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Abstract

The effect of modified asphalts is evaluated by simple comparison of a single parameter (i.e., tensile strength, stiffness,
etc.) between modified asphalt mixture and unmodified mixture. The use of a single parameter to evaluate the effect of
modified asphalt must be questioned. Rather, a single unified framework that accounts for changes in key mixture
properties is needed to effectively evaluate the modified asphalt mixtures. This study used a new performance-based
fracture parameter as a single unified framework, the Energy Ratio (ER), for quantifying the effect of modified asphalts on
the fracture resistance of mixtures. The Energy Ratio was then used as a performance criterion for calculating the
construction cost of two modified asphalt pavements (SBS and Crumb Rubber) and unmodified asphalt pavement. The
results showed that the Energy Ratio of SBS modified asphalt was higher than those of crumb rubber and unmodified
asphalt. Cost analyses indicated that the construction cost of the AC layer would be reduced by up to 24% by SBS
modification. Based on the results, the Energy Ratio is capable of evaluating the effect of modified mixtures, and may form
the basis of a promising fracture criterion for performance-based thickness design in asphalt pavements.

Keywords : asphalt mixture, modified asphalt, performance based fracture criterion, energy ratio, cost analysis
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1. INTRODUCTION
1.1 Background

Asphalt modifiers have become popular because of
their apparent success in increasing the performance
life of asphalt pavements in the field. In recent years,
several studies have investigated the cracking
performance of modified asphalt mixtures including
Styrene Butadiene Styrene (SBS) and Crumb Rubber
Modifier (CRM). Results of these studies have indicated
that these kinds of modified asphalt can improve
mixture properties such as tensile strength, fatigue
cracking resistance, and permanent deformation (1 to 7).
However, a simple comparison of these properties
between modified asphalt mixture and unmodified
mixture has been performed in the laboratory.
Otherwise, a simple comparison of performance in the
field was usually conducted so far. The simple
comparison in the laboratory to evaluate the effect of
modified asphalt must be questioned. Rather, a single
unified framework that accounts for changes in key
mixture properties is needed to effectively evaluate the
modified asphalt mixtures. In addition, little work has
been done to evaluate the cost effectiveness for use of

modifier in asphalt pavement.

1.2 Objectives

The overall objective of this study was to use a new
performance-based fracture criterion as a single unified
framework, the Energy Ratio (ER), for quantifying the
effect of modified asphalts on the fracture resistance of
mixtures. The Energy Ratio was then used as a
performance criterion for calculating the construction
cost of two modified asphalt pavements (SBS and
CRM) and unmodified asphalt pavement. A clearer

4 ooooooooooocooooooooooooQooooooooooooooo0ooooooooooooooocooooocooooooooooooooc

understanding of this cost effectiveness will lead to
better guidelines for the use, as well as the potential
benefits of these modifiers in specific mixtures and
loading environments. More specific objectives of the
study may be summarized as follows:

* Understand specific mixture properties and/or
behavioral characteristics that uniquely characterize
the SBS and CRM modified asphalt mixtures.

+ Identify an appropriate parameter that can be used to
evaluate fracture resistance of modified mixtures.

» Analyze the cost effectiveness of modified binders

on the cracking performance of asphalt pavements.

2. PERFORMANCE BASED FRACTURE
CRITERION

Kim, Roque, and Birgisson (7) showed that the key
to characterize the cracking resistance of asphalt
mixture is in the evaluation of the combined effects of
creep and failure limits, and the hot mix asphalt (HMA)
fracture mechanics model that unify the creep and
failure limits for evaluating the cracking resistance can
properly characterize the effect of modified asphalt.
The main feature of HMA fracture mechanics
developed by the University of Florida is in the
threshold concept. Figure 1 shows a conceptual
illustration of the HMA fracture mechanics
framework. The figure shows two ways for mixture to
be failed; (1) when the accumulated creep energy
exceeds the dissipated creep strain energy (DCSE)
threshold, (2) when the accumulated creep energy plus
elastic energy exceeds the fracture energy (FE)
threshold. Zhang et al. (8) discovered that the DCSE
and the FE threshold of asphalt mixtures can be easily
determined from the tensile strength and resilient
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Figure 1. Conceptual illustration of HMA fracture mechanics model

modulus test using the Superpave IDT. _
The rate of damage growth under the threshold is

governed by the creep properties of the mixture. The

creep compliance of the mixtures can be represented

using the following power function:
D(t)=Dy+ D, t Q)]

where D(f) is creep compliance, Dy, D), and m are
parameters obtained from creep tests. Hence, the rate of
micro-damage is assumed to be controlled by the m-
value and D,. Figure 2 shows a conceptual illustration
of the effect of rate of creep and m-value on rate of
damage. The higher the m-value, the faster is the rate of
accumulation of DCSE, and thus the faster the DCSE
limit is reached.

