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CHAPTER 1 -
INTRODUCTION

1-1 Overview
Recently, Ohio Depanmént of Transportation (ODOT) adopted Superpave in their

asphalt mix design procedure. The newly introduced Superpave is a comprehensive asphalt
mixture design system intended to ensure good field performance of long-lasting asphalt
pavements under various traffic loading and climatic conditions. How.ever, there are some
concerns in implementing Superpave because this new design procedure has not been rigorously
validated. Aggregate gradation criteria and the applicability of Superpave to modiﬁéd asphalt
mixture systems are two important issues that need to be addressed.

" One of the characteristics of the aggregate gradation criteria in Superpave is the restricted
zone. This is a zone lying on the maximum density curve between the 300 pum sieve and the 2.36
mm sieve size through which it is considered undesirable for the gradation to pass [1]. The
restricted zone is intended to discourage the use of fine sand or natural sand, in order to achieve
adequate voids in mineral aggrégate (VMA). However, the restricted zone critelria were
developed through a Delphi Method, a consensus process among a group of individuals without
experiméntal work aﬁd validation. In some states it has been indicéted that some of {heir
standard mixes with acceptable field performance are passing through the restricted zone and are
considered to be undesirable according to the Superpave criteria [2]. To prevent systematic
rejection of good economical mixes by the restricted zone criteria, the effects of the restricted

zone on the performance of asphalt pavement need to be determined.



Due to increased traffic loading and traffic volume, the use of modifiers in hot mix
asphalt has become a very popular practice. ODOT requires the use of polymer modiﬁe& binders
in construction of high stressed asphalt pavements. However, the applicability of Superpave to
tﬁe modified asphalt mix has not been properly validated through field tests. Résulté of récent
laboratory studies suggest that binders with the séme Superpave Performance Grade (PG grade)
but prepared using different modifier types and methods could result in different field

performance [3,4].

l.-Z Research Objectives
This research project has the following three objectives.
1. To determine the effect of aggregate characteristics and gradation and polymer modifier on
pavement rutting and fatigue performance.
2. To obtain data for the development and verification of the mechanistic empirical design
approach for flexible pavement.
3. To determine the correlation of predicted performance of pavement system by laboratory
methods with accelerated load test.
Seven laboratory test methods, the Asphalt Pavement Analyzer (APA), a triaxial repeated load
test, a uniaxial static creep test, a flexural Beam fatigue test, the indirect tensile résilient modulus
test, the indirect‘: tensile strength test, and a moisture susceptibility test, were employed to
evaluate the rutting resistance, fatigue cracking resistance, and moisture susceptibility of the
mixtures. Two types of aggregate, 3 aggregate gradations, and 3 types of asphalt binder were

used to prepare test specimens. Following the laboratory evaluation and based on its results,



three mixes were chosen in cooperation with ODOT personnel. Using these mixes, three test
pads were constructed at the Accelerated Pavement Load Facility located at the Ohio University.

Lancaster campus and loaded with a super-single wheel to determine rut resistance and pavement

responses under various wheel loading.






CHAPTER 2
LITERATURE REVIEW

The Superpave system is a comprehensive asphalt mix design procedure introduced as a
major final product of the Strategic Highway Research Program (SHRP). It includes
performance graded (PG) binder specifications, aggregate specifications, a mix design procedure
using a gyratory compactor, performance based testing, and performance prediction of mixes. In
Superpave, performance of unmodified and modified asphalt binder is assured by determining
temperatures at which certain rheological properties of binder are within. the critical limit values.
Specifications of Superpave aggregate include gradation requirement, consensus, and source
properties. Consensus properties include coarse and fine aggregate angularity, flat and elongated
particle and clay content. The coarse and fine aggregate angularity is specified to achieve a high
degree of internal friction and high shear strength to resist rutting. The flat and elongated particle
criteria are to avoid the breaking of aggregatés during h.andli.ng, construction, and later by traffic.
By placing limitations on the amount of clay in aggregates, the bond between the aggregates and
the asphalt binder is strengthened. The properties related to the aggregate source in the
Superpave are toughness, sopndnes_s, and deleterious materials [5].

Performance of asphalt pavements is usually measured against four major distress modes:
rutting, fatigue cracking, low temperature cracking and moisture damage. In this chapter, factors

affecting asphalt pavement performance including the four major distress modes are reviewed.



2.1 Factors Affecting Rutting

Rutting or permanent deformation of a pavement is caused by the repeated application of
heavy traffic load at high temperatures and appears as longitudinal depressions in wheel paths
accompanied by small projections to the sides [6-8]. The pavements that undergo rutting pose
serious safety problem due to the trapping of water by the ruts, which would cause hydroplaning
and accumulation 'of ice [9]. The lack of shear resistance of mixes and heavy loading (high traffic
volume, tire pressures, and axle ldads) are major cause of rutting [10-15]. Densification of
insufficiently compacted pavement by traffic also contribute to rutting. Rutting is a complex
phenoménon in which aggregate, asphalt and ésphalt-aggregate mixture préperties play an
important role. Use of stiff asphalt bindefs and aggregate of rough surface texture, cubical shape,
and proper gradation for stone-on-stone contact minimizes rutting {7,16]. An important mix
property contributing to the rutting phenomena is the amount of air void content in the asphalt
mix. When air void éontent is too low either due to too high asphalt content or too low void in
mineral aggregate, the pavement may experience severe rutting [10]. At this level of air void, the

asphalt binder reduces the contact between the aggregate particles by acting as a lubricant

between them [13].

2.2 Factors Affecting Fatigue Cracking

Fatigue cracking is a failure mode caused by the repeated application of traffic load. This
type of cracking is also known as “alligator cfacking”, because the crack pattern is similar to the
pattern on an alligator’s back [16,17]. The initial stages of fatigue cracking can be recognized by

the presence of periodic longitudinal wheel path cracks, i.e., the cracks occurring in the direction



of traffic. The cracks occupy a small area initially but gradually propagate and become large
cracks due to repeated application of the traffic loading [18].

Fatigue cracking is affected by various mix characteristics such as asphalt type, aggregate
. type, and air voids [18,19]. In order to minimize fatigue cracking, soft elastic binders
[7,16,20,21] and crushed fine aggregates [22] should be used. Lower air void content or higher
asphalt content in the mix will also reduce fatigue cracking [20,23]. Since fatigue cracking is a
load related problem, the insufficient thickness of the pavement for the given loading condition
may also cause fatigue cracking. Fatigue cracking is further worsened by a lack of pavement
drainage facilities that may lead to the saturation of pavement sub layers and, therefore, a loss of
strength [17]. The saturated pavement experiences excess amounts of strain and undergoes

premature cracking. Also, moisture may cause asphalt to strip off of aggregate possibly forming

potholes.

2. 3 Factors Affecting Low-Temperature Cracking

Low temperature cracks appear in a transverse direction to the pavement (perpendicular to
the direction of traffic) at regular intervals [16]. Cracks form when the thermal shrinkage stress
caused by the temperature drop exceeds the tensile strength of the asphalt mix [7,17,24]. This
cracking can occur from a sustained low temperatures [4] or repeated fluctuations in temperature
[24,25]. Once low temperature cracking occurs, it spreads from the top of the pavement to the .
bottom layers. Stiffness of asphalt binder at low tem}oeratures 1s the single most important

material's property controlling low temperature cracking. A soft asphalt binder releases stresses



and prevent thermal cracking [26,27]. Use of asphalt binder of low age hardening potential is
desirable to minimize low temperature cracking.
2.4 Factors Affecting the Moisture Susceptibility

Moisture-induced damage or stripping is another major concern when asphalt pavement
related distresses are considered. The strength of hot mix asphalt pavement (HMA) comes from
the strong interlock between aggregate and good adhesion between the aggregate and asphalt
cement. Moisture damage occurs when water weakens the adhesion or bond between the asphalt
c;ement and aggfegate surface [17,28,29,30]. The stripping failure can be prevented by properly
understanding the physicochemical aggregate-asphalt adhesion pilenomena. Water may penetrate
through the asphalt film and displace it from the aggregate [30]. Although both aggregate and
asphalt binder are important, aggregate propénies play a major role in stripping [29,30]. The
hydrophilic aggregates (water loving, siliceous aggregates) are more prone to stripping problems.
Binders with high stiffness better resist displacement by water than the low stiffness binders
[17]. Where stripping is a problem, many antistripping agents are available to reduce the

stripping potential of asphalt mixes [31,32].

2.5 Aggregate Gradation

Aggregate gradation plays a significant role in providing stability and durability to the
asphalt mix [34]. In the Superpave mix design process, two requirements introduced for
aggregate gradations are control points and the restricted zone. Figure 2.1 shows the 0.45-power-
gradation chart consisting of control points, restricted zone and the maximum density line.

Superpave requires that all gradations should pass between the control points and at the same
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time avoid the maximum density line and the restricted zone [5,34]. This provides a good
aggregate structure that enhances rutting resistance and also achieves sufficient void spéce for
mixture durability. These points control the top size of the aggregate, relative proportion of
coarse and fine aggregates, and the amount of dust [34]. The purpose of the restricted zone is to
discourage the use of fine natural sand in an aggregate blend [5]. The presence of excessive
natural sand results in a mix that causes compaction problems during construction, contributing
to reduced resistance to rutting. Also, the restricted zone prevents a gradation from following the
maximum density line and having inadequate voids in mineral aggregates (VMA) [5,35].
Mixtures having insufficient VMA lack durability [5]. Superpave generally recommends that the
gradations pass below the restricted zone (coarse gradation) to acﬁieve improved mix
performance [5,33]. However, recent studies {2,33,36,37] reported that the gradations passing
above the restricted zone (fine gradation) could perform better than the gradation passing below
the restricted zone. Also, gradations passing through the restricted zone could perform the same

or even better than the other gradations that were not passing through the restricted zone.

2.6 Polymer-Modified Asphalts

In order to improve HMA performance, the practice of modifying the asphalt binder
became common and polymers in particular have received wi'despread attention as the
performance improvers of the asphalt binder [38]. Polymers significantly increase the stiffness of
asphalt at high temperatures preventing permanent deformation, increase the strain tolerance
improving the fatigue resistance at ambient temperatures, and soften binders at low temperature

minimizing low temperature thermal cracking [39-45].
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Polymers can be classified into two categories: elastomers and plastomers. Elastomers
add only little strength to the binder at initial low strain level, but they can be stretched out and
get stronger at higher strain level and recover when the applied load is removed. Plastomers form
a rigid three dimensional network and provide tensile strength under heavy load but crack at
higher strains. Two of thé most commonly used elastomeric polymers are styrene-butadiene
rubber (SBR) and styrene-butadiene styrene (SBS). SBS is a block copolymer and has a higher
tensile strength than a randomly reacted SBR. For laboratory evaluation, use of dynamic tests
which measure accumulated strain over a number of cycles is generally recommended, because

the tensile strength of the elastomer varies as the strain level varies [46].






