
tension in the center to compression as it apﬁroac‘hes the loading strips. Hondrosa)
states that the 'compressi.ve stress along the y;axis is’.'approximately twice that of the
tensile stress. Therefore, sinée asphalt can ~withs_tand éonsiderable more compressive
stress than tensile stress, the specimen will fail in tension.

. In a report published by Hadley, Hudson, and Kennedy, (8_) the effects of va.rying
the properties of bituminous concrete on the indirect tensile strength and modulus of |
elasticity were discussed.: The values of tensilq strength and modulus of elasticity were
determined by using a regression analysis and varying the aggregate type, gradation, asphal

cement type, asphalt content, and compaction temperafure‘. The values are shown in Tables

" 1 through 4.

!
)
o
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o
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Tension

1 | 1 1 | I | 1

I
150 f8.% Ju.2 0 -T2-7u-le-"8-1.0
Tension<—}— Compression

Figure 7. Stress distributions along principal axes when a 0.4" wide
laadine strin is nsed. (9)
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Table 1

ESTIMATED INDIRECT TENSILE STRENGTHS FOR
ASPHALT-TREATED LIMESTONE MIXTURES
(From Refcrence 8)

Present author's note — Basic conversion unit:

-11-

Fine Medium Coarse
AC-10 AC-20 | AC-5 AC-10 AC-20| AC-5 AC-10 AC-20
4, - - - 40.6 53.6 71.8 88.8 101.9 120.0
4.5 2.3 15.3 33.5 66.0 79.0 97.2 | 103.5 116.5 134.7
- 5, 32.7 45.7 63.9 85.7 98.7 116.9 | 112.4 125.4 143.6
5.5 57.3 70.3 88.5 99.5 112.5 130.7 | 115.5 128.5 146.7
6. 76.2 89.2 107.4 [ 107.6 120.6 138.8 | 112.8 125.8 144 .0
6.5 89.2 102.2 120.4 [109.9 122.9 141.1 | 104.4 117.4 135.6
8 7. 96.5 109.5 127.7 |106.4 119.5 137.6 90.2 103.2 121.4
™ 7.5 98.0 111.0 129.2 97.2 110.2 128.4 70.2 83.2 140.4
8. -93.8 106.8 125.0 82.2 95.2 113.4 44 .4 57.4 75.6
8.5 83.8 -96.8 115.0 61.4 74.5 ‘92.6 12.9 25.9 44,1
9. 68.0 81.0 99.2 34.9 47.9 66.1 - - 6.8
9.5 46 .4 59.4 77.6 2.6 15.6 33.7 - - -
10. 19.0 32.1 50.2 - - - - - -
4, - - 10.5 | 69.3 82.3 100.5 ] 133.2 146.2 164 .4
4.5 19.2 32.2 50.4 94,7 107.7 125.9 | 144.1 157.1 175.3
5. 53.3 66.3 84.5 | 114.4 127 .4 145.6 1 149.2  162.,2 180.4
5.5 81.7 94 .7 112.9 |128.2 141.2 159.4.| 148.% 161.6 179.8
6. 104.2 117.3 135.4 | 136.3  149.3 167.5 | 142.1 155.2 173.3
6.5 121.1 . 134.1 152.3 | 138.6 151.6 169.8 | 130.6 143.0 161.2
o 7. 132.1 145.1 163.3 | 135.2 148.2 166.4 | 112.0 125.0 143.2
Q 7.5 137.4 150.4 168.6 | 125.9 138.9 157.1 88.3 101.3 119.5
8. 136.9 149.9 168.1 | 110.9 123.9 142.1 58.8 71.8 0.0
8.5 130.6 143.6 161.8 | 90.2 103.2 121.4 23.5 36.5 54,7
9. 118.5 131.6 149.7 63.6 76.6 94.8 - - - . 13.3
9.5 100.7 113.7 131.9 31.3 44,3 62.5 - - -
10. 77.1 90.2 108.3 - 6.2 24.4 - - -
4, - 5.4 23.6 98.0 111.1 129,21 177.5 190.5 208,
4.5 36.0 49.0 67.2 | 123.4 136.5 154.6 | 184.7 197.7 215.
5. 73.9 86.9 105.1 | 143.1 156.1 174.3 ] 186.0 199.1 217.
5.5 106.0 119.0 137.2 | 156.9 170.0 186.1 1] 181.6 197 212,
6. 132.3 145.4 163.5 | 165.0 178.0 196.2 | 171.5 184.5 202.
6.5 152.9 165.9 184.1 | 167.3 180.4 198.5 ] 155.5 168.6 186.
S 7. 167.7 180.7 198.9 ] 163.9 176.9 195.1 ] 133.8 146.8 165.
© 7.5 176.7 189.7 207.9 | 154.6 167.7 185.8 | 106.3 119.4 ~137.
8. 180.0 193.0 211.2 | 139.6 152.7 170.8 73.1 86.1 104,
8.5 177 .4 190.5 208.6 | 118.9 131.9 150.1 34.1 47.1 65.
9. 169.1 182.2 200.3 92.3 105.3 123.5 - 2.3 20.
9.5 155.1 168.1 186.3 60.0 73.0 91.2 - - -
10. 135.2 148.2 166 .4 21.9 34.9 53.1 - - -

1 psi = 6894 Pa.
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Table 2

ESTIMATED INDIRECT TINSILE STRENGTHS FOR

ASPIALT-TREATED GRAVEL MIXTURES
' (From Reference 8)

Present author's note — Basic conversion unit: 1 psi = 6894 Pa.

