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! ABSTRACT

Limitations of current testing procedures for asphalt concrete, asphalt addi

tives, and alternative binders have made necessary a more theoretical basis

for testing procedures. A new parameter, Marshall Toughness, is formu-

lated in this paper and its relevance for determining the optimum asphalt

content'of a mix design is explored.
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INTRODUCTION

NATURE OF THE PROBLEM

The development and subsequent popularity of the automobile early

in the 20th century led to public demands for improved road surfaces. Flex

ible pavements constructed with asphalt cement binders proved to be inex

pensive and fairly durable. A methodical procedure for formulating and

evaluating the performance of these pavements was necessary. The Mar-

shall Method of Mix Design was developed in the 1930's as a means to pre

dict the optimum asphalt content for an asphalt concrete pavement e
, Today,

this test remains one of the primary methods of mix design in the pave

ment industry. The Marshall method provides acceptable results for con

ventional asphalt concrete mixtures when correlated to data that has been

compiled for decades.
*

However, the advent of asphalt additives and alternative binders in
/"

the 1970's resulted in materials with unfamilar or unknown material prop-

erties. Little data was available for designing- mixes with the altered bin

ders. New tests had to b� developed or old tests modified to accomodate the

changing materials. The usage of asphalt additives and alternative binders

in recent years has generated a need for more theoretical tests that quan-
-

. .

\
"

tify basic material properties.

* This paper follows the format of the American Society of Civil Engineers
i Journal of Materials Engineering.
t_ _ _
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OBJECTIVES

The objective of this research is to determine the relevance of a

"Marshall Toughness" parameter as a tool for generating optimum asphalt

concrete mix designs using fracture mechanics principles. Fracture mechan

ics deals with stress concentrations in a fractured, or cracked, material.

(J; This wa�� accomp\�ished by dividing the research into three phases with

objectives for each phase. The first phase objective 'was to develop a single

parameter, Marshall Toughness, that could be used to refine or enhance the

existing Marshall Method. - The second phase consisted of a comparison of

the conventional Marshall optimum asphalt content to the Marshall Tough

ness optimum asphalt content. The objective of the third phase was to

determine which of the two optimum asphalt contents would yield, a pave

ment with better characterisitics and performance.

\
"
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LITERATURE REVIEW

MARSHALL METHOD

The Marshall Test method was considered to be the standard for

comparisonin this research because of widespread its usage by many state

highway departments. The Marshall method of mix design optimizes asphalt

concrete mixtures through trade-offs on structural properties such as stabil-

, ity, flow, percent voids, unit weight, and voids in the mineral aggregate

(VMA). Figure 1 shows a graphical example of the data generated by the

Marshall procedure.

Procedure.- The Marshall procedure begins with the prepa�ation of

the test specimens. Three or five specimens are prepared for each combina

tion of asphalt content and aggregate. The aggregates are dried and heated,

then mixed with separately heated asphalt. The mixture is then compacted

in a mold 'by use of a compaction hammer meeting ASTM specifications.

Compaction _
is according to traffic design category (light, medium, or

heavy). After the specimens have cooled to room temperature, usuallly

overnight, bulk specific gravity is determined. Stability and flow are meas

ured by testing in a Marshall testing apparatus (See Figure 2). Stability is

measured as the total load in pounds to produce failure of the- specimen.
\

"

./

Stability refers to the ability of a pavement to .resist deformation under

application of loads. Flow is a measure of strain; it is the amount of defor

, mation in inches to the point of failure. A density and voids analysis is per

formed using bulk specific gravity. The set of" test property curves is plot-

I ted, and an optimum asphalt -content is obtained according to Marshall
1- _ _ _ _ , _ _ ._.__ ._ .. __ __
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Figure 1. Marshall Test Property Curves
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design criteria.(4) For exact specifications, see Reference (5).

Limitations:- The Marshall test is qualitative in nature, providing a

reliable basis for asphalt concrete mix design primarily because of the enor

mous amount of data and field experience amassed over several decades.

The development of a more theoretical basis for asphalt concrete mix could

.offer several advantages by quantifying these asphalt concrete properties to

enhance the predictability of pavement cracking.

THEORY OF THE TOUGHNESS PARAMETER

Toughness is defined as the ability of a material to absorb large

amounts of energy.(1) Toughness is measured by the energy required to

fracture a specimen. For the purposes of this research, toughness was

measured graphically as the area under the stability-flow curve up to the

point of failure. Toughness fails to give a quantitative measure of the

material's physical properties, but it does provide a good basis for qualita

tive comparisons. Mix design using different binders and aggregates can be

compared on the basis of toughness.