CHAPTER 3

MATERIALS AND TEST PROCEDURES

3.1 Aggregates

The aggregates used in this study were obtaihed from Ostander Quarry in Ohio. These
aggregates were crushed limestone and were supplied in three sizes (#7, #8, and #10) by Shelly
Company, Ohio. Three 12.5 mm nominal maximum size gradations (coarse, intermediate, and
fine gradations) were chosen, in consultation with ODOT, to study the effects of gradations and
the restricted zone. The limestone aggregates received from the quarry were dried, sieved
separately, and recombined to form the three gradations. The gradations and properties of the
combined limestone aggregates are given in Table 3.1. The gradations are also shown in Figure
3.1 together with the original Supérpave control points and the ODOT Superpave control points.
When drawn on the gradation chart raised to the 0.45 power, the coarse, intermediate and fine
gradations pass below, through and above the restricted zone, respectively. The percent passing
from 19.0 mm to 4.75 mm particle size were kept the same for all three gradations, while the
percent passing for the particle sizes smaller than 4.75 mm varied. In this Iétudy, gravel aggregate
was also used for a few additional laboratory tests. The gravel blend consisted with #8 rounded
gravel, #10 screening, and natural sand -- all from Xenia Ohio and supplied by Martin Marietta
Aggregate. The aggregates were blended in proportions of 60%: 20%: 20% (gravel: screening:

sand). The gradation of the gravel aggregate meeting ODOT 441, Type 1 specification but not
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Table 3.1. Gradation and aggregate properties

Percent passing
Sieve Crushed Limestone
Coarse Intermediate Fine Gravel
Aggregate Aggregate Aggregate
3/4 "(19.0 mm) 100.0 100.0 100.0 100.0
1/2 "(12.5 mm) 97.0 97.0 . - 970 100.0
3/8 "(9.5 mm) 88.0 88.0 88.0 92
#4 (4.75 mm) 62.0 62.0 . 620 48.0
#8 (2.36 mm) 32.0 39.1 46.0 32.8
#16 (1.18 mm) 19.0 28.6 - 35.0 222
#30 (0.600 mm). 14.0 21.1 26.0 14.6
#50 (0.300 mm) 10.0 15.5 19.0 7.0
#100 _(0.150 mm) 7.0 - 90 10.0 4.0
#200 (0.075 mm) 50 4.0 4.0 29
Bulk specific 2.568 2.568 2568 | 2.620
gravity
Coarse Aggregate | 44,109 100/100 100/100 -
Angularity
Fine Aggrc?gate 47 47 47 .
Angularity

the Superpave specifications is also shown in Figure 3.1. It can be seen from Figure 3.1 that

ODOT Supefpéve specifications require tighter control of aggregate gradation.

3.2 Asphalt Binders

For this study, two polymer modified binders (SBS and SBR modified PG 70-22),
typically used for construction of the interstate systems and other heavy-duty pavements in Ohio,

were supplied by Marathon Ashland Petroleum LLC, North Bend, Ohio. The unmodified PG 70-
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22 asphalt was also used in this study as a control. All three binders were prepared from the
same base asphalt. The SBS modified binder was prepared by adding 3% radial SBS with
intermediate molecular weight, while the SBR modified binder was modified with 3% high
molecular weight SBR latex from Ultrapave. Rheological properties of the binder used in the
grading process were given in Table 3.2. Even though these three asphalt binders were sold as
the same PG grade, the actual grade was estimated to differ slightly. The actual continuous PG
grades of the unmodified, SBS, and SBR modified binders were estimated to be PG 72-25, PG

77-23, and PG 76-26, respectively.

3.3 Test Procedures

This section describes the laboratory preparation of the specimens and test methods used in this
study. Mix design followed the Superpave procedure. The cylindrical and beam test specimens
were prepared using the Superpave Gyratory Compactor (SGC) and a static compression
machine, respectively. Except the Asphalt Pavement Analyzer (APA) test, all laboratory mix
tests were performed using a closed-loop electro-hydraulic material testing system from MTS.
The test system utilized TestStar II control system and TestWare SX software to command the
tests and collect data. Figure 3.2 shows the MTS test set-up for the triaxial repeated load test.
From left to right, the 250 kN (55 kip) load frame with triaxial cell; computer, and controller are

shown.



Table 3.2 Rheological properties asphalt binder

Binder Base |Unmodified] SBS SBR
Properties PG 64-22| PG 70-22 { PG 70-22 | PG 70-22
Original Binder
Pass DSR Temp, °C 64 70 76 76
G*/Sind (Minimum 1.00 kPa) 1.927 1.345 1.671 1.268
Fail DSR Temp, °C 70 76 82 82
G*/Sind (Minimum 1.00 kPa) 0.880 0.650 0.927 0.689
Brookfield @ 135C, Pa.s 0.513 0.628 2.172 1.735
Brookfield @ 165C, Pa.s 0.148 0.0168 0.602 0.500
COC Flash Point, C (Minimum 230 °c)y 322 332 354 336
' RTFO Residue '
% Wt. Loss/Gain (Maximum 1%) -0.127 -0.04 .-0.077 -0.039
Pass RTFO Temp, °C 64 70 76 70
G*/Sind (Minimum 2.20 kPa) 4.629 2.989 2542 | 4.306
Fail RTFO Temp, °C 70 76 82 76
G*/Sind (Minimum 2.20 kPa) 2.002 1.388 1.395 2.187
PAV Residue .
Pass PAV Temp, °C 25 25 19 19
G*Sindé (Maximum 5000 kPa) 3636 4928 4479 4904
Fail PAV Temp, °C 22 22 16 16
G*Sind (Maximum 5000 kPa) 5225 6902 6365 6825
BBR Pass Temp, °C -12 -12 -12 - -12
Creep Stiffness (Maximum 300 MPa) | 155.5 2060 | 103.5 1200 -
m-value (Minimum 0.300) 0.321 0.306 0.340 0317
BBR Fail Temp, °C -18 -18 -18 -18
Creep Stiffness (Maximum 300 MPa) [ 314.5 394.0 232.0 259.0
m-value (Minimum 0.300) 0.272 0.248 0.293 0.266
Actual Continuous PG Grade -- PG 72-25 | PG 77-23 | PG76-26
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with triaxial cell, computer, and controller
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3.3.1 Mix Design

The mix design of the unmodified and polymer modified mixtures followed the Superpave
procedure. For unmodified mixtures, the equi-vicous temperatures were used for mixing and
compaction. For SBS and SBR modified mixtures, the mixing and compaction temperatures
suggested by the supplier were followed (156-170°C for mixing and 140-156°C for cqmpaction).
The number of gyrations were selected from ODOT Supplemental Specification 858 (1997) (Nin;
= 8, Nges =109, and Npax = 174). The volumetric properties of the unmodified mixtures are
shown in Table 3.3. In this table, it can be noticed that the intermediate and fine gradation mixes
did not meet the Superpave VMA requirement. Several mixes for each gradation type were
investigated at the beginning of this study. Howe\}er, all of the intermediate and fine gradation
mixes investigated did not meet the minimum Superpave VMA requirements. Subsequent
discussion between ODOT and OU research personnel led to a decision that distinctively

different gradations as shown in Figure 3.1 were to be used in this project to study the effects of

Table 3.3 Volumetric properties of design mixes

Mix Coarse {Intermediate| Fine Gravel Superpave
Property . : (non-Superpave) Criteria
Asphalt Content, %| 6.4 5.7 - 5.7 53 5.4 minimum
Air Voids, % 4.0 40 | 40 4.0 40
VMA, % 14.1 12.7 12.4 15.5 14 minimum
VFA, % 68.0 69.0 67.5 64.0 65-75
Dust Proportion 1.2 1.1 1.1 0.7 0.8-1.6 or 0.6-1.2
% Gmm @ N=8 83.8 86.6 87.8 854 89 maximum
% Gmm @ N=109 96.0 96.0 96.0 96.0 96.0
% Gmm @N=174 | 975 97.3 97.0 96.5 98 maximum
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gradation on pavement performance. For the unmodified asphalt mixes, the aggregates showed
high absorption (2.3-2.1%) and required thorough remixing before compaction. The optimum

- asphalt content of the unmodified asphalt mixes were 6.4%, 5.7%, and 5.7% for coarse,
intermediate, and fine gradation samples, respectively. For the polymer modified mixes, the
optimum asphalt content was reduced, because the absorption of the aggregates with modified
asphalts was lower (1.8-1.5% for SBS and 1.6-1.1% for SBR mixtures). Optimum asphalt
content of the SBS mixes were 6.4%, 5.4%, and 5.4% for the coarse, intermediate, and fine
gradation samples, respectively. Optimum asphalt content of the SBR mix were 6.0%, 5.1%, and
5.1%; for the -coarse, intermediate and fine gradation samples, respectively. For the gravel
mixtures, the absorption ranged between 1.1-0.8%. An optimum asphalt content of 5.3% was

determined for all three asphalt binders.