‘-12-

Fine Mediun Coarse

AC-10 AC-20 | AC-5 AC-10 AC-20 | AC-5 AC-10 AC-20
4, 9. 22.1 40.2 | 40.6 53.6 71.8 | 46.0 59.0 77.2
4.5 38.0 51.1 69.2 | 66.0 79.0 97.2 | 67.8 80.8 99.0
.5. 61.3 74.3 92.5 | 85.7 98,7 - 116.9 | 83.8 96.8 115.0
5.5 78.7 91.8 109.9 | 99.5 112.5 130.7 | 94.1 107.1 125.3
6. 90.4 103.5 121.6 |107.6 120.6 138.8 | 98.5 111.5 129.7
6.5 96.4 109.4 127.6 |109.9 122.9 1431.1 | 97.2 110.3 128.4
g | 7. 96.5 109.5 127.7 |106.4 119.5 137.6 | 90.2 - 103.2 121.4
« 1 7.5 90.9 103.9  122.1 | 97.2 110.2 128.4 | 77.3 90.3 108.5
8. 79.5 92.5 110.7 | 82.2 95.2 113.4 | 58.7 71.7 89.9
8.5 62.3 75.3 93.5 | 61.4 74.5  92.6 | 34.3 47 .4 65.5
9. 39.4 1 52.4 70.6 | 34.9 47.9 66.1 4.2 17.2 35.4

9.5 10.7 23.7 41.9 2.6 15.6 33.7 - - -

10. - - 7.4 - - - - - -
4, 22.1 35.1 53.3 |. 9.3 82.3 100.5 | 90.3 103.3 121.5
4.5 54.9 67.9 86.1 71 94.7 .107.7 125.9 |108.4 121.4 139.6
5. 81.9 94.9 113.1 {114.4 127.4 145.6 [120.6 133.6 151.8
5.5 |103.1 116.1 134.3 |128.2 141.2 159.4.(127.1 140.1  158.3
6. 118.5 131.6  149.7 [136.3 149.3 167.5 |127.9 140.9 159.1
6.5 |128.2  .141.2 159.4 |138.6- 151.6 169.8 |122.8 135.8 154.0
ol 7. 132.1 - 145.1 163.3 |135.2 148.2 166.4 (112.0 125.0 143.2
Nyl 7.5 |130.2 143.2 161.4 {125.9 138.9 157.1 | 95.4 108.4 126.6
8. 122.6 135.6 153.8 [110.9 123.9 142.1 | 73.0 86.1 104.2
8.5 |109.2 1922.2  140.4 | 90.2 103.2 121.4 | 44.9 57.9 76.1
9. 90,0 103.0 134.2 | 63.6 76.6. 94.8 | 11.0 264.0- .42.2
9.5 65.0 78.0 96.2 | 31.3 44,3 62.5 - - 2.5

10. 34.3 47.3 65.5 - 6.2 24.4 - - -
4, 35.2 48.2 66.4 | 98.0 111.1 129.2 |134.6 147.7 165.8
4.5 71.7 84.8 102.9 |123.4 136.5 154.6 |148.9 162.0 180.1
5. 102.5 115.5 133.7 |143.1 156.1 124.3 {157.5 170.5 188.7
5.5 1127.4 140.5 158.6 |156.9 170.0 188.1 |160.2 173.,2 = 191.4
6. 146 .6 159.7 177.8 |165.0 178.0 196.2 [157.2 170.2 188.4
6.5 |160.1 173.1  191.3 |{167.3 180.4 198.5 [148.4 161.4 179.6
g | 7. 167.7 180.7 198.9 [163.9 176.9 195.1 {133.8 146.8 165.0
@l 7.5 1169.6 182.6  200.8 [154.6 167.7 185.8 1113.5  126.5 144.7
8. 165.7 178.7 196.9 |139.6 152.7 - 1720.8 | &7.4 100.4 118.6
8.5 1156.0 169.0 187.2 |118.9 131.9 150.1 | 55.5 68.5 86.7
9. 140.6 i53.6 171.8 | 92.3 105.3 123.5 | 17.8 30.9 49.0
9.5 |119.4 132.4 150.6 | 60.0 73.0 91.2 - - 5.6

10. 92.4 105.4 123.6 | 21.9 34.9 53.1 - - -



Table 3

ESTIMATED MODULUS OF ELASTICITY VALUES FOR
ASTHALT-TREATED LIMESTONE MIXTURES

(From Reference 8)
All values are in psi and must be multiplied by 10

5

Present author's note — Basic conversion unit; 1 psi = 6894 Pa.