Based on the forensic investigation of 36 field

............................. FE threshold

Fast Creep Rate (High m-value)

Slow Creep Rate (Low m-value)

Cycles, N

Figure 2. Effect of rate of creep and m-value

————————————————————————————— DCSE threshoid

pavement sections of known cracking performance, a
HMA fracture mechanics-based performance
specification criterion, termed the “Energy Ratio”
(ER), was developed at University of Florida (9). This
parameter is a measure of the fracture resistance of

mixtures, and is expressed by:
ER = DCSE;/ DCSEnin=(a XDCSE)/ (n7* X D1)  (2)

Where:

DCSE: = Dissipated Creep Strain Energy (in KJ/m®)

DCSEmin =Minimum Dissipated Creep Strain
Energy for adequate cracking
performance (in KJ/ny')

a=0.0299 ¢! (6.36-5) + 2.46 X 10°*

in which ¢ = Tensile stress of asphalt layer (in psi)

St = Tensile strength (in MPa)), and
m and D1 = Creep parameters in (1/psi)

3. RESEARCH APPROACH

3.1 Materials

This study focused primarily on the evaluation of

mixture properties and cost effectiveness for modified
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mixtures in asphalt pavement. Three binders were
involved in this study. One is control binder, which is
unmodified and categorized into viscosity grade AC-
30, another is SBS(3%) modified asphalt, and the other
is CRM asphalt. The unmodified asphalt (AC-30) was
used for the base asphalt of modified asphalts. The
properties of these binders are presented in Table 1.
Penetration and DSR tests at mediate temperature
indicated that SBS modified asphalt appeared to be less
stiff than those of the others, resulting the lower
G*sin(0). However, DSR tests at high temperature
showed that SBS modified and CRM asphalts were
much more rigid than that of unmodified asphait.

Total Six types of asphalt mixtures with coarse
graded (gradation below the restricted zone of
Superpave mix design) limestone aggregate and three
binders (SBS, CRM, and unmodified) were produced
at two design asphalt contents (6.1% for high traffic
level and 7.2% for low traffic level) in accordance with
Superpave mix design. Asphalt mixture properties were
obtained using the Superpave IDT (Indirect Tensile
Test), which is described in AASHTO TP-9. Mixtures
were Short Term Oven Aged (STOA), and then
compacted to 7% (+ 0.5%) air voids.

3.2 Mixture Tests

The mixture properties from the standard Superpave
Indirect Tensile Tests (IDT) are presented in Table 2.
As shown in the table, the SBS modifier had little effect
on resilient modulus. This seems to indicate that the
polymer has little effect on response at small strain or
short loading times. Conversely, the SBS modifier
dramatically reduced the creep compliance of mixtures
at both low and high asphalt contents. Thus, the test
results show that the SBS polymer has a much greater
influence on the time-dependent response, and perhaps
specifically the creep response, than on the elastic
response of the mixture. As shown in Figure 1, the
lower rate of creep response is clearly reflected in the
lower m-value of the modified mixtures at both asphalt
contents. The results presented in Table 2 also indicate
the SBS polymer had almost no effect on the tensile
strength, the fracture energy (FE), or the dissipated
creep strain energy to failure (DCSEf). On the other
hand, prior research (8) clearly showed that there is a
direct relationship between the rate of creep and the
rate of micro-damage accumulation in asphalt

mixtures. Therefore, it appears that the benefit of the

Table 1. Asphalt binder properties

Binder Replicate Penetration DSR at 25T DSR at 64T

Type @25T G*(kPa) G*Sin®) | G*(kPa) ) G*Sin(6)