3.3.2 Specimen Preparation

Test specimens of controlled air void contents were prepared in the laboratory using the
optimum binder contents discussed previously. For statistical analysis of results, minimum
duplicate specimens were prepared and tested for each tésting condition. For the Asphalt
Pavement Analyzer (APA) te.;,t, specimens 150 mm in diaméter X 76.2 mm in height with 7 +
0.5% air void contents were prepared using a Pine Superpave Gyratory Compactor (SGC). For.
the triaxial repeated load test, the uniaxial static creep test, the diametral resilient.modulus test,
and the indirect tensile strength test, specimens 150 mm in diameter x 115 mm in height with
Nges = 109 to have 4 £ 0.5 % air void contents were prepared using SGC follo@ing AASHTO

TP4. For the flexural fatigue test, a set of beam specimens were compacted to 8 + 0.5 % air void
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contents using a static press with a 534 kN (120,000 Ib) load. Before applying the load, loose
mix 1n the beam mold was thoroughly rodded and carefully finished to have uniform surface
elevation and thus uniform density. The prepared specimens were tested according to the testing

program illustrated in Table 3.4

3.3.3 Asphalt Pavement Analyzer (APA)

The Asphalt Pavement Analyzer (APA) is an automated version of Georgia Loaded Wheel
Tester (GLWT) used to evaluate the rutting characteristics of asphalt mixes. In an APA test,
beams or cylindrical test specimens are subjected to repeated stresses via loaded wheels riding

back- and-forth on a pressurized hose placed lengthwise on top of the specimens (Figure

Table 3.4 Summary of laboratory testing program

Mix Type

Binder Type Unmodified SBS SBR
Gradation/Aggregate C|1|F|G|C|T|F}|]G|JC|I]|F|G
APA XXX XXX X|IX[X|X]|X|X
Triaxial Repeated Load XX X|vI|X|X|{X|vivsvivivlv
Uniaxial Static Creep X[ XX X|X|X
Diametral ResilientMod | X | X | X XXX
Indirect Tensile Strength | X | X | X X1 X[ X
Flexural Fatigue X | XX XXX

C = Coarse graded limestone; I = Intermediate graded limestone;

F = Fine graded limestone; G = Gravel blend,

X = tested; v = tested only at 60°C, not at 40°C.
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Loaded Rolling Wheel

Pressurized rubber
hose

Cylindrical
specimen

Beam Mold

Figure 3.3 Schematic diagram of the APA loading system

3.3). The test can be performed in dry or wet conditions. Results from an APA test are empirical
and often used as an accept/reject criterion to supplement the Superpave volumetric mix design
that does not have any strength test at the moment [47,48]. In the current ODOT specification, an
APA test is required if more than 15% of fine aggregate is not meeting fine aggregate angularity
(FAA) criteria in Superpave speciﬁcations; standard test method is listed in Supplemental
Specification 1057 "Loaded Wheel Tester Asphalt Mix Rut Testing Method". In this study, the
samples were conditioned at 60°C in the APA chamber for a minimum of 12 hours prior to dry
APA tests. For wet tests, the specimens were subjected to 55-80 % vacuum saturation with water
and then kept immersed in 60°C water for 12 hours bef_ofe testing.. In both dry and wet tests,
specimens were tested at 60°C witha 5 1_'1 SN (115-1b) wheel load and 689.4 kPa (100 psi) hose
pressure. Test temperature 60°C was higher than the temperatures specified in the ODOT
specification because of very low.rutting potential of the heavy-duty mixes used in this study.

Rut depths were measured at 5, 500, 1000, and 8000 cycles at two locations at the middle of each

specimen using a digital measuring guage.
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3.3.4 Triaxial Repeated Load Test
Triaxial repeated load tests have been used to evaluate the rutting potential of asphalt

mixes [10,12,49-55]. As shown in Figure 3.4, this test closely simulates loading condition
typical in pavement. The repeatedly applied deviator stress simulates a fast moving traffic Joad
and the confining pressure represents confinement of the loaded pavement area by surrounding

pavement materials. The level of confinement in a triaxial repeated load creep test is important,
because confinement affects the state of stress in the test specimen, influencing ranking mixtures
[55]. In the triaxial repeated load test, a pulse load is repeatedly applied to the sample and
deformation is measured as shown in Figure 3.5. During the loading period, the specimen is

deformed, and during the unloading and rest period, only a portion of the strain is recovered,

Repeated
Deviator

Stress l

Confining
Pressure

Asphalt
Sample

Figure 3.4 Schematic diagram of the loading in triaxial repeated load test
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Figure 3.5 Applied stress and measured strain during a triaxial repeated load test



leaving permanent strain. Rutting potential of asphalt mixes is closely related to the permanent
strain [10]. As the deviator stress or temperature increases, the permanent strain increases.
Increases in the confining pressure cause decreases in the permanent strain. The relationship
between the permanent strain, €p, and the number of load application, N, is usually described by

a power law [56]:

€p = aN® -
where a, b ; materials parameters or intercept and slope of log €p- log N
curve, respectively
These materials parameters, a, b, or their derivatives are being used in pavement analysis and
performance prediction models such as FHWA's VESYS [57]. Resilient modulus can also be

determined from the triaxial repeated load test result.

MR = o4/e,

where MR; resilient modulus
o4; deviator stress
g; ; recovered strain

A repeated load creep test is more suitable than a uniaxial static creep test for evaluating
the rutting potential of asphalt mixes, especially elastomeric polymer modified asphalt mixes
[52,55]. Valkering et al. [52] showed that polymer (SBS) modification significantly improved

rutting resistance of asphalt mixes in their indoor test track study, and repeated load creep test

results. However, a static creep test did not show any improvement in rutting resistance due to
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the polymer modification. These observations were attributed to the enhanced ability to recover
strain in the polymer modified mixtures. During each unloading and rest period in the repeated
load test, polymer increases the amount of recovered strain, resulting in less permanent strain
However, in the static creep test where load is applied on the sample continuously, the enhanced
ability to récover due to the polymer modification can not be measured.

In laboratory creep tests of HMA, the use of a realistic stress level similar to field loading
conditions is important for two reasons. First, when the applied stress is too low, yield strength
of asphalt plays a major role in the strain response of the specimen, and the contribution of
aggregates in rutting resistance may become insignificant. For example, a comprehensive
triaxial repeated load creep study was performed to evaluate the effects of mix variables on
rutting with 20 psi deviator stress. While all the binder related parameters showed significant
influence on the permanent strain, the aggregate type (crushed stone vs. gravel) did not show any
significant difference. Authors attributed the insignificance of aggregate type on rutting in the
test to the low stress level that could not fully mobilize the friction between aggregate particles
[56]. Second, at stresses approaching the strength of the mix or at strain near failure, creep
response is not always linear. In such cases, use of linear viscoelastic superposition principle can
not be applied to predict rutting potential under high field stress from result of low stress creep
tests [S8]. In this study, 827 kPa (120 psi) deviator stress and 138 kPa (20 psi) confining pressure
were used based on a similar study [10]. This level of deviator stress is within the upper range of
feal heavy traffic loading on pavement.

Figure 3.6 show a test specimen i)laced inside the triaxial cell with heated silicon oil.

Prior to testing, the sample was placed in the triaxial cell filled with silicon oil for 2 minimum of
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12 hours at test temperature. The confining pressure on the sample was controlled by pressurized
air supplied to the top surface of the silicon oil. The silicon oil also served the purpose of
heating medium to control temperature. After temperature conditioning, a confining pressure of
20 psi was applied before preconditioning load. Then, a preconditioning stress of 83 kPa (12 psi)
was applied for 30 cycles. Next, the specimen was subjected to a 827 kPa (120 psi) deviator
stress for 10,000 cycles. The deviator stress was applied 0.1 seconds in a haversine form and had
arest period of 0.9 seconds. The axial displacement of the specimen was measured using two
LVDTs placed opposite each other. The confining pressure §vas applied continuously throughout
the test. After loading 10,000 cycles, the axial load was withdrawn, while the confining pressure
was held at 138 kPa (20 psi), and the sample was allowed to recover for 15 minutes. After
completion of the test, percent air void of the sample was measured again. Tests were

performed at 40°C and 60°C, the temperatures range over which rutting resistance is critical.

3.3.5 Uniaxial Static Creep Test

The uniaxial static creep test is a simpler test than the triaxial repeated load test, in which the
deformation of specimen due to the uniax-ial static compressi\}e load without confinement is
measured as a function of time..Because of its simpliéitj,.this test has been used for many years:
with reasonable correlation with the rutting of the asphalt.pavements'[S_S]. However, cyclic or
dynamic test results correlate better with the performance of asphalt mixes in the field [12, 53].
The uniaxial static creep test identifies the rutting resistance of the asphalt mixes when

performed at a temperature and stress level related to that existing in the real pavements [28,58].
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A static load of 414 kPa (60 psi) was suggested to be a realistic stress level for field traffic
loading and adopted in this project [58].

Figure 3.7 shows the MTS static creep test set-up together with the environment
conditioning chamber. Prior to the static cfeep'testing, a specimen was placed in the
environmental chamber for a minimum of 12 hours for temperature equilibrium. The
environmental chamber provided a stable thermal environment maintaining temperatures in the
range of —30 to 100°C. The 414 kPa (60 psi) of static creep stress was applied for 3,600 seconds
(1 hour) followéd by 3,600 seconds (1 hour) of recovery. The total axial compressive
deformation of the sample was measured using two LVDTs at predetermine time intervals. After
the test, the percent air voids of the sample was measured. In this test, duplicate samples were
tested at 60°C and 40°C. In this test, permanent strain, creep stiffness after 1 hour, total strain

after 1 hour, percent recovery, and steady state slope were determined to evaluate rutting

potential of mixes.

3.3.6 Flexural Beam Fatigue Test

The flexural beam fétigue test estimates the cracking potential of asphalt pavement due to
repeated heavy traffic loading. A schematic loading configuration of the beam is shown in
Figure 3.8. In this test, the beam specimen is subjected to four point bending with free rotating
beam-holding fixtures at all loading and reaction points. For symmetrical loading, the middle
third of the beam will be in pure bending allowing easy calculation of flexural stress, strain and
stiffness. The number of cycles to failure (fatigue life) and dissipated energy (area within

hysteresis loop) are commonly used as indicators of fatigue cracking potential [20, 59]. The
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Figure 3.7 Static creep test set-up inside the environment chamber
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Figure 3.8 Schematic diagram of the loading applied in flexural beam fatigue test

flexural beam fatigue test can be performed either in controlled strain mode or controlled stress
mode. In the controlled stress mode, the stress or load remains constant throughout the
éxperiment, whereas in controlled strain test, the deformation or strain is maintained at a constant
value. For the strain-controlled test, the failure point is commonly defined as the load cycle
where the flexural stiffness of the beam sample become 50% of the initial stiffness. It is believed
that controlled strain testing might be more suitable for evaluating mixes for thin pavements on
stiff foundation and the controlled stress test better for thick pavement structures [20]. This
flexural bearh fatigue test was found to be sensitive to asphalt type, aggregate type, air void
content, and temperature [19}. A;e, the magnitude of the applied flexural strain increase, fatigue
life decrease. One of the common relationships between fatigue life, Ny, and the applied initial

tensile strain, €, is given as;
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Ne=K1 (g0)%?

where, N¢ = fatigue life
€, = initial tensile strain, and
Kland K2. = experimentally determined regression coefficients

K1 and K2 are materials properties which depend on asphalt, aggregate, and mix properties.
This form of relationship is commonly used in the pavement fatigue performance models.