VAR

Fine Medium Coarse

AC-5 AC-10  AC-20 AC-5 ~AC-10 AC-20 AC-5 AC-10 AC-20
4, - - 0.322 |1.401 1.732 2.194 | 2.485 2.816 3.278
4.5 .300 .630 1.093 11.926 2.256 2.719 |1 2.763 3.094 3.556
5. .942 1.272 1.73512.322 2.652 3,115 12.913  3.243 3,706
5.5 1.456 1.786 2.249 | 2.589 2.920 3,382 12.934 3.264 3.727
6. 1.841 2.172 2.634 | 2,728 3.059 3.521 | 2.827 3.157 3.620
o 6.5 2.098 2.428 2.891 | 2.739 3.069 3.532 12.591 2.921 3.384%
I 7. 2,226 2.557 3.019 | 2.621 2.951 3.414 12.226 2.557 3.019
7.5 2.226 2.557 3.019 | 2.374 2.704 3.167 | 1.734 2.064 2.527
8. 2.098 2.428 2.891 | 1.999 2.329 2.792 {1.112 1.442 1.905
8.5 1.840 2.171 2.633 [ 1.496 1.826 2.289 [ 0.362 .693 1.155
9. 1.455 1.785 2.248 :864 1.194 1.657 - - .277

9.5 .941 1.271 1.734 103 433 0.896 - - -

10. .298 0.628 1.091 - - - - - -
4, - - 0.316 | 2.163 .2.493 2.956 ] 4.014 4,344 4,807
4.5 422 .752 1.215 | 2.687 - 3.018 3.480 | 4.164 4,494 4,957
5. 1.192 1.522 1.985 | 3.083 3.414 3.876 | 4.186 4,516 4,979
5.5 1.834 2.164 2.627 [3.351 3.681 4.144 | 4.079 4,409 4,872
6. 2.347 2.677 3.140 | 3.490 3.820 4,233 | 3.844 4,174, 4.637
6.5 2,732 3.062 3.525 | 3.500 3.830 4.293 | 3.480 3.810 4,273
Q 7. 2.988 3.318 3.781 | 3.382 3.712 ° 4.175 | 2.988 3.318. 3.781
o 7.5 3.116 3.446 3.909 | 3.136 3.466 3.929 | 2.367 2.697 3.160
8. 3.115 3.445 3.908 | 2.761 3.091 3.554 |1.618 1.948 2.411
8.5 2.985 3.316 3.778 | 2.257 2.587 3.050 [0.740 1.070 1.533
9. 2.728 3.058 3.521 | 1.625 1.955 2.418 - .064 .527

9.5 2.341 2.672 3.134 865 1.195 1.658 - - -

10. 1.826 2.157 2.619 - .306 .669 - - -
[ - - 0.311 | 2.924 3.255 3.717 |5.542 5.873 6.335
4.5 544 .875 1.337 | 3.449 3.779 4.2062 15.565 5.895 6.358
5. 1.442  1.773 2.235 | 3.845 4,175  4.638 [5.459 5.789 6,252
5.5 2,212 2.542- 3.005 |4.112 4.443 4.905 | 5.224 5.554 6.017
6. 2.853 3.183 ~ 3.6406 | 4.251 4,581 5.044 |14 .861 5.191 5.654
o 6.5 3.365 3.6906 4,158 | 4.262 4,592 5.055 | 4.369 4,700 5.162
Q 7. 3.749 4,080 4.542 [ 4.144 4.474 4.937 |3.749 4.080 4,542
7.5 4,005 4,335 4,798 |3.897 4,227 4,690 |3.001 3.331 3.794
8. 4,132 4,462 4,925 13.522 3.852 4.315 | 2.124 2.454 2.917
8.5 4,130 4,401 4,923 13.019 3.349 3.812 11.118 1.448 1.911
9. 4 .000 4,331 4.793 |2.387 2.717 3.180 - 314 777

9.5 3.742 4,072 4,535 11.626 1.956 2.419 - - -

10. 3.355 3.685 4,148 10,737 1.067 1.530 - - -



Table 4

ESTIMATFD MODULUS OF ELASTTCITY VALULS FOR
ASPHAL[ -TREATED GRAVEL MIXTURES
(From Reference 8)

Note: A11 values are in psi and must be multiplied by 10

5

Fine Medium Coarsc

AC-5 AC-10 AC-20 | AC-5 AC-10 AC-20 AC-5 AC-10 AC-20
4. - .263 .725 .906 1.236 1.699 | 1.091 1.421 1.884
4.5 .554 .884 1.347 |1.430 1.761 2.22311.519 1.849 2.312
5. 1.046 1.376 1.839 |1.826 2.157 2.619 | 1.818 2.149 2.611
5.5 1.410 1.740 2.203 | 2.094 2.424 2.887 | 1.989 2.319 2.782
6. 1.645 1.976 2.438 12.233 2.563 3.026 | 2.032 2.362 2.825
o 6.5 1.752 2.083 2.545 | 2.243 2.574 3.036 | 1.946 2.276 2.7329
Q 7. 1.731 2.061 2.524 12.125 2.456 2.918 | 1.731 2.001 2.524
7.5 1.581 1.911 2.374 11.879 2.209 2.672 11.388 1.718 2.181
8. 1.302 1.633 2.095 | 1.504 1.834 2.297 .916 1.247 1.709
8.5 .896 1.226 1.689 |1.00C0 1.330 1.793 .316 647 1.109
9. .360 .650 1.153 .368 .698 1.161 - - 0.381