1 61 1110 66.7 1020 1.93 86.2 1.93

Ui?gg;?fd 2 60 1070 67.4 985 2.01 86.1 2.02

(AC-30) 3 60 902 67.4 833 2.01 86.2 2.02

Average 60 1027 67.2 946 1.98 86.2 1.99

1 36 1140 58.1 968 594 | 1783 6.06

CRM 2 36 1100 57.8 930 5.79 785 591

Asphalt 3 35 1062 57.9 900 5.46 78.3 5.57

Average 36 1101 57.9 933 5.73 78.4 5.85

1 50 748 58.7 639 6.16 63.9 6.86

SBS 2 51 737 61.0 644 6.24 64.5 6.91

l\ﬁggﬁf 3 50 733 60.5 638 6.12 64.5 6.80

Average 50 739 60.1 640 6.17 64.3 6.86
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Table 2. Asphalt Mixure properties measured from Superpave IDT
Properties
- Creep :
Sample Resilient Compliance Tensile Fracture D1 DCSE
Modulus Strength Ener T m-value ~
at, 1000sec. 8Y 1(x107, 1/psi) (kJ/m"3)
(Gpa) ((1/Cpa) (Mpa) (kJ/m?) /
Unmodified mixtures
6.1 11.56 5.90 1.87 4.00 6.04 0.61 3.85
7.2 7.18 13.42 1.69 490 12.1 0.62 4.70
Crumb Rubber Modified Mixtures
6.1R T 11.09 349 1.87 2.20 6.20 0.59 2.04
7.2R | 7.16 8.50 1.29 3.30 104 0.58 3.18
SBS Modified Mixtures
6.18 9.26 3.04 1.95 3.80 7.69 0.45 —[ 3989 |
7.23 7.37 521 1.93 5.10 13.3 0.47 T 4.85

polymer is primarily and almost exclusively reflected
in the reduced m-value, which indicates a reduced rate
of micro-damage accumulation.

On the other hand, the cracking related properties of
CRM asphalt mixture were almost identical with those
of unmodified asphalt mixture. There was no difference
in resilient modulus, tensile strength, fracture energy,
and m-value between CRM asphalt and unmodified
asphalt mixtures. However, the creep compliance of
CRM asphalt was much less than that of unmodified
asphalt. Thus, the test results appear to show that the
crumb rubber has little influence on fracture resistance,

while high influence on permanent deformation.

4. COST ANALYSIS USING THE
ENERGY RATIO

In order to perform the cost analysis for various types
of asphalt pavements, three typical asphalt pavements
were designed. As shown in the Figure 3, (1)
conventional asphalt pavement with crushed stone
base, (2) full depth asphalt pavement, and (3) HMA
overlay on the conventional asphalt pavement. Based

Crushed Stone Base Crushed Stone Base

Subgrade

Subgrade

Subgrade

Figure 3. Pavement designs for cost analysis

on the Superpave traffic level criteria, three traffic
levels were selected for pavement design in this study;
3 million ESALs for low traffic level, 10 million
ESALs for medium traffic level, and 30 million ESALSs
for high traffic level. For the selected pavement types
and traffic levels, design AC layer thickness was
determined according to the AASHTO procedure (10).
As input values for to the AASHTO design procedure,
an asphalt concrete (AC) modulus was determined
from the results of Superpave IDT, and typical moduli
of base (40,000 psi) and subgrade (10,000 psi) were
selected. Structural coefficient (a:) and drainage
coefficient (m:) were assumed, as shown in Table 3.
The following design inputs were assumed in all cases:
95% reliability (R), 0.4 standard deviation (o), and 2.0
design serviceability loss { 4 PSI).

Table 3 shows the resulting design layer thickness
and the resulting tensile stresses at the bottom of the
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Table 3. Design layer thickness and calculated tensile stresses
Low Traffic Medium Traffic High Traffic
Conventional Modulus(psi) a & my LAYER THICKEN (inches)
AC 1,200,000 0.40 6.0 7.0 8.5
Crushed stone base 40,000 014 & 1.2 8.5 10.5 10.0
00 |
Subgrade 10,000
o,(psi) at the bottom of AC layer 204.0 165.0 129.0
HMA Full Depth | Modulus(psi) ai & mi LAYER THICKEN (inches)
AC 1,200,000 0.40 10.0 12.0 14.0
Subgrade 10,000 .
o,(psi) at the bottom of AC layer 119.0 87.6 67.1
HMA Overlay Modulus(psi) ai & mi LAYER THICKEN (inches)
AC Overlay 1,200,000 0.40 3.0 3.5 45
AC 1,200,000 0.40 6.0 7.0 8.5
Crushed stone base 40,000 014 & 1.2 8.5 10.5 10.0
Subgrade 10,000
d,(psi) at the bottom of AC layer 121.0 94.7 68.0

AC layer. The tensile stresses were calculated for each
design pavement structure using multi-layer elastic
analysis program, BISAR, using a 9000 (Ib) single axle
load with 6-inch radius. Table 4 shows the calculated
ER for the design pavement structures with material
properties shown in Table 2 and the calculated tensile
stress shown in Table 3. The ER of SBS modified
mixture was much higher than those of CRM and
unmodified mixtures. However, the ER of CRM
mixture was almost identical with unmodified mixtures
in this study.