In this study, the flexural beam fatigue test was performed following AASHTO TP8-94,
“Method for Determining the Fatigue Life of Compacted Bituminous Mixtures Subjected to
Repeated Flexural Bending.” To prepare the beam specimens for this test, loose mixes were
compacted by a static press with a load of 534 kN (120,000 1b). The original sample had a
dimension of approximately 381 mm, 76 mm, and 50 mm and was trimmed on both sides of the
beam length-wise using a diamond saw as fequired in the procedure, bringing the final .
dimensions to 381 mm, 63 mm, and 50 mm. All the beam specimens had percent air voids close
" to 8%. A piece of aluminum block was glued onto the middle of the neutral axis of the beam, so
that a LVDT could be positioned to measure deflection. Figure 3.9 shows the flexural t;eam
fatigue test set-up together with the environmental cha.mbe?.

Prior to testing, the beam specimen was kept in the environmental chamber at a
temperature Of 20 + 1°C for a minimum of 12 hours. Then, the beam was mounted in a flexural -
bending béam fixture within the environmental chamber. Controlled strain mode of cyclic
loading was applied to the sample until failure. As previously discussed, the failure is defined as
the load cycle at which the sample showed a 50% reduction in stiffness compared to the initial
stiffness. The strain applied on the samples was 275 microstrain at a frequency of 5 Hz. At this

strain level, all the specimens showed fatigue lives larger than 10,000 cycles as recommended in
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AASHTO TP8. Duplicate samples of the three limestone gradations using two asphalt binders
(unmodified and SBS) were used in this test. Gravel and SBR samples were not used in this test.
From this test, flexural stiffnéss, phase angle, cuamulative dissipated energy and steady-state

slope were determine.

3.3.7 Indirect Tensile Resilient Modulus Test

Because of its simplicity, the indifect tensile resilient modulus test has been popularly
used to determine the elastic modulus of the bituminous mixtures. In this test, a repeated load is
applied to the vertical diametral axis to induce tension along the diametral axis in line with the

applied load [17]. Then, fhc reSilie_nt modulus is determined from following equation;

Mg, = P (Hpr +O‘27).

tAH,
where, Mgy = resilient modulus of elasticity, MPa,
- P = cyclic load, N
MrT = total resilient Poisson’s ratio
t - =thickness of specimen, mm :
AH; = total recoverable horizontal deformation, mm

The resilient modulus is commonly used in ahalysis of pavement response due to traffic loading
ana in the design of pavement structures.

In this study, the resilient modulus of asphalt mixtures was determined following
AASHTO TP31 “Method for Determining the Resilient Modulus of Bituminous Mixtures by

Indirect Tension.” Specimens of 150mm diameter by about 115mm height were kept in the
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environmental chamber for minimum of 12 hours at the test temperature prior to testing. A load
of fixed magnitude was applied to a cylindrical specimen along its diametral axis. Tests were
performed at three temperatures (5, 25, and 40°C) with a repeated load of haversine wave form
(0.1 second loading time and 0.9 seconds rest period). Extensometers and LVDTs were used to
measure the horizontal and vertical deformation, respectively. The total loads applied to the
samples at 5, 25, and 40°C were 7,000 N (1,573 Ib), 4,000 N (900 Ib), and 2,000 N (450 1b),

respectively.

3.3.8 Indirect Tensile Strength Test
In the indirect tensile strength test, a specimen is loaded along the diametral axis at a
constant rate of deformation until failure. The indirect tensile strength of the sample is calculated

from the maximum load endured by the sample before failure.

- (50.127xP)[ . [1455313] [12.7
t / S1n| . D D

where S, = indirect tensile strength, kPa
P, = maximum load sustained by the specimen, N
t = gspecimen thickness, mm
D = specimen diameter, mm

This test measures the strength or relative resistance to cracking due to fatigue or temperature.
High strength values indicate greater resistance to fracture. Mixes with high strength have the

ability to absorb energy without fracture {60].
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In this study, the same specimens used to measure the indirect tensile resilient modulus
were used to determine the indirect tensile strength. After temperature conditioning for 12 hours
at 25°C, compressive loads were applied on the asphalt specimen along the diametral axis at a

deformation rate of 50 mm per minute until failure.

3.3.9 Moisture Susceptibility Test
The moisture susceptibility of asphalt mixes were determined following AASHTO T 283
“Standard Test Method of Test for Resistance of Compacted Bituminous Mixture to Moisture
Induced Damage”. One of the commonly used moisture susceptibility tests for asphalt mixes is
. the Lottman test (AASHTO T283). This is a quantitative strength test in which six samples
having 6-8 percent of air voids are compacted. Among them, three samples are used as control
samples and the remaining three samples are subjected to vacuum saturation (;f 55-80 percent
with water and then subjected to freezing and thawing conditions. Finally, the samples are tested
| for the indirect tensile strength (ITS), and the retained tensile strength (TSR) is calculated.
Retained tensile strength is the ratio of the ITS of the conditioned specimens to the ITS of the dry
unconditioned specimens and is used as a moisture susceptibility indicator. A minimum TSR
value of 0.80 is required in the Superpave mix ldesign [5]. This test procedure is considered to be
t_he most appropriate method, at present, for determining the moisture damage in asphalt mixes
[17,61].
In this test, two aggregates (limestone coarse gradation and gravel blend) and two asphalt
binders (unmodified and SBS) were used. The specimens of about 63.5 mm height were prepared

with the Superpave gyratory compactor with 100 mm diameter mold. Neither aggregates nor



asphalt binders were known to have moisture damage problems. For ultimate comparison, TSRs
were determined after 1, 2, and 3 cycles of freeze/thaw conditioning for limestone mixes and

only after 3 freeze/thaw conditioning for gravel mixes.






CHAPTER 4
TEST RESULTS AND DISCUSSION

4.1 Asphalt Pavement Analyzer

Use of angular crushed limestone aggregate resulted in highly rut resistant mixes for all
gradations and asphalt binder types studied, having APA rut depths well below 'the ODOT
specification requirement (maxiﬁum 5 mm). The results of the dry and wet APA tests are
presented in Table 4.1 showing measured rut depths at 500, 1,000, and 8,000 cycles of loading. -
The final rut depths measured at 8,000 cycles are shown in Figure 4.1 and are used for the
following data analysis.

Analyses of variance (ANOVA) were conducted to determine if the APA rut depths of
mixes were affected by aggregate type, aggregate gradation (the restricted zone), or asphalt
binder type. As shown in Table 4.2-A, analysis of limestoné dry APA test results indicated that
asphalt binder type was statistically significant (p-value < 0.05), while aggregate gradation was
not (p > 0.05). When compared with unmodified PG 70-22 and SBR PG 70-22 mixes, SBS PG
70-22 mixes exhibited lower rutting. Overall average rut depths for unmodified, SBS, and SBR
mixes were 0.89, 0.65, and 0.95mm, respectively. This ranking was not the same as the ranking
of their G*/sind, the binder rutting criteria at high temperatures; SBS had highest G*/sind,
followed by SBR, and unmodified. For gravel mixes, due to insufficient number of data, a
meaningful statistical analysis was not possible. Qualitative comparison was made for rut depths

among the three mixes of different binders. Mixes with both SBS and SBR modified binder



Table 4.1 Results of dry and wet APA tests

37

Asphalt Rut Depth, mm Dry/Wet
Gradation Type 5 cycles | 500 cycles| 1000 cyc | 8000 cyc Ratio
Dry Test
' Unmodified 0.00 0.31 0.42 0.86 0.76
Coarse SBS 0.00 0.27 0.36 0.72 0.75
SBR 0.00 0.36 0.56 1.12 1.03
Unmodified 0.00 0.31 0.41 0.99 1.25
Intermediate SBS 0.00 0.31 0.39 0.68 0.76
SBR 0.00 0.35 0.52 0.95 0.90
Unmodified 0.00 0.09 0.18 0.81 1.17
Fine SBS 0.00 0.23 0.29 0.54 0.53
SBR 0.00 0.27 0.42 0.81 0.61
Unmodified 0.00 2.08 2.82 6.11 1.36
Gravel SBS 0.00 1.36 1.98 4.73 1.48
SBR 0.00 1.65 2.21 4.86 1.17
Wet Test .
Unmodified 0.00 0.53 0.67 1.13
Coarse SBS 0.00 0.42 0.51 0.96
SBR 0.00 0.43 0.54 1.09
Unmodified 0.00 0.33 0.40 0.79
Intermediate SBS 0.00 0.40 048 0.90
SBR 0.00 0.41 0.54 1.06
Unmodified 0.00 0.34 0.41 0.69
Fine . SBS 0.00 0.39 0.50 1.01
' SBR 0.00 0.70 0.78 1.33
Unmodified 0.00 1.48 2.37 4.49
Gravel SBS 0.00 1.09 1.63 3.19
SBR 0.00 1.22 1.79 4.16
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Table 4.2 Analysis of Variance for APA rut depth

A. Effect of Gradation & Asphalt (Limestone Dry Data) R* = 26.4%
Source DF Seg SS§ Adj SS Adj_MS E P
Gradation 2 0.28052 0.28052 0.14026 1.92 0.159
Asphalt 2 0.84314 0.84314 0.42157 5.78 0.006
Error 43 3.13724 3.13724 0.07296
Total 47 4.26090

B. Effect of Aggregate (All Dry Data) R =94.6%
Source DF Seqg S8 Adj SS Adj MS F P
Aggregate 1 104.184 103.460 103.460 867.05 0.000
Asphalt 2 1.348 1.348 0.674 5.65 0.006
Exrror 50 5.966 5.966 0.119
Total 53 111.498

C. Aggregate - Wet Test Interaction (All Data) R*=93.5%
Source Seq SS daf MS F P
Test Type 2.963 1 2.963 21.84 0.0000
Aggregate 132.742 1 132.742 978.39 0.0000
TestType*Agg 5.236 1 5.236 38.60 0.0000
Error 10.039 74 0.135
Total 156.577 77

D. Dry APA test vs. Wet APA Test
ANOVA for Rut Depth (Limestone Data) R?=27.1%
Source DF Seq_SS Adj SS Adj MS F P
Gradation 2 0.21315 0.21315 0.10657 1.58 0.215
Asphalt 2 0.94085 0.86098 0.43049 6.37 0.003
Test Type 1 0.35118 0.35118 0.35118 5.20 0.026
Error 60 4,05502 4.05502 0.06758
Total 65 5.56019
ANOVA for Rut (Gravel Data Only) R? =86.6%
Source DF Seq _SS Adj SS Adj MS F P
Asphalt 2 3.5887 3.5887 1.7944 10.86 0.005
Test Type 1 4.9408 4.9408 4.9408 29.90 0.000
Error 8 1.3220 1.3220 0.1653
Total 11 9.8516 '
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showed a noticeably lower dry rut depth than mixes with unmodified binder.