THEORY OF THE FAILURE ENVELOPE

A failure envelope is the curve drawn through the failure points of a

material tested at varying temperatures and strain rates. An\ example of a
-

'

./ ....

failure envelope as presented by Smith (6) for an ideal elastomer is shown

in Figure 3. Smith's failure envelope yields a basic chacterization of the

ultimate tensile properties of a linear viscoelastic material. Work by Finn

.

(2) concluded that for short loading times (such as the Marshall Test)

asphalt concrete behaves essentially as a linear viscoelastic material. The
-
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failure envelope for an asphalt concrete mix design produced by Little and

Richey (3) has the same shape as the upper half of the envelope presented

by Smith. Despite the fact that the asphalt concrete failure envelope does

not appear exactly as predicted by Smith, the failure envelope concept is

applicable to evaluating the response of a range of materials over a range

of temperatures or loading times.

.

\
"
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Figure 3. Smith's Chacterization of Elastomer Ultimate Tensile
Properties (from Smith (6»

.
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METHODS AND GENERAL PROCEDURE

'The, data necessary for this analysis was drawn from two related

research projects of the Texas State Highway Department currently in

progress. The testing for the projects encompasses a variety of mix designs

including asphalt concrete, asphalt additives and alternative binders. Test

ing on the projects included measuring Marshall stability and flow, modulus

of resilience, and indirect tension tests.

MARSHALL TOUGHNESS PARAMETER

The method of analysis proposed for study in this project was the

development of a "Marshall 'I'oughness't-parameter, This parameter allowed

the use of a single parameter for selection of an optimum asphalt content,

rather than attempting to balance several dissimilar comparisons as does

the Marshall test. Stability and flow data recorded graphically during the

Marshall tests produces a curve that has a shape as shown in Figure 4.

Toughness is a measure of energy required to cause failure. The "Marshall
/

Toughness parameter graphically integrates the' area under this curve up to

the maximum stability and reports this area as "Marshall Toughness".

COMPARISON OF OPTIMUMS

The optimum asphalt content predicted by the Marshall Toughness'
\

"

method was compared with the optimum given by conventional Marshall.

testing. The conventional Marshall optimum was obtained by plotting sta-

. bility versus percent asphalt content, fitting a curve to the points, then

reading the asphalt content at maximum stability. The Marshall Toughness

optimum was obtained in the same way. Figure 5 shows a sample diagram
• ._ _ h
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of this procedure.

FAILURE ENVELOPE ANALYSIS

To determine which method better predicts the fracture potential of

the mix design, a failure envelope was to be developed and compared for

the two optimums, A failure envelope was observed earlier in this report

and was considered in this research as the best-fit curve drawn through the

, failure points of specimens tested at varying strain rates and temperatures.

The failure envelope that contains a greater area under the curve will yield

a mix design that performs better over a greater range of conditions.

A lack of time and financial resources precluded the development of a

failure envelope especially for this project. However" the work done by Lit

tle and Richey yielded consistent results for asphalt concrete and Sulphlex

(an alternative binder) failure envelopes. An increase in binder content pro- _/

duced a shift in the failure envelope upward and to the right as shown in

Figure 6.

\
"
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Figure 6. Shift in the Failure Envelope with a Change in Binder
Content
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RESULTS

The development of the Marshall Toughness parameter was success

ful by approximation. The original graphical data necessary for developing

the graphical integration of Marshall Toughness was unavailable. Other

data was analyzed to determine the accuracy of the triangular approxima

tion. Triangular approximation consistently gave values lower than the

actual integration of the Marshall Toughness area. Results for the develop

ment of the Marshall Toughness approximation are contained in the calcu

lations included in Appendix 2.

TIle results of the comparison of optimum asphalt content are pre

sented in Table 1. Data from nine different mix designs, representing a

broad spectrum of behavior, were analyzed. The general trend in analysis of

the data seemed to indicate that an increase in, asphalt content IS war

ranted.

As stated before, a failure envelope was not developed' solely for this

project. Previous work on the topic indicates a consistent shift of the failure

envelope upward and to the right with increased binder content, implying

improved performance with increased binder content.