9.5 - .026 0.489 |- = - 0.401 - - -

10. - - - - - - - - -
4, - .257 - - .720 | 1.667 1.998 2.460°12.619 2.950 3.412
4.5 .676 1.006 1.469 |2.192 - 2.522 2.985 12.919 3.250 3.712
5. 1.296 1.626 2.089 | 2.588 2.918 3.381 | 3.091 3.421 3,884
5.5 1.788 2.118 2.581 | 2.855 3.186 3.648 | 3.134 3.464 3.927
6. 2.151 2.481 2.944 12.994 3.325 3.787 | 3.049 3.379 -3.842
6.5 2.386 2.716 3.179 |3.005 3.335 3.798 | 2.835 3.165 3.628
2 7. 2.492 2.823 3.285 |2.887 3.217  3.680 |2.492 2.822 3,285
N 7.5 2.470 2.801 3.263 | 2.640 2.970 3.433 |1 2.022 2.352 2.815
8. 2.320 2.650 3.113 {2.265 2.595 3.058 [ 1.422 1.752 2.215
8.5 2.040 2.371 2.833 |1.762 2.092 2.555 .694 1.024 1.487
9. 1.633 1.963 2.426 {1.130 1.460 1.923 - .168 0.631

9.5 1.097 1.427 1.890 .369 .699 1.162 - - -

10. 0.432 .762 1.225 - - 0.273 - - -
4, - .252 714 12,429 2.759 3.222 | 4.148 4,478 4,941
4.5 .798 1.128 1.591 | 2.953 3.284 3.746 | 4.320 4,650 5.113
5. 1.546 1.876 2.339 | 3.349 3.680 4,142 [ 4.364 4 .694 5.157
5.5 2.166 2.496 2.959 |3.617 3.947 4.410 [4.279 4.609 5.072
6. 2.657 2.987 . 3.450 {3.756 4,086  4.549 [4.066 4.396 4,859
o 6.5 3.020 3.350 3.813 [3.766 4 .096 4 .559 | 3.724 4,054 4,517
Q 7. | 3.254 3.584 4,047 |3.648 3.978 4. 441 |3.254 3.584 4 .047
7.5 3.360 3.690 4,153 1 3.402 3.732 4,195 12.655 2.985 3.448
8. 3.337 - 3.667 4.130 |3.027 .3.357 3.820 }1.928 2.258 2.721
8.5 3.185 3.516 3,978 |2.523 2.853 3.316 [1.072 1.402 1.865
9. 2.906 3.236 3.699 {1.891 2.221 2.684 .088 418 0.881

9.5 2.497 2.828 3.290 {1.131 1.461 1.924 - - -

10. 1.961 2.291 2.754 242 .572 1.035 - - -

Present author's note — Basic conversion unit: 1 psi = 6894 Pa.
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The tensile strength of specimens using limestone aggregate was higher than
that of the specimens using gravel. This can be explained by the fact that the limestone
is more angular, has a rougher surface textui'e, and é greater porosity than the gravel,
resulting in the better bond between the aggregate and the asphalt. The modulus of
elasticity is also higher for the limestone mixture than for the gravel mixture.

The increasing of the compaction temperature led to increased values in the tensile
strength and modulus of elasticity. The values for tensile strength and modulus of elasticity
were also noticeably affected by the variations in asphalt cement type, as would be expected.
These values increased as the asphalt cement type was changed from AC-5 to AC-10 to
"AC-20. Another notable fact is that the tensile strength and modulus of elasticity increased
as the mix became coarser.

Each mix checked had an optimum asphalt content based on tensile strength, however,
this value was affected by the gradation of the aggregate. For the fine materials the optimum
;.sphalt content increased with increased compaction temperatures, whereas for the coarser
materials the optimum asphalt content decreased‘as the compaction temperature increased.
Fof the medium graded mixes the optimum aSphalt contenf 'stayed'nearly constant as fhé

compaction temperature increased.

Equipment
The basic equipment(g) needed for performing the indirect tensile test is a loading
apparatus capable of applying compressive loads at a desired deformation rate, the iﬂoading"
strips, and a means 6f measuring the applied load and the horizontal defprmation of the
specimen.
The loading apparatus ®) should be capable of applying endugh compressive load to
cause the specimen to fail and also capable of applying the load at a desired uniform rate.

There is no standard loading rate, although the rates most used are 1-inch per minute



172425 m.m/min.) or 2-inches per minute (50 mm/min. ), depending on the stiffness of the material.

For stiffer materials, slower loading rates are used.

The loading strips ©) usé'd_are generally a half-inch wide with a curved face. When
loading the specimen it is necéssary to keep theée strips as nearly pargllel as possible .so
as to eliminate any bending stresses. A guided loading device as shown in Figure 8 is used
to keep the loading strips parallel. This device has upper and lower plates to which the loading
strips are fixed. The lower plate has two guide rods which allow the upper plate to slide
vertically and remain parallel to the lower plate. |

The applied load(l 0) can be measured by using a proving ring to indicate the compressive
force if only the strength data are necessary. The compressive force and compressive
deformation can be recorded for each test when using instfumentation similar to that gsed
for Marshall stability and flow 1';ests° If simultaneous load and deformatioﬁ data are desired
then a method of recording the load is necessary.

The horizontal deformation can be recorded by using two linear variable differential
tranéformers(g) (LVDT) or a specially designed transducer(10) with strain gages mounted on

cantilever aluminum arms. Strip-chart recorders should be used to record these measurements.