Magnitude of rut depth in limestone mixes was relatively small in comparison with the
magnitude of errors in APA measurement. This was manifested as a low R? for the ANOVA of
limestone only data (Table 4.2-A & D). Lower R? indicates a larger portion of measurement
variability comes from errors not from the factors used in the statistical model. This relatively
large magnitude of error obsecures the difference among aggregate gradations. An ANOVA was
performed again after careful-review of the data and removal of three outliers (deviation from
mean > 2 standard deviations) from the 48 data points. Then, gradation was statistically
significant (p = 0.024), but less than asphalt binder type (p = 0.006). Mixes with fine gradation
éhowed the least rut depth (0.71 mm), and mixes with coarse gradation showed the fargest rut
depth (0.88 mm).

ANOVA performed on all dry APA data indicated aggregate type had a significant effect
on rut depth (Table 4.2-B). Mixes with crushed limestone showed much lower rutting (average
rut = 0.8 Imm)than rounded smaller size gravel mixes (average rut = 5.23mm), as expected.

Studies conducted at the National Center for Asphalt Technology (NCAT) [33] and
Texas [62] using APA support these findings. They concluded that APA was sensitive to
aggregate type and gradation. When high quélity aggregates were used, the restricted zone did
not have a significant effect on rutting performance. In genéral, coarse gradatiohs that passed
below the restricted zone showed the highest rut depths. NCAT study also found that APA rut
depth had correlated somewhat with asphalt binder film thickness. For limestone and granite
mixes, rut depth increased with an increase in film thickness. To compare with this finding,

surface areas of three limestone gradations used in this study were calculated from gradations
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[17], and asphalt binder film thicknesses were estimated. The estimated film thickness for
coarse, intermediate, and fine mixes were 13.9, 10.7, and 9.6pum; the same order és rut depth.

In addition to the dry APA test, a wet APA test was performed to evaluate moisture
susceptibility of mixes. As a moisture susceptibility parameter, APA rut ratio was defined as
average rut depth form dry APA test divided by average rut depth from wet APA test. The results
" are presented in Table 4.1. As shown in Table 4.2-C, there was strong interaction between
aggregate type and dry/wet test (p < 0.05 for TestType*Agg). ANOVA of each aggregate with
limited data shows that APA moisture conditioning significantly affected rut depth (Table 4.2-
D). For limestone mixes, overall average rut depth increased from 0.81 mm to 1.00 mm due to
APA moisture conditioning, whereas overail rut depth of gravel mixes decreased from 5.23 mm
to 3.95 mm. For limestone, mixes with SBS showed the lowest wet/dry rut ratio (highest
susceptibility), whereas for gravel mixes with SBS showed the highest wet/dry ratio (lowest
susceptibility). The reduction of rut depth after vacuum saturation and warm water soaking is
believed to be due to excess pore water pressure [62]. Undet dynamic loading, excess pore water
pressure can be developed and reduces effective stress between aggregate particles. Thus, some
of the APA wheel load can be supported by excess pore water pressure. Originally, moisture
susceptibility was thought to be evaluated by conducting dry and wet APA tests. However, the
mbisture conditioning procedure used our study may need further refinement to evaluate
moisture susceptibility, according Cross and Voth [62]. They investigated three moisture
conditioning procedures.; (1) soaking in 40°C water for 2 hours, (2) vacuum saturation followed

by 24 hours at 60°C water and 2 hours at 40°C water, and (3) vacuum saturation followed by

freeze/thaw conditioning, 24 hours at 60°C water and 2 hour at 40°C water. About half of the
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mixes treated with vacuum-saturation showed a decrcase in rut depth. None of the three
moisture conditioning procedures correlated with the tensile strength ratio (TSR) measured
following AASHTO T 283 procedure. Correlation of these conditioning procedures with field
performance is yet to be determined.

In summary, aggregate type, gradation, and binder type were statistically significant
factors affecting APA rutting performance. Mixes with crushed limestone exhibited much
smaller rutting than mixes with rounded gravel. Intermediate gradation passing through the
restricted zone performed as good as other gradations. In general, coarse gradation passing below
the restricted zone shbwed the highest rut depth. Mixes with polymer modified binders showed
smaller rut depth than mixes with unmodified binder. Differences between unmodified and
modified binders were more noticeable in gravel m.ixes that have weaker aggregate structures.
From a practical prospective, all gradation and all binder types of crushed limestone mixes

studied performed very well, having an average rut depth of 0.8 1mm.

4.2 Triaxial Repeated Load Test

From triaxial repeated load test data, rate of permanent strain per load cycle, rut rates
were determined after 1,000 and 10,000 cycles of loading using the slope of the creep curve, in
addition to permanent strain at 10,000 lo‘ad. cycle, resilient modulus and percent recovery. The
results of the triaxial repeated -10ad test are summarized in Tables 4.3 and 4.4, and correlations
among parameters are listed in Tables 4.5 and 4.6. Asphalt binders and asphalt mixtures are
viscoelastic materials that exhibit dramatic changes in their rheological and physical properties

with temperature changes. To separate the overshadowing temperature effect from other effects,
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Table 4.3 Results of triaxial repeated load test

After 10,000 Cycles
Test | Mix Asphalt Void Resilient | Permanent ll{Iu<t rate@) Rut rate @
X cycle [10K cycle
Temp | Type Type Change* | Modulus Strain Recovery e/cvel Jovel
% GPa | %strain % peicycle | peicycle
Unm -- 1.25 0.9920 2.1 1.344 0.144
Unm 0.0 1.26 0.9909 - 1.289 0.159
LS SBS -0.2 1.26 0.6417 4.0 0.755 0.061
Coarse SBS -0.2 1.34 0.6602 39 0.812 0.071
SBR -0.3 1.10 0.7378 3.7 0.930 0.088
SBR -0.2 1.05 0.7811 3.6 0.970 0.091
Unm -0.2 1.28 0.7544 3.0 0.990 0.108
Unm -0.2 1.26 0.8150 -- 1.010 0.104
SBS -0.1 1.24 0.5415 -- 0.620 0.090
Iktir SBS -0.2 1.29 0.5218 5.1 0.629 0.053
SBR -0.2 1.14 0.5386 5.0 0.655 0.063
60°C SBR -0.3 1.09 0.5731 4.8 0.697 0.069
' Unm -0.2 1.21 0.7819 29 0.999 0.101
Unm -0.2 1.34 0.7650 -- 0.977 0.078
LS SBS -0.2 1.23 0.4407 6.2 0.482 0.039
Fine SBS -0.2 1.33 04161 6.5 0.492 0.046
SBR -0.3 1.12 0.5752 5.0 0.666 0.062
SBR -0.2 1.12 0.5082 4.5 0.596 0.055
Unm -03 0.94 1.6027 1.8 2.084 0.245
Unm -0.1 0.98 1.5691 1.7 2.053 0.241
Gravel SBS -0.1 1.00 1.0990 24 1.354 0.130
SBS -0.2 0.98 1.0991 2.2 1.332 0.132
SBR -0.1 0.95 1.1751 23 1.468 0.152
SBR -0.1 0.97 1.3400 22 1.684 0.177
Unm -0.1 4.6 0.3611 54 0.49 0.05
LS Unm -0.2 3.1 0.3516 53 . 0.51 0.03
Coarse SBS -0.1 22 0.3096 6.5 0.44 0.04
SBS 0.1 22 0.3308 6.2 041 0.03
Unm -0.2 - 4.5 0.3095 6.1 0.44 0.03
40°C LS Unm -0.2 5.0 0.2710 6.9 032 0.02
Inter SBS -0.1 2.6 0.2785 7.1 0.32 0.02
SBS -0.1 24 0.2612 8.4 0.30 0.02
Unm -0.1 29 0.2435 7.7 0.24 0.02
LS Unm -0.1 3.5 0.2630 7.0 0.42 0.02
Fine SBS -0.1 2.8 0.2165 10.0 0.27 0.02
SBS -0.1 2.5 0.2326 8.8 0.28 0.02

* Negative value means decrease in voids; -- Not measured
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Table 4.4 Average resilient modulus determined from triaxial repeated load test at

40°C and 60°C
. Resilient Modulus, GPa
Mix Type Asphalt Type 20°C 60°C
LS Unmodified 3.85 1.26
Coarse SBS 2.20 1.30
SBR - 1.08
LS Unmodified 4.75 1.27
Intermediate SBS 250 1.27
SBR -- 1.12
LS Unmodified 3.20 1.28
Fine SBS 2.65 1.28
SBR - 1.12
Unmodified -- 0.96
Gravel SBS - 0.99
SBR - 0.96

-- Not measured

Table 4.5 Pearson correlations (r) among mix properties determined from 60°C
triaxial repeated load test (limestone only, n = 18)

Permanent Rut Rate Rut Rate
Strain | 7°RECOVETY | 100 Cyc% 10,000 cyg)e
%Recovery -0.951
Rut Rate @ 1000 Cycle 0.996 -0.945
Rut Rate @ 10,000 Cycle 0.924 -0.913 0.927
Log MR 0.076 0.067 0.098 0.086

Table 4.6 Pearson correlations (r) among mix properties determined from 40°C
triaxial repeated load test (limestone only, n = 12)

Permanent Rut Rate Rut Rate
Strain | °REOVEY | 000 Cyc% 10,000 cyc@le
%Recovery -0.926
Rut Rate @ 1000 Cycle 0.896 -0.868
Rut Rate @ 10,000 cycle 0.808 -0.688 0.754
Log MR 0.228 -0.391 0.282 0.196
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correlations were determined at each test temperature using limestone data only. At 60°C,
permanent strain, percent recovery, rut rates at 1,000 and 10,000 cycles were very strongly
correlated with each other (Jr] > 0.91) but not with the resilient modulus (Ir] <0.1). This was due
to the fact that the permanent strain, percent recovery, and rut rates are governed by the viscous
nature of asphalt mixes while resilient modulus is gdvemed by elastic nature of mixes.
Permanent strain and rut rates had very strong positive correlatilon with each other, i.e., larger
permanent strain was associated with larger rut rates. Permanent strain had a significant negativé
correlation with percent recovery. Mixes showing large permanent strain tended to have low
percent recovery after repeated load tests. At 40°C, similar trends, but with weaker correlations
than at 60°C, were observed. It is speculated that at 40°C relaxation behavior of the asphalt mix
was slow, and during the 0.9 second rest period in the triaxial repeated load test, the asphalt mix
did not recover fully. The permanent strain for a loading cycle used in rut rate calculation wéuld_
include not only plastic strain but also a significant level of elastic and delayed elastic strain. It
would also affect the accumulated permanent strain and percent recovery, resulting in less
correlation at lower temperatures.