\
"
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�

� i Optimum Asphalt Content

Conventional Marshall " More ASPlalt
Mix Marshall Toughness for Marshall

Design, Method Approximation Toughness Method

TAC1 OPEA 4. 80" 5. 151. O. 35

TAC10CRL 4. 10" 4. 50" 0.40
•

TAC20RG 3. 90" 4. 10% O. 20 ,

TAC1 ORG 4.80% 5. 50" O. 70

TAC5RG 5. 15" 5.15% O. 00

TAC5RG+LATEX 5. 25% 5. 651. 0.40
4. '10%

•

TAq10RG+CARroN BLACK 3. 90% O. 20 •

KRATON RG 4.00" 4. 10% O. 10
HOVOPHALT RG . 4.451. 4.60% O. 15

Avg : O. 28%

'''W

.......
COl

I

Table 1. Results for Comparison of Optimum Asphalt Contents



DISCUSSION

The results obtained for the approximated Marshall Toughness

parameter suggest that an adjustment of the coefficient may give somewhat

more accurate results. A coefficient of 0.55, for example, may in reality be

closer to the actual value of Marshall Toughness.

Comparison of the optimum asphalt contents indicated that increased

asphalt content for most of these mix designs would be appropriate. This

implication has several ramifications. To begin with, under-asphalting of a

sizable portion of the nation's highways may have resulted. Low asphalt

content in pavement can lead to a host of problems. Reduced durability

problems such as stripping, ravelling, oxidation, and excessive hardening

may be partially caused by low asphalt content. Flexibility of the road may

be reduced. Increased asphalt content also signifies increased cost for the

same volume of pavement. An increase of 0.3 percent asphalt content of
_/

mix design� would be necessary on the average, which tninsla�es to roughly

6 percent more asphalt. The additional cost of the pavement initially may

be well- invested in terms of reduced maintainance and longer life ..

'

The method used _for obtaining the optimum asphalt contents needs

further refinement. The asphalt contents selected as optimum were sensi

tive to changes in the curve plotted through the Mars�all Tougll!)eSS- values ..

More samples may be necessary for complete ·definition of the curve,

although current practice has shown that increments of 0.5 percent asphalt

content to be adequate.

14



SUMMARY AND CONCLUSIONS

The Marshall test gives acceptable results for mix designs, but yields

no information on fundamental material properties of asphalt concrete.

Results are more empirical than theoretical and must be correlated to

pavement performance by use' of data compiled over several decades of

testing. The proposed enhancement of the Marshall test allows a more

theoretical basis for testing. An increase in asphalt content is warranted by

results of this project. Further aggressive, in-depth research should refine

the Marshall Toughness parameter while supporting the conclusions of this

paper.

In reviewing the objective of this set at the beginning of this project,

the results obtained were excellent. Each objective was met either through

analysis of existing data or through review of related work. Pursuit of this

topic in order to further refine the results and procedure is necessary prior

to the institution of this method in general practice.

\
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MARSHALL TOUGHNESS PARAMETER

Mix Design _����i£�--------
AGGRE4-Ar£: Rr t'eR &Rfi VEL

Sample .. Stability Flow

-----------------�------------

_��__
a
__

I
__Li�----I----2-----

_____�--I--L�-�----I----�-----
_

c
__

I
__LZ�� �I � _

-------- ---------- ----------

_f�_a__
I
__ i��____ �.�

_____b_� __��� � ==�=f====
_

c L�� �� _

_2��_.__ __L2i�____ _ __� _

_
b 12aQ__�_, ���� _

_
c 111Q ��� _

_�5__a__ __127Q__:._

_____
b L�iQ _

_____
c �2�__�_

I) 5
.

_..a..� ...;.

.B. I

==�=====::;
,

---------.;_ ----------, '

_____a_�, t-

_� b
__

_
c
__

----------,----------

----_&_-
b

,
----

1
----

,
,

_____
c
__ �__-----"'-.-: � :

.

.

\ " -I :
------�� -�-------- -�--------



N
�

Average Harsha I I SarTple A San1>le B San1>le C SNrple 0 �Ie E �Ie F
l1ix ASPhalt Toughness

Design X Stabi I ity Flow APproxintion Stabi I ity Flow Stabi I ity flow 'Stabi I ity Flow Stabi I ity Flow Stabi I ity Flow Stability Flow,

TAC10PEA 3.5 1115 4.4 49004.5 1050 4.5 1150 4.5 1144 4.2
TAC10PEA 4.0 1099 4.4 4199.0 1014 4.5 1139 ".1 " ..4 ".5
TAC10PEA 4.5 1059 4.1 "9"3.6 1050 5.0 1062 ".5 1046 ".5
TAC10PEA 5.0 1165 4.9 5106.9 1112 ".1 1163 5.0 1199 5.0
TAC10PEA 5.5 946 5.3 5026.2 1003 6.0 931 5.2 905 ".1