Test Procedure

The test procedure is listed below: (9)

1. "Determine the height and diameter of the test specimen.

[\

Caljbrate the horizontal deformation device.

3. Center test specimen on loading héad.

4. Bring upper platen of die set into light contact with test specimen. Monitor
load on the };—y platen that is recording load versus vertical deformation.

5. DPlace horizontal deformation device in position with arms in light contact with“
specimen and lock arms in position.

6. Load specimen at a constant deformation rate and record load, vertical

deformation , and horizontal deformation. "
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A Marshall specimen is used generally because its fabrication is quite simple

and requires no special equipment, (10)

Determination of Tensile Strength, Poisson's Ratio and Modulus of Elasticity

The maximum tensile stress that occurs at the center of the specimen may be

determined by equation 9, or = _2!;_(1 . For a 4-inch specimen this equation can be
o
oo = 0.156 Pfyi)
' t
Poisson's ratio, (1) , is determined by the equation:

T
fv o + RS g
-

v = ry ~pr. rx
‘ r r
R Ir 9% + [ Oey
. —P M
r r
where: J r Ipx and I o = integration of radial stresses in the y
-r and x directions, respectively
r r
J Ogy and i) Tg = integration of radial stresses in the x
-r y . . .
-r : and y directions, respectively

R= % the least square line of best fit between the vertical deformation y and the
corresponding horizontal deformation x up to the load P.

For a 4-inch (101.6 mm) specimen Poisson's ratio can be simplified to

y = 0.0673R - 0.8954
-0.2494R - 0.0156

The modulus of elasticity, E, can be determined by

r +r o
=% ; Sex v ; 2%
XT -r P r P
where: EP = the least squares line of best fit between load P and the total horizontal
T ,

deformation x for loads up to 50% of the load P, .. at which the first

break poin:t occurs in the load deflection curve (see Figure 9).

-18-
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When testing a 4-inch (101.6 mm) specimen the modulus of elasticity equation is

reduced to
E = 'S-tH 0.9976v +0.2692

where: Sy = horizontal tangent modulus P

X,

Possible Correlation of Indirect Tensile Test Data to Fatigue Test Data

In a study performed by Maupin(1 0) of the Virginia Highway and Transportation

Research Council, the work was focused on developing a correlation between the indirect’

tensile stiffness and the fatigue life of specimens tested under the constant strain mode.

Maupin used the data from the indirect tensile test to plot a typical stress-strain

curve. This curve stayed linear until about three-quarters of the failure stress was reached,

and thereafter the strain increased at a greater rate than did the stress. The stiffness value
used by Maupin was the stiffness at three-quarters of the tensile failure stress, which is
3/4 ) | -

" . _ fo]
defined by S TF/e3/

3/4 4

where: IrF = tensile stress at failure
€3/4 = tensile strain at three-quarters failure stress . .

The fatigue tests showed that stiffer mixes had shorter lives than flexible miées
when tested in the constant strain mode. Therefore by being able to determine the stiffness
of the asphaltic concrete from an indirect tensile test it may be possible to determine fatigue
life. |

Marais (1) reported a tentative mix design of gap-graded bituminous surfacings
whereby the indirect tensile strength is used as a criterion for fatigue design. A strong
correlation was developed between the indirect tensile strength and the service life for

-20-



several mixes. The tentative mix design limits the maximum indirect tensile strength
at 40°C (104°F) to 680 kn/m2 (99 psi). This work strongly supports the idea of using

the indirect tensile test for fatigue design.

Resilient Modulus Indirect Tensile Test

A test method developed by Schrni_dt(lz)

of the Qhevron Research Company uses a
1<;ading apparatus that is capable of applying a light pulsating load across the vertical
diameter of a Marshall specimen. This load causes deformation across the horizontal
diameter, which is measured by LVDT's.

The theory used in developing this test is the same as that used in the standard
indirect tensile tesf, which uses a bstatic loading. The major difference between the two
tests is that Schmidt's test is nondestructive and obtains its resilient modulus By using a
short duration dynamic load. The corresponding horizontal deformation caused by the
vertical load can be recorded and thus the resilient modulus calculated. The equation
used by Schmidt to‘determine the resilient médulus is

E =P (v+0.2734)/t A
where: P = dynamic load
v = Poisson's ratio
t = thickness of specimen

\ = total horizontal deformation

‘This equétion for the resilient modulus is exactly the same as the one used for a static load,

except for a minor deviation in the constants used.
The equipment used by Schmidt consists of an electrically activated solenoid, a

pneumatic cylinder, a load cell, twin LVDT's, a recorder or readout, timing electronics

1729

and a frame for holding the specimen. The loading apparatus is the pneumatic cylinder which

receives air pulses from an electrically activated solenoid. This pulse is applied every three

seconds and is one-tenth of a second in duration.
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Horizontal LVDT's are mounted to the specimén to measure its horizontal
movement. This value is recorded.oﬁ a strip recorder to correspond with the applied
load. | |

Since Schmidt's dynamic loading better approxirﬁates fatigue test loading it
could possibly offer a better correlation to fatigue life than the standard indirect
tensile test. There has not been any attempt at such a correlation but it could possibly

prove worth investigating.