Analyses of variance were performed to determine the effects of aggregate type,
. gradation, asphalt binder type, and temperature on permanent strain, rut rate, percent recovery,
and resilient modulus: The results of permanent strain, percent recovefy, and rut rate were
expected to be similar because of their strong correlation. Analysis of whole data set (n=36)
indicated a significant effect of aggregate type, asphalt type, and gradation on these three mix

properties (Table 4.7-A,-B, and -C). High R? indicates significant effects of factors included in
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Table 4.7 Analysis of variance for triaxial repeated load test results (all data, n = 36)

A. Permanent Strain at 10,000 Cycles of Loading R? =94.8%
Source DF Seqg SS 2Adj SS Adj MS F P
Agg 1 3.18958 1.02943 1.02943 115.24 0.000
Grad 2 0.15953 0.15953 0.07977 8.93 0.001
AC 2 0.36810 0.35770 0.17885 20.02 0.000
Temp 1 1.04510 1.04510 1.04510 117.00 0.000
Error 29 0.25904 0.25904 0.00893
Total 35 5.02136
B. Percent Recovery R2=94.8%
Source DF Seq SS Adj_SsS Adij MS F P
Agg 1 51.628 3.088 3.088 10.04 0.004
Grad 2 18.065 18.065 9.032 29.36 0.000
AC 2 26 .544 23.611 11.805 38.37 0.000
_ Temp 1 65.764 65.764 65.764 213.74 0.000
Error 29 8.923 8.923 0.308
Total 35 170.922
C. Rut Rate at 10,000 Cyvcles of Loading R?=90.0%
Source DF Seqg SS Adj SS Adj MS F P
Agg 1 0.069659 0.022062 0.022062 51.48 0.000
Grad 2 0.005404 0.005404 0.002702 6.31 0.005
AC 2 0.013516 0.015105 0.007552 17.62 0.000
Temp 1 0.021183 - 0.021183 0.021183 49.43 0.000
Error 29 0.012428 0.012428 0.000429
Total 35 0.122190
D. Log of Resilient Modulus R?=92.3%
Source DF Seq SS Adj Ss Adj_Ms F P
Agg 1 0.33393 0.02503 0.02503 5.58 0.025
Grad 2 0.00625 0.00625 0.00312 0.70 0.507
AC 2 0.28996 0.05817 0.02908 6.49 0.005
Temp 1 0.93353 0.93353 0.93353 208.18 0.000
Error 29 0.13004 0.13004 0.00448
Total - 35 1.69370
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the statistical models and high repeatability of the triaxial repeated load test. Average permanent
strains measured at 40°C and 60°C are shown in Figure 4.2.

The effect of aggregate type and gradation is shown in F igulres A.1 through A.S,
Appendix A. for each asphalt binder. The triaxial repeated load test is a highly reproducible test
method. The results of duplicate test specimens were very similar and able to detect the effect of
aggregate type and gradation. For all binder types and test temperatures, mixes with the rounded
gravel showed much higher permanent strain than mixes with angular limestone. Also, mixes
with coarse gradation showed th¢ highest permanent strain followed by mixes with intermediate
gradation. Mixes with fine gradation showed the least permanent strain. As discussed at the

previous section, this order of gradations for permanent strain also follows the order for asphalt

film thickness.

The effect of asphalt bin.ders on the permanent strain is shown on Figpre 4.2 and creep
curves are rearranged in Figures A.6 through A.12, Appendix A. For all gradations and test
temperatures, without exception, mixes with unmodified binder showed the largest permanent
strain. Of two polymer modified binders, SBS resulted in less permanent strain than SBR. The
supérior performance of mixes with polymer may be due to two facts. First, polymers used in
this study have molecular weights over 100,000 and are elastic. The large size of these polymers
improved the temperature dependency of the asphalt, provided adequate stiffness, and improved
strain recovery characteristics at high temperatures. Second, the differences in binder stiffness

had some contribution to the results. At high temperatures (70-76°C), the unmodified binder

showed the lowest G*/sind, whereas the SBS binder showed the highest G*/sind (Table 3.2).
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Temperature change significantly affects rheological and physical properties of
viscoelastic materials such as asphalt mixtures. From Figure 4.2, the effect of temperature on
permanent strain can be observed. F or both modified and unmodified mixes, permanent strains at
the higher temperature were much larger than permanent strains at the lower temperature. To
show the effect of polymer modification on temperature dependency, creep curves for
unmodified and SBS mixes for each gradation are presented at Figures A.13 through A.15,
AppendiX A. Mixes with the SBS binder showed much lower temperature dependency than
mixes with the unmodified binder. At 40°C, permanent strains of unmodified and SBS mixes
with three gradations of limestone were similar, whereas permanent strains of the same SBS
mixes at 60°C were significantly lower than permanent strains of unmodified mixes. Table 4.8
includes two ANOVAs _showing. the significantly different temperature dependency of
unmodified and SB.S binders (asphalt-temperature interaction, Temp* AC). When the interaction
terxﬁ, Temp*AC, is considered in a statistical model, R* significantly increased from 89.6% to
98.1%.

The effect of aggregate type, gradation, and binder type on recovery and rate of
permanent strain should be very similar to the results for permanent strain due to very strong
correlations among them. Percent recovery and rut rates after 1000 and 10,000 cycles of all
tested specimens are shown in Figﬁres 4.3,4.4, and 4.5, respectively. For all asphalt binders,
mixes with rounded gravel showed significantly lower recovery and higher rut rates than mixes
with limestone. . For all binders and test temperatures, mixes with coarse gradation showed the
lowest recovery and the highest rut rates, and mixes with fine gradation showed the highest

recovery and the lowest rut rates. Again as discussed in APA results, this is likely due to the
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Table 4.8 ANOVA for permanent strain to determine temperature dependency of binder (for
limestone, unmodified and SBS mixes, n = 24)

Without Considering Asphalt-Temperature Interaction R* =89.6%

Analysis of Variance for Permanent Strain

Source DF Seqg SS Adj SS Adj MS - F P
Grad 2 0.10721 0.10721 0.05360 6.87 0.006
Asphalt 1 0.17471 0.17471 0.17471 22.39 0.000
Temp - 1 0.99727 0.99727 0.99727 127.82 0.000°
Error 19 0.14824 0.14824 0.00780
Total 23 1.42743 '

With Considering Asphalt-Temperature Interaction R?=98.1%

Analysis of Variance for Permanent Strain

Source DF Seqg SS Adi SS Adi MS F P
Grad 2 0.10721 . 0.10721 0.05360 35.91 0.000
Asphalt 1 0.17471 0.16858 0.16858 112.93 0.000
Temp*AC 2 . 1.11864 1.11864 0.55932 374.70 0.000
Error 18 0.02687 0.02687 0.00149

Total 23 1.42743

asphalt binder film thickness within the mixes. Film thickness decreased from coarse to
intermediate to fine gradation. According to Haung, et al. [63], when asphalt binder is
sandwiched betweeh aggregate surfaces forming a film with a thickness of about 10-20pm,
apparent Qiscosity of the asphalt binders may drastically increase as film thickness decreases.
An increase in apparent viscosity usually accompanied by increase in elasticity (decrease in
phase angle, §) and increase in stiffness (G*). ‘In other words, mixes with fine gradation that had

the least film thickness, would be more clastic and stiffer and could exhibit the highest strain
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recovery and smallest rut rate. Effects of asphalt binder on recovéry and rut rate for all aggregate
types and gradations were signiﬁcant and consistent. Mixes with coarse gradation showed the
least recovery and the highest rut rate, whereas SBS mixes showed the highest recovery and
lowest rut rate for each aggregate type and gradation. These trends are more obvious at 60°C.
Resilient modulus is not directly related to performance characteristics of asphalt mixes.
However, it is one of the most important mix properties in analysis and design of asphalt
pavements, describing pavement responses under traffic loading. As shown in Figure 4.6 and
Table 4.7-D, temperature had the biggest effect on resilient modulus whereas gradation is not a
factor. For each gradation, effects of binders were significant. At 60°C, mixes with unmodified
and SBS binders had similar moduli, and mixes with SBR had slightly, but consistently, lower
moduli. This is due to the fact that, at high temperatures, mix properties are predominantly
influence by aggregate properties. For the limestone aggregate studied in this project,
differences in aggregate gradation do not affect the resilient modulus. At lower temperatures,
however, contribution of aéphalt binder is larger and significantly influences mix properties. At
40°C, unmodified mixes showed significantly higher resilient moduli than SBS mixes, i.e.,
unmodiﬁed mixes showed poorer temperature dependency than SBS mixes. For each 120 psi

deviator stress application at 40°C, mixes with polymer deformed more but recover more,
leaving less permanent strain than mixes with unmodified binder. At 60°C, for each axial load

application, mixes with polymers deformed similarly to mixes with unmodified binder.

However, the polymer mixes recover more and leaving much less permanent strain.
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The percent air voids for all the samples decreased an average of 0.2% after the test
(Table 4.3), consistent with Mallick et al. [10]. They found that the initial air voids were greater
than 3%, original voids decreased (consolidation) after a triaxial repeated load test. When the
initial air voids were below 3%, the voids increase (dilation) with triaxial repeated loads. The test
specimens used in this ODOT project had a 4% average air void and nigely_ ﬁt with their initial
air void and void change relationship. There was no statistically significant difference in air void
reduction between limestone and gravel mixes at 60°C. The air void reduction at 40°C was less

than at 60°C.