TACtOCRL 3.5 2395 9.2 22110.6 2491 9.5 2361 9.1 esoo 9.1
TAC10CRL 4.0 2751 9.1 26776 ... 2113 10.0 2193 9.5 2141 9.1
T;.c'OCRL 4.5 2606 11.6 �.1 2666 11.5 2565 11.3 2594 12.0
TAC10CRL 5.0 2350 12.1 26352.6 2261 12.5 2200 12.1 2566 11.0
TAC10CRL 5.5 2031 14.3 29061.2 1961 13.6 2041 '''.2 2109 '''.6

\

TACZORG ".0 1146 5.5 9604.6 1610 5.5 1670 6.0 1940, 6.0 1606 5.0 1632 5.5 1616 5.0
TAC20RG ".5 1677 5.5 9221.1 1615 6.0 1115 5.5 1130 5.5 1620 5.0 1600 5.5 1180 5.5
TAC20RG 5.0 , ..91 6.4 9626.6 1560 6.0 1590 5.5 1640 5.6 1400 1.5 1400 6.6 1390 1.0

. TAC20RG 5.5 1323 1.1 10163.3 1220 6.5 1220 1.2 1275 1.5 1380 1.� 1380 1.5 '''60 8.0

TAC 1 ORG ".0 1211 5.1 6696.2 1200 6.0 1190 5.5 1262 5.5
TAC10RG 4.5 1240 6.2 7729.3 1175 5.1 '253 6.5 1292 6.5
TAC10RG . 5.0 1295 1.5 . 9112.5 ieoo 1.5 1235 1.5 1350 1.5
TAC10RG 5.5 1193 10.5 12530.0 1175 10.5 1105 10.0 ieoo 11.0
TAC10RG 6.0 1111 10.5 11125.,0 1120 10.5 1130 11.0 1100 10.0

TAC5RG ".5 920 1.1 6501.3 650 5.2 965 8.0 925 6.0
TAe5RG 5.0 995 10.0 9950.0 965 11.0 960 9.0 1020 10.0
TAC5RG 5.5 1012 6.1 8161.6 1 (XX) 8.5 1020 9.0 1015 6.5
TAC5RG 6.0 821 6.2 6806.2 850 5.2 610 9.5 620 10.0

TAC5RG+LA TEX ".5 1104 5.1 6231.6 1011 5.5 1031 5.0 1165 5.2 1150 1.1 1135 5.0 1120 5.5
TAC5RG+LATEX .5.0 1182 5.5 6499.2 1 ZOO 5.5 " ..5 5.0 1 ZOO 6.0
TAC5RG+LATEX 5.5 1116 6.8 6051.9 1110 1.0, 1200 6.5 1225 1.0
TAC5RG+LATEX 6.0 905 9.2 6295.6 900 6.1 675 9.6 940 9.2

j

TAC1ORG..cARB 3.5 '1401 5.1 1117." 1361 5.5 1366 5.0 ' .. 69 ".6
TAC1ORG..cARB ".0 1423 6.0 6536.0 , ..60 6.0 , .. , .. 6.0 1395 6.0

.

TAC 1ORG..cARB ".5 �� 5.3 1....6.9 1362 5.5 , .. ,6 5.0 1392 5.5
TAC1ORG..cARB 5.0 5.8 7510.1 1229 5.5 1219 6.0 1459' 5.8
TAC1ORG+CARB 5.5 1498 6.3' 9369.6 1465 6.5 1505 5.8 1525 6.5

KRATOH RG 3.5 1361 4.1 641".2 1325 4.5 1426 5.0 , .. " ".5
KRATOH RG 4.0 1630: 5.3 6693.3 1635 5.0 1585 5.0 1670 6.0
KRATON RG ".5 , ..59

-

J
5.5 602... 5 , ..16 5.0 , ..40 6.0

KRATON RG 5.0 1401 6.3 8908.9 1325 1.0 1410 6.0 1485 6.0
KRATON RG 5.5 1329 ) , 10.5 13958.0 1315 11.5 1338- 10.0' 1335 10.0

t«)VOPHALT RG ".0 1352 � 5.0 6160.0 1344 5.0 134 .. 5.0 1366 5.0
t«)YOPHALT RG ... 5 1416 5.8 8623.6 , .. 60 6.2 1S25 5.1 '''� 5.6
t«)YOPHALT RG 5.0 1341 6.2 8304." 1290 6.0 1360 6.3 1310 '6.2
t«)YOPHALT RG 5.5 1312 8.2 10111.9 1270 8.5 1340 8.0 1325 8.0

'''''t-

"

C�lcula�ion of Marshall Toughness Parameter
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