Double Punch Test

;l‘he double punch test was first developed by W. F. Chen®3) as a method for
determinating the tensile strength of concrete. Later Chen and Fang(14) expanded the
use of the test to determine the tensile strength of cohesive soils. Through the work of
Chen and Fang, Jimenez(9) decided the double punch test was a promising method for
testing asphaltic concrete. The initial tests were done to measure stripping or debonding
of asphalt from the aggregate.

The double punch testd9) is performed by centrally loading a cylindrical specimen
on the tqp and bottom surfaces with cylindrical steel punéheé. A standax.'d Marshall .specimen
will serve satisfactorily for the test. The loading by the punches causes cores to be developed
in the specimen as shown in Figure 10. The penetration of the cores caused the specimen to
split along theiweakest radial plane.

The dquble punch test(15) has been compared to the indirect tensile test for repeatability
aﬂd the relationship between the average stresses obtained for two aggregate gradations. The
double punch proved to have better repeatability than the indirect tensile test and the average
stresses obtained were nearly equal to those obtained from the indirect tensile test. Jimenez
felt that the doublevpunch test was simpler to perform and the stress analysis did not have to be

adjusted for the area of the loaded surface.

-29-
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Tensile

/‘ Crack

%
1
Q

Figure 10. Bearing capacity of double punch testﬁ.as)

The test is performed by centering the specimen in the bottom punch. (15) The

.y punches are one-inch in diameter steel rods perfectly aligned one over the other.

The

upper punch is lowered until contact is made with the specimen. The specimen is then

loaded at a rate of 1.0 inch per minute until failure.

The tensile strength(15) is computed by:

P
Op = m (1.2 bh - a2)

where: g = tensile stress, psi (Pa)
P = maximum load, 1lb. (N)
a =radius of punch, in. (mm)
b = radius. of speéinﬁén, in. (mm)

h = height of specimen, in. (mm)

-23-
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| Jimenez has developed a method of computing the modulus of elastiéity. By using
the measured values of mid-height radial displacements and vertical load and Table 5, the
modulus of elasticity may be coml.)uted.'
The double punch test is relatively new with regards to asphaltié coﬁcrete testing
and no work hés been reported on the effects of the various properties of the mix on the

tensile strength or modulus of elasticity.

Cohesiometer Test

Another test used for finding tensile properties of asphalt is the cohesiometer test.
It was developed by Hveem of the California Highway Department for use in designing
asphaltic mixtures and pavements. 7)

The test is performed using a standard Marshall specimen (4'" diameter x 2.5"
height) (101.6 mm diam. x 63.5 mm height) which has been placed in the oven at 140°F for
approximately two hours prior to testing.

The specimen is placed in the cohesiometer as shown in Figure 11. The
cohesiometer is calibrated so that the lead shot used to load the specimen will flow into
the shot receiver .at a rate of 1800 + 20 gréms per minute. The thermosi;.atically controlled
heater is adjusted to maintain a 140° + 2° temperature in the cabinet. Once the specimen
is clamped into position, the release pin is pulled to allow the shot to flow into the receiver.
4The shot is al‘Ilowed to flow until the specimen breaks. However, if the specimen fails to
break after the'loading arm has moved 1/2-inéh (12.7 mm) vertically, the loading will be
stopped. The shot accumulated in thé shot reéeiver. is then weighed to the nearest gram and
recorded as shot weight.

From the test described above, the cohesiometer value may be determined by

C= L
W (. 20H + 0. 044H?2)

24~



Table

5

COEFFICIENTS FOR MODULUS OF ELASTICITY

BY U. OF A. DOUBLE PUNCH TEST*

Basic Conversion Unit: 1 in. = 2.54 cm

Poisson's Ratio = 0.35 and Punch Diameter =1.00"

E

D

ED_

P . = Repeated Vertical Load, lb.

= Dynamic Modulus of Elasticity, psi

d = Repeated Radial Displacement at Midheight, in.
K = Coefficient from Table below
- Specimen Specimen Diameter, in.
Height, in.
3.0 3.2 3.4 3.6 3.8 4.0
1.5 .213 .210 . 206 .201 .197 » -
2.0 .235 . 240 .243 . 245 . 245 .244
2.5 .218 .233 . 245 . 256 .264 .271
3.0 .181 .200 .219 .236 .252 . 267
3.5 .139 .158 .179 .199 .219 .239
4.0 .100 .117 .137 .157 .178 .199
4.5 - - - - - .157
5.0 - - - - - .116 |

*Sent to authors by Jimenez, R. A.
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1 744 where: C = cohesiometer value (grams per inch 25.4 mm) width corrected to a
3-inch (76.2 mm) height)

L = weight of shot in grams
W = diameter of width of specimen in inches

H = height of specimen in inches

<—— Thermometer

|
Stationary Plates |

v Movable Plates
4 Sy Supply
4 oading A
Counter / Loading Arm
Weight Shot
Test ﬁ«- Insulated Box Control
Specimen =0 - AN
/ Shot

] Receiver

T Thermostatically
‘% %{' S Controlled

s e, Heater

Nlustration of Manner

in which Specimen Breaks

Figure 11. Diagrammatic sketch showing principal features of Hveem
cohesiometer. (19)

Ilr.l two experiments performed by Hadley, Hudson, and Kennedy, (19) the valugs
from the indirect tensile test were compared to thosé of the cohesiometer test. The variables
and design of the two experiments are shown in Figure 12.