In summary, the triaxial repeated load test is very sensitive to aggregate type, aggregate
gradation, asphalt binder type, and polymer modified binder, consistent with previous studies
[52,55]. Mixes with crushed limestone aggregate showed much less rutting potential than
mixes with rounded gravel aggregate. The restricted zone did not significantly affect the rutting
performance of asphalt mixes. The highest rutting potential was observed from mixes with
coarse aggregate (bélow the restricted zone) followed by mixes with intermediate gradation
(through the restricted zone). Mixes with fine gradation (above the restricted zone) showed the
lowest rutting potential. It is piausible that the effects of aggregate gradation in this study
-resulted from difference in asphalt binder film thickness for each mix.l Polymer modified mixes
showed significantly reduced temperature dependency, improved strain recovery, and reduced

futting potential.
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4.3 Uniaxial Static Creep Test

Uniaxial static creep tests were performed on mixes prepared with three gradations of
limestone and two binders (unmodified and SBS binders) at 40°C and 60°C. Creep strain after 1
hour of loading, permanent strain after 1 hour of recovery, percent recovery, slope of the steady
state portion of creep curve, and creep stiffness at 1 hour were determined from the static creep
data. The results are given in Table 4.9 and plotted on Figures 4.7 through 4.11. ANOVA was
also performed to determine the effects of aggregate gradation and binder type. Table 4.10
summarizes statistical analyses of mix properties determined from the static creep test.

Total creep strain at 1 hour was significantly affected by test temperature, asphalt type,
and aggregate gradation as shown in Table 4.10-A and Figure 4.7. For all binder types and test
temperatures, mixes with the coarse gradation passing below the restricted zone showed the
highest total creep strain, followed by mixes with the intermediate gradation passing through the
restricted zone, as observed in APA and the triaxial repeated load test results. Mixes with the
fine gradation passing above the restricted zone showed the least creep strain. This trend is also
shown in creep curves presented at Appendix B, Figures B.1 through B.4. The creep curve
includes the axial strain of test specimens during 3,600 seconds of 414 kPa (60 psi) loading and
3,600 seconds o_f recovery. The SBS modified mixes showed significantly lower total strain at 1 |
hour cfeep than the unmodified mixes for all gradations and test temperatures except for the
mixes witH intermediate gradation tested at 60°C. Comparisons of creep curves for binder
effects are provided at Appendix B, Figures B.5 through B.10. Compared to the significant
difference observed in the triaxial repeated load test, the effects of polymer modified binder on 1

hour total
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Table 4.9 Results of uniaxial static creep test

Void* | Strain | Permanent Steady | Stiffness
TT;;tp ’/F\ )%fe A]S}))/ l};zlt Change |@ 1 hr.| Strain RCCEZ Yl State @1hr
(%) (%) (%) Slope | (MPa)
Unm 0.3 0.553 0.372 32.7 0.096 75.2
Coarse Unm 0.2 0.595 0.413 30.6 0.086 69.3
SBS 0.2 0.500 0.354 29.2 0.080 82.6
SBS 0.1 0.453 0.216 52.3 0.082 90.2
Unm 0.2 0.446 0.267 40.2 0.054 92.7
60°C Iﬁter Unm 0.4 0.422 0.244 422 0.056 97.9
SBS 0.2 0.429 0.254 40.9 0.110 96.1
SBS -0.1 0.464 0.240 48.2 0.063 88.5
Unm 0.2 0.439 0.219 50.0 0.045 94.6
Fine Unm 0.2 0.420 0.280 333 0.046 98.1
SBS 0.2 0.390 0.235 39.8 0.067 105.8
SBS 0.2 0.414 0.294 29.0 0.052 100.4
Unm 0.0 0.525 0.350 333 0.121 78.8
Coarse Unm 0.1 0.485 0.341 29.6 0.120 853
SBS 0.1 0.428 0.281 343 0.114 96.7
SBS 0.0 0.418 0.224 46.5 0.133 99.1
Unm 0.0 0.425 0.203 52.2 0.123 97.6
40C t Inter | Unm 0.1 0.413 0.336 18.6 0.134 99.9
SBS 0.0 0.370 0.223 39.7 0.100 112.1
Unm 0.1 0.356 0.215 39.5 0.118 116.5
Fine Unm 0.1 0.338 0.187 44.7 0.109 122.5
SBS 0.1 0.343 0217 36.7 0.086 119.2
SBS 0.0 0.309 0.131 57.6 0.081 134.0

* Positive value means volume increase
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A. Total Strain at 1 Hour Loading R?=86.1
Souxce DF Seqg_SS Adj Ss Adi MS F p
Temp 1 0.020323 0.022397 0.022397 27.95 0.000
Asphalt 1 0.010830 0.011381 0.011381 14.20 0.001
Gradation 2 0.057893 0.057893  0.028946 36.12 0.000
Error 18 0.014425 0.014425 _ 0.000801
Total 22 0.103471

B. Permanent Strain After 1 Hour Recovery R?=572
Source DF Seq_8S Adj SS Adj MS F P
Temp 1 0.007501 0.008994 0.008994 3.66 0.072
Asphalt 1 0.011435 0.012179 0.012179 4.95 0.039
Gradation 2 0.040189  0.040189 0.020094 8.17 0.003
Error i8 0.044255 0.044255  0.002459
Total 22 0.103379

C. Percent Recovery R*=11.7
Source DF Seq_Ss Adj 8s Adj MS F P
Temp 1 0.53 2.13 2.13 0.02 0.882
Asphalt 1 94.94 100.28 100.28 1.07 0.315
Gradation 2 128.85 128.85 64.42 0.69 0.515
Error 18 1686.27 1686.27 93.68
Total 22 1910.58

D. Slope of Steady State Portion of Creep Curve R?=175.8
Source DF Seq SS Adj SS Adj MS F P
Temp 1 0.0105556 0.0105737 0.0105737 42.84 0.000
Asphalt 1 0.0000327 0.0000251 0.0000251 0.10 0.754
Gradation 2 0.0033513 0.0033513 0.0016757 6.79 0.006
Error 18 0.0044428 0.0044428 0.0002468
Total 22 0.0183824
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creep strain measured in the uniaxial static creep test were relatively small. Raising test
temperature from 40°C to 60°C increased the total creep strain for mixes of all gradations and
binders. Comparisons of creep curves for temperature effects are provided at Appendix B,
Figures B.11 through B.16. Unlike other properties of viscoelastic materials showing very large
temperature dependence, total creep strain varied little at 20°C test temperature change. This can
be seen from an ANOVA for total creep strain in Table 4.10-A. The sequential sum of square
(seq SS) provides variability contributed by each variable, i.e., between-sample variation. Seq
SS of error is the variability unexpléinable with variables considered, i.e,within-sample variation
[64]. Inspection of Table 4.10-A suggests that the largest influence on the total strain came from
three aggregate gradations, followed by two test temperatures and two asbhalt types. In this
study of limited scope, the relative contributions to total creep strain response were about 56%
from gradations, 20% from test temperatures, and 10% from asphalt binders. Variables with
significant impact on creep strain and the slope of the steady state creep curve, have been
identified, in order of influence: air void content of mixture, aggregate type, stress level,
temperature, asphalt cement grade, and asphalt cement content [58]. These are in good
agreement with the ranking of relative contribution determined from the ANOVA for_total strain
in this study.

Rutting of asphalt pavement results from accumulation of irreversible deformation.
However, total creep strain includes both irreversible strain and some reversible strain since
recovery is not allowed during test. It makes logical sense to investigate permanent strain for
evaluation of rutting potential of asphalt mixtures. For permanent strain after 1 hour recovery

test, immediately following 1 hour creep test, gradation and binder type showed a statistically
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significant effect, while temperature was not a significant factor, o = 0.05. Aggregate gradation
showed the largest influence among the three variables considered. At 40°C, mixes with coarse
gradation exhibited the largest rutting potential (the largest permanent strain), followed by mixes
with gradations passing through or above the restricted zone. The SBS mixes showed less
permanent strain than the unmodified mixes, and the differences (the beneficial effect of polymer
modification) were largest for mixes with gradation passing below the restricted zone. The
effects of gradation and binder type were more pronounced at 40°C (Figure 4.8).

As shown in Table 4.10-C, effects of aggregate gradation, binder type, and test
temperature on percent recovery were not statistically signiﬁéant because of, in part, large test
variability (a large sequential sum of square of error). No statistically significant difference was
found from an ANOVA for the absolute value of recovered strain. Rebound of asphalt mixes
during a recovery test can be attributed to the resilient property of the aggregate matrix [58].
Therefore, aggregate type and gradation likely influence recovery. Figure 4.9. shows a general
trend that SBS mixes and mixes with fine gradation show more recovery. There were no
difference between average recovery at 40°C and 60°C.

The ANOVA given in Table 4.10-D indicated a significant effect of temperature and
gradation on the slope of the steady state portion of creep curve. In genefal, as shown in Figure
4.10, the slope was high for mixes with gradation passing below the restricted zone (higher
rutting potential) and low for mixes with gradation passing above the restricted zone (lower
rutting poteﬁtial). At high temperature, the slope was lower. This does not imply that the rutting
potential of the mix is low at high temperatures but it represents a slope of the later stage of a

stable creep process; higher temperature being equivalent to a longer loading time. Although, an
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unstable creep process involves tertiary creep leading to a catastrophic shear failure, a stable
creep process involves monotonic decrease in the rate of creep (slope). Following the
viscoelaticity time-temperature superposition principle, the slope of steady state portion of 1
hour creep curve at 60°C is equivalent to the slope of the steady state portion of a longer than 1
hour creep curve at 40°C. As shown in Figures B.11 through B.16, creep in the 60°C test
reached steady state faster than creep in 40°C tests.

Creep stiffness at 1 hour for limestone mixes were shown in Figures 4.11. Creep
stiffness is inversely proportional to the total creep strain at a constant creep stress. Specimens
subjected to this unconfined static creep test under 60 psi load for 3,600 seconds exhibited
increases in air void contents (dilation). The magnitude of increase was higher at the higher test
temperature. This behavior is opposite to that observed in the triaxial repeated load test
(consolidation). Fieid rutting results from two processes; (1) consolidation causing a reduction
in air voids and better particle-to-particle contact and (2) plastic shear flow involving dilation at
very low air voids where asphalt may act as a lubricant. Sousa [13] reported that rutting failure at
the laboratory uniaxial creep test did not show densification but dilation caused by crack
development. This suggests uniaxial static or uniaxial repeated load creep tests is not adequately
simulate pavement field loading conditions and the rutting mechanism. Consolidation observed
during the triaxial repeated load test is a better representation of field rutting process.