As shown in Table 4, the ER of SBS modified
mixture was higher than those of CRM and unmodified
mixtures for all the cases. Thus, for the relative cost
analysis of SBS, CRM and unmodified mixtures, the
ER of unmodified mixture (ERHMA) and CRM
mixture (ERCRM) was increased to meet the ER of
SBS modified mixture (ERSBS) by increasing the
thickness of AC layer resulting in the decreased tensile
stress at the bottom of AC layer, which results in
equivalent fatigue cracking of SBS modified AC layer.

Table 5 shows the cost of unmodified AC layer and

modified AC layer having equivalent ER. The unit cost
of unmodified HMA, SBS modified HMA and CRM
HMA are assumed at 50 dollars per ton, 70 dollars per
ton and 55 dollars per ton, respectively considering the
market price. When it is assumed that the specific
gravities of all HMA are identical, these prices can be
converted to 2.82 dollars per inch for unmodified
HMA. 3.95 dollars per inch for SBS modified HMA
and 3.10 dollars per inch for CRM HMA. As shown in
Table 5, while the cost of CRM HMA is 8% higher for
all the cases than that of unmodified HMA, the cost of
SBS modified AC layer is largely varied from 24%
lower to 19% higher. For example, the cost of SBS
modified AC layer is 12% lower for low traffic level
and 8% higher for high traffic level than those of
unmodified AC layer in conventional pavement
structures. However, in HMA full depth pavement
structures, the cost of SBS modified AC layer is 14%
to 19% higher for all traffic levels than those of
unmodified AC layer. For HMA overlay structures,
SBS modified mixture resulted in lower cost (3% to
24% lower cost of modified AC layer than those of
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Table 4. Calculated Energy Ratio

Paven Sample Type | (jpmodified | Unmodified |  CRM CRM SBS SBS
Toffic lovel (6.1%AC) | (T2%AC) | (B.1%AC) | (7.2%A0) | (6.1%A0) | (7.2%A0)
Conventional B
0.94 0.55 0.97 0.76 1.71 1.17
Low traffic
B Conventional
Mg 1.18 J 0.68 1.22 0.95 214 1.47
Conventional
it traffe 1.75 1.01 1.81 1.41 3.17 2.17
Full depth 9.05 1.19 2.12 1.65 3.71 2.55
Low traffic
Full depth
Medium e 491 9.44 435 3.40 7.64 5.4
Full depth
Fiigh ot 8.74 5.08 9.04 7.05 15.85 10.88
HMA Overlay 1.98 1.15 9.05 1.60 3.59 9.46
Low traffic J
HMA Overlay
Medivm gt 3.45 2.01 3.57 2.79 6.26 4.30
:
HMA Overlay 8.42 4.89 8.70 6.79 15.26 10.47
High traffic | |

unmodified AC layer). These results are due to the
thickness of AC layer. That is, the thinner the AC layer,
the higher the cost reduction by applying SBS modifier
in this analysis. However, the CRM was not able to
reduce the cost of AC layer by applying this type of
modifier due to the higher unit price as compared with

the lower increase of fracture resistance.

Table 5. Cost of AC layer with the equivalent ER

(Unit:$)
Pavement Binder Type Low |Medium| High
Type Traffic | Traffic | Traffic
Unmodified | 26.8 28.2 31.0
Conventional|  CRM 288 | 304 | 335
SBS 23.7 277 33.6
Unmodified | 34.7 40.6 46.5
Full Depth CRM 37.2 434 50.5
SBS 39.5 474 55.3
Unmodified | 15.5 16.9 18.3
HMA Overlay CRM 16.7 18.3 19.8 |
' SBS 11.9_‘ 13.8 17.8

5. SUMMARY AND CONCLUSIONS

Prior research to evaluate the effect of SBS modifiers
on cracking resistance of asphalt mixtures, has shown
that the benefit of SBS modifiers to mixture cracking
resistance appeared to be primarily derived from a
reduced rate of micro-damage accumulation, which
was reflected in a lower m-value without a reduction in
fracture limit or healing rates. The results of this study
showed that the Energy Ratio of SBS modified asphalt
was higher than those of crumb rubber and unmodified
asphalt. Based on the results, the Energy Ratio is
capable of evaluating the effect of modified mixtures,
and may form the basis of a promising fracture
criterion for performance-based thickness design in
asphalt pavements

A cost analysis was conducted using the energy ratio

as the performance criterion to compare the
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construction costs of AC layers with Crumb Rubber
Modifier and SBS polymer modifier. The result of cost
analysis for the cases where both unmodified and
modified mixtures had an equivalent energy ratio,
indicated that the construction cost of the AC layer
would be reduced by up to 24% by SBS modification.
However, the CRM was not able to reduce the cost of
AC layer by applying this type of modifier due to the
higher unit price as compared with the lower increase

of energy ratio.
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