The study was to establish whether a correlation exisfc:ed between the modulus of .
elhél-s.ticity. Po“isson's patio and tensilenstrength of the indirect tensile test, and the cohes;i.ometer
value by a.linear regression analysis. The correlation of the variables was classified as:

1. No éorrelation,

2. atrend, and

3. an accepfable correlation.

-26-
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A relationship was classified as no correlation when the variables were independent
of each other. A trend was described as a weak relationship between two variables with an
increase in one ‘variablé resulting in a general increase or decrease in the other variable.
An acceptable degree of correlation was given when one variable could be predicted from a
second variable with a relatively high degree of reliability.

The results obtained from the experiments are shown in Table 6. It can be.seen that
when the results are combined no correlation exists between the Poisson's ratio and the
cohesiometer value, but an ‘acceptable correlation exists between the tensile strength and
the cohesiometer value and the modulus of elasticity and the cohesiometer value.

It was generally felt that even though the predicted value for the modulus of elasticity
‘was acceptable the test would not provide accurate values of Poisson's ratio that might be -
needed later.

Jimenez, (15)

when searching for a simple tensile test for detecting the stripping
or debonding of asphalt, stated that his prior experiences with the cohesiometer were not
part\icularly good.

Hudson and Kennedy(l) do not recommend the test because of the nonuniform anq
undefined stress distribution which exists across the specirﬁen anci the fact that ';he maximum
tensile stress occurs at the outer surface. This latter condition accentuates the effect of

surface irregularities and may result in low indicated values of tensile strength.

Direct Tension

The direct tension test®) is simple in theory and application. It is performed by '
applying a direct axial tensile force to a specimen and measuring the stress-strain characteristics

of the material.

28—
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The results (20) are recorded by measuring the tensile force and the corresponding
deformation of the specimen due to that force.\ The deformation can be measured by using
dual LVDT's connected to a recorder. From this test ’the tensile strength and maximum
elongation of the specimen can be computed. An important item to note is that the axis of
failure must be outside of the elongation measuring area or the recorded elongatiop would
be far too high.

The problems that arise with this test lie with the caliber of equipment needed to
obtain satisfactory test results. One of the basbic requirements in choosing a simple test
method is that the method be simple and that the equipment can be purchased at relatively
little cost.

When attempting té use relatively inexpensive test equipment, severe difficulties
arise. The first problem is the gripping of the specimen, in which there are only two
effective methocis: one for a cylindrical specimen(l) and the other for é. rectangular
specimen. (21)

The cylindrical specimen(l) is gripped by cementing a semicircular loading head
to the outer circumference of the specimen, as shown in Figure 13. This methqd reduces
the effect of planes of weakness caused by compaction by layers, and élso is conveniént.

The rectangular specimen, (21) 2l.5"x1.5"x4.5" (38.1 mm x 38.1 mm x 114.3
mm) beam, is fastened with epoxy to the loading heads of the test system. This mei?hod
also reduces the possibility of failure on a weak plane caused by the compaction by layers.

The test(1) is performed with the assumption that only pure tension is appliéd to the-
specimen. However'any misalignments of the loading heads will introdqce bending stresses
and cause errors in the test results. The application of a pure tensile force is very difficult

and time-consuming.
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Figure 13. Diametrical direct tensile test. 1)
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= The use of good testing equipment helps to alleviate this problem to a certain

degree. A testing systemal) which uses a universal joint for each loading head is
shown in Figure 14. Ebps and Monismith used an elec.tro—hydraulic closed loop testing
system capable of applying a constant rate of deformation.

Another problem that is encountered with the direct tensile test is the evaluation
of the test results. It is normally assumed by engineers that the stress is unifornﬁ;ly
distributed across the central cross section. However a report by Mitchell(zz) states
that the maximum stress on the central cross sectional plane was about 1.75 times larger
than the average stress.

Hudson and Kennedy(l) state that '"In view of these difficulties and uncertainties it
is felt that the direct tensile test has limited applicatio‘n and that the test results obtained

by this method are questionable. "

Flexural Beam Test

The flexural beam test) is siﬁple to perform. It is preferred by some engineers
because of its similarity to the field loading of a pavement. This test, like the cohesiometer
test, can be characterized as being more of a bending test than a tensile test. The beam is
loaded one of two ways; the load is applied in two equal concentrated loads on third points
of the beam, or it is applied as one concentrated force at the midpoint of the beam.

The beam(23) is tested by placing it in a frame with the ends siﬁply su;)porbed and
loading it using a constant rate of deformation. The load, P, and the deflection, A f, .

of the beam can be obtained directly from the test.

The tensile strength of the beam can be found by using the equation

Mc
S, = ¢
R I
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Figure 14. Direct tension testing apparatus. (23)
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where: M = moment in inch pounds (Nm)
¢ = one-half depth‘ of the beam in inches (m)
I = moment of ihgri;ia in inches? (m4)
This formula(l) assumes thaf the stress is proportional to the distance ffom the neutral
axis, which meéns there is a linear stress-strain relationship in the tested material. This
relationship is not valid for asphalt and is very much in error at failure. The use of this
fox.'mula will usually give a higher tensile strength at failure than the actual strengfh.
Using the values of load and deflection from the test, the modulus of elasticity, often

called the stiffness modulus, S p can be determined:(zs)

_ ap13

fagaf
where: AP = change in load applied in lbs. (N)
L = span in inches (mm)
A f = deflection corresponding to P in inches (mm)
I = moment of inertia in inches. 4 (mm#)

In flexural beam tests performed by Bushy and Rader, @3) asphalts of three different

* penetration grades, 200/300, 85/100, and 40/50, were tested at a temperature of +25°F.

The stiffness moduli for the different grades had coefficients of variation of 13. 0%, 23.1%,

and 21.5%, respectively. The coefficient of variation could be expected to increase when higher

testing temperatures are used.

Hudson and Kennedy(l) felt that thé flexural beam test had the same shortcomings that
the cohesiometer fest had. The majorAcriticisr.rlls. as. discussed earlier in the cohesiometer
test, are the nonuniform and undefined stress distributiqns that occur during loading and the
fact that the maximum tensile stress occurs at the outer surface where surface irregularities

affect results.
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Fatigue Prediction by Sonic Method
(24)

Freeme and Marias revealed a correlation between bulk modulus as determined

by ultrasonic sound wave measurements and the K value that appears in the fatigue equation,

f

possibility of using ultrasonic methods to predict the fatigue life of bituminous mixtures.

N =K (1/¢)?, for constant strain fatigue tests (see Figure 15). Their work indicates a

Although ultrasonic equipment is not generally available, many agencies use a sonic
device which is commercially available at reasonable cost to obtain freeze-thaw data on
portland cement concrete specimens. Leslie and Cheesman(29) found a good correlation
between the sonic moduli and the ultrasonic moduli (bulk modulus) for 300 concrete beams;

therefore, it may be possible to use the sonic device to predict K for bituminous mixtures. 4

SUMMARY AND EVALUATION OF TEST METHODS
Table 7 lists and rates the simp}e test methods according to their prospective usefulness
in.predicting the fatigue of asphaltic concrete mixtures. The methods were rated according to
the following:
1. Simplicity of sample preparation and testing equipment — Can the method utilize
specimens that are currently used in design procedures and, if not, will new
sample preparation and testing techniques be simple ? An ideal specimen would be
a cylindrical specimen, such as Marshall and Hveem, which‘is used in the other
design procedures. Also the cylindrical specimen can be obtained from the pavement
with simple coring equipment.
Testing equipment should be relatively inexpensive and easy to operate so that
tests could be performed in conventional mix design laboratories. If the equipment

is expensive and requires extensive training for personnel it is very unlikely that

it could be used on a routine basis for mix design.
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Figure 15. Variation of log K with bulk modulus.
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Table. 7

RATING SIMPLE TEST METHODS

I
(@
[

Simplicity of Yield Accurate Correlated Average
Test Sample Preparation Desirable Information with Rating

and (stress, strain, modulus) Fatigue
Test Equipment : '

Static
Indirect 9 8 8 8.3
Tensile Test

Resilient
Modulus 8 8 - - 8.0
Test

Double _
Punch 9 8 - 8.5
Test

Cohesiometer

Test 9 4 - 6.5

Direct Tension

Test 4 9 - 6.5
"~ Flexure . , .

Test 7 7 - 7.0

Sonic ,

Test ' 8 6 8 7.3

Rating scale: 0- least desirable  10- most desirable.
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175 6 2. Accurate desirable information — Although it is ndw known exactly what type

of information is necessary to predict fatigue behavior, investigations have
alluded to the.type of data that may be useful. It has been shown that fatigue is
related to stiffness, therefore a stiffness or modulus measurement may prove
useful. Marais proposes using strength or stress criteria to control fatigue
behavior, therefore, this measurement may be useful. Strain measurerhent
would possibly be another useful item. |

Not only mustk the test method yield desirable information but the data must be
accurate and not excessively variable. |

Recently developed pavement design procedures require the moduli of the
individual pavement layers, therefore, if the asphalt modulus could be obtained -
from the same test it would be an additional benefit.

3. Correlation with fatigue — Since the correlation of a simple test with fatigue
characteristics is the object of this project it is obvious there has not been a
great deal of work in this area. However, there have been several studies that
yielded correlations of fatigue and simple test results. These studies were mentioned
previously. ».

If a test has already been correlated with fatigue to some degree this is
certainly in its favor. . .
The sensitivity of the test methods to testing conditions and mixture characteriétics
was surveyed. The static indirect tensile test, resilient modulus test, cohesiometer )
test, and direct tension test were found to be sensitive to most of the desired factors.
The other test methods have not been researched as extensively, fherefore. not 4as

much information is available on their sensitivity.
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According to Table 7 the ratipg would be:
1. Double Pqnch |
2. Static Indirect Tensile'
3. Resilient Modulus
4. Sonic
5. Flexure
6. Direct Tension

7. Coheéiometer

It was proposed that four simple test methods would be selected for laboratory
testihg. The sonic test was added at the last moment because it can be performed on the
fatigue specimens, and thus, no additional specimens need to be fabricated. Therefore,

> the simple test methods proposed for laboratory study are the double punch, static indirect

tensile, resilient modulus, flexure and sonic.

-39-
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