Aggregate gradation plays a more important rol.e than the asphalt binder type in the
uniaxial creep test. For all creep test responses, sequential sum of square (Seq SS) for three

gradations were much larger than those for two binder types (Table 4.10).
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The permahent strain at 10,000 load cycles of triaxial repeated load test and the total
strain at 1 hour of the uniaxial static creep test are compared in Figure 4.12. At 40°C, the creep
strains measured by the two test methods exhibited very strong correlation (R* = 0.95), and both
tests ranked the mixtures by aggregate gradation; the fine gradation mixes showed the least creep
strain followed by the intermediate and coarse mixes as discussed earlier. Within the same
gradation, the polymer modified mixes showed less creep strain for both tests. However, at
60°C, tests were poorly correlated (R* = 0.57). Further, the uniaxial static creep test ranked the
mixes by aggregate gradation and then by binder type (except intermediate gradation), while the
triaxial repeated load test ranked the mixes by asphalt type then by gradation. This is likely due
to time and temperature dependency of the asphalt binder or the asphalt mixes. Fig 4.13 shows a
typical master curve for the shear modulus of an asphalt binder and illustrates the effects of
temperature and loading time. For this example, the master curve for SHRP AAB-1 asphalt was
used because master curves for asphalt binders used in this project were not available. Loading
rates for the triaxial repeated load test (0.1 second) and fqr the uniaxial static creep test (3,600
seconds) were converted into frequency. Using time-temperature shifting relationship applicable
to asphalt binder, 40°C and 60°C were shifted to a 25°C reference temperature to determine
shear moduli at each test condition. Christensen and Anderson [65] showed that a 15°C
temperature change is equivalent to approximately 1 decade (a ten-fold) of frequency shift at
high temperature (40-60°C). As shown in the Figure 4.13, for one hour static creep tests at 40
and 60°C, binder stiffness was approximately 10 Pa and the‘responses of mixes at this test

condition were predominantly affected by aggregate. This is supported by the fact that an
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ANOVA for the uniaxial static creep test data (Table 4.10) showed that aggregate effects were
greater than binder effects (larger seq SS for gradations). For the triaxiai répeated load tests,
shear moduli indicated both aggregate and asphalt binder played significant roles. This is
evident by that gradation, aggregate typé, and binder type are statistically significant in
ANOVAs for the triaxial repeated load test data (Table 4.7). Dynamic testing was more
appropriate to evaluate the beneficial effects of polymer. The polymer property that_ reduces
rutting potential by increased ability to recover upon unloading, is more significant at higher
temperature where the unmodified binder becomes less elastic.

In summary, statistically significant effects of binder types and gradation were observed.
Analyses of total creep strain, creep stiffness, and permanent strain indicate that mixes with SBS
binder resisted rutting better than unmodified mixes. It also indicated that mixes with gradation
passiﬁg above the restricted zone shows the_best rutting resistance. Mixes with gradation passing
below the restricted zone showed the least rutting resistance. After the uniaxial creep test, tested
specimens increased in volume. It is believed that rutting mechanisms in the uniaxial creep test

and at field are different.
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4.4 Flexural Beam Fatigue Test
Mixes prepared with three limestone gradations and two asphalt binders (unmodified and
SBS) were used for a flexural beam fatigue test. During the fatigue test, flexural stiffness of
specimen under constant strain loading was continuously recorded (see Figure 4.14). Failure
was defined as the number of load repetition (Ny) where tﬁe flexural stiffness became 50% of the
initial flexural stiffness. In addition to the number of cycles to failure (Ny), the initial flexural
stiffness, the cumulative dissipated energy, phase angles, and the steady state slope were
determined. Fatigue curves for mixes with each gradation are given at Figures C.1 through C.3,
Appendix C. The results of the fléxural beam fatigue test are given in Table 4.11 and ANOVAs

for the fatigue test results are given in Table 4.12. All of the analyses were performed using
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& 2.0E+09 | )
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Figure 4.14 Typical graph of stiffness versus log (number of load cycles)



73

Table 4.11 Results of flexural beam fatigue tests on limestone mixes at 20°C, 5 Hz

Gr_ad AC Appli.ed Number Fllgi(tli;lal Cuglil;ls?lt)ive {)n}ig:; X};agsiz Steady State
ation| Type | Strain | of C)fcles Stiffness | Energy Angle @ fail Slope

(um/m)} o failure (GPa) (J/m%) (degree) | (degree) GPa/Log cy
Unm | 275 35,090 3.85 3.13E+07 24.6 333 | 0712
Unm | 250 121,310 4.33 9.21E+07 219 32.1 0.686
C {Unm | 250 41,110 4.24 2.86E+07 233 31.5 0.682
SBS | 275 170,000* 1.69 1.17E+08 27.8 _' 36.0 - 0.214
SBS | 275 283,022 2.64 1.50E+08 26.9 353 0.350
Unm | 275 33,112 3.81 1.93E+07 23.9 314 0.715
[ | Unm | 275 10,636 3.62 9.21E+06 25.1 323 0.719
SBS | 275 223,047* 2.83 4.37E+08 26.5 34.7 0.355

SBS | 275 442,329 2.14 2.36E+08 29.2 37.0 0.288 -

Unm | 300 8,644 3.82 8.25E+06 26.0 31.7 0.985
F | Unm | 275 20,533 3.76 9.48E+06 25.5 33.1 0.789
SBS | 275 357,000 2.71 2.20E+08 28.1 36.4 0.288
SBS | 275 1,275,865* 2.48 1.79E+09 29.2 373 0.288

*estimated value due to interrupted test

only 275 pe data. Asphalt binder type had a significant impact on the fatigue performance of
asphalt mixes, whole aggregate gradation did not. Figures 4.15 through 4.18 illustrate the effects
of asphal binder and aggregate gradation on the fatigue life, initial stiffness, slope of the steady
state fatigue curve, and cumulative dissipated energy. Mixes with SBS binder achieved much
longer fatigue life, lower initial stiffness, larger cumulative dissipated energy, higher phase
angles, and milder fatigue slope than mixes with unmodified binder. Different gradations
(passing above, through, and below the restricted zone) did not affect the fatigue life. Fatigue
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Table 4.12 Analysis of variance for flexural beam fatigue test results (n=10)

Log Number of Cvcles to Failure R?=87.4%
Source DF Seqg SS Adj SS Adj MS F P
Gradation 2 0.3295 0.1240 0.0620 0.72 0.526
Asphalt 1 3.2777 3.2777 3.2777 37.89 0.001
Error 6 0.5191 0.5191 0.0865
Total 9 4.1264

.. . 2

Initial Stiffness R =84.0%
Source DF Seq SS Adj SS Adj MS F P
Gradation 2 0.2429 0.0999 0.0499 0.35 0.715
Asphalt 1 4.1987 4.1987 4.1987 29.79 0.002
Exroxr 6 0.8457 0.8457 " 0.1409 . '
Total 9 5.2872

Log Cumulative Dissipated Energy R?=80.6%
Source DF Seg SS adj ss Adj MS F P
Gradation 2 0.2493 0.1165 0.0582 0.35 0.718
Asphalt 1 3.8917 3.8917 3.8917 23.41 0.003
Error 6 0.9974 0.9974 0.1662
Total 9 5.1384

Initial Phase Angle R?=82.7%
Source DF Seg S8 Adj SS Adi MS F P
Gradation 2 3.7418 2.2827 1.1414 1.24 0.354
Asphalt 1 22.7344 22.7344 22.7344 24.71 0.003
‘Error 6 5.5198 5.5198 0.9200
Total 9 31.9960

Phase Angle at Failure R?=87.2%
Source DF Seq SS Adj SS Adj MS F P
Gradation 2 5.399 2.327 1.163 1.43 0.310
Asphalt 1 27.888 27.888 27.888 34.37 0.001
Exxor 6 4.869 4.869 0.812
Total 9 38.156

Steady State Slope of Stiffness vs Log (Ny) R® = 96.6%
Source DF Seqg SS Adj SS Adj MS F_ p
Gradation 2 1.6330E+16 1.4188E+15 7.0938E+14 0.27 0.775
Asphalt 1 4.4254E+17 4.4254E+17 4.4254E+17 166.15 0.000
Error 6 1.5981E+16 1.5981E+16 2 6635E+15
Total 9 4.748S5E+17
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failure proceeds by the formation and propagation of cracks under tensile load. In tensile
response of asphalt mixes such as fatatigue cracking, asphalt binder would plays an important
role, while aggregate has little ihﬂuence. Among fatigue related mix properties, very strong
éorrelations exist as showﬁ_in Table 4.13. These correlations should be viewed with caution
because of the small number of samples (n=10) and limited mix variables.

The better fatigue performance characteristics of SBS modified mixes are rendered By the
~ added elasticity from polymer addition. Elastomeric polymers, such as SBS and SBR, stretch
under load and recover easily after the load is removed [46]. For a given load, this can be
translated into larger strain or lower stiffness. In the strain controlled fatigue test used for this
study, the significantly lower flexural stiffness allowed the SBS mixes to bend with ease.
Therefore, for SBS mixes, damage caused by each load application was smaller, and the rate of
stiffnesé reduction indicated by the steady state slope of the fatigue.c.urve was smaller, resulting
in longer fatigue life. The relationship between initial flexural stiffness and fatigue life are given
in Figure 4.19. All mixes are divided into two clusters, mixes with unmodified binder and mixes
with SBS binder. Lower flexural stiffness influences the fatigue life favorably in a controlled-
strain mode laboratory fatigue'test. However, at field, lower stiffness of mixes also causes
higher tensile strain at the bottom (_)_f the pavement layer for a given load, and influences the
fatigue life adversely as well. | |

In summary, mixes with SBS binder showed much longer fatigue life than mixes with
unmodified binsers in a strain controlled laboratory fatigue test. Mixes with gradations passing

below, through, and above the restricted zone did not show differences in performance.
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Table 4.13 Pearson Correlations for fatigue properties of limestone mixes with unmodified and
SBS modified binders (n=10)

Initial Log Cum. Initial Final
Log N¢ Stiffness Diss. Phase Phase
Energy Angle Angle
| Initial Stiffness -0.788
Log Cum. Diss. Energy 0.966 -0.725
Initial Phase Angle 0.881 -0.869 0.816 _
Final Phase Angle 0.920 . -0.867 0.862 0.976
Steady State Slope 0.902 -0.949 0.865 0.878 0.907

(O]
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O
€ 25
7
g 2
= O ¥
5 121 C-SBS
= test interrupted,
1 power failure
0.5 |
0 . .
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Figure 4.19 Relationship between initial flexural stiffness and fatigue life
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4.5 Indirect Tensile Resilient Modulus Test and Indirect Tensile Strength Test

The results of the indirect tensile (IDT) resilient modulus test and the indirect tensile
strength tests (ITS) are given in Table 4.14. The indirect tensile resilient modulus data are
presented in graphic form for each gradation in Figures 4.20 through 4.22. Results of ITS are
shown in Figure 4.23.

Results of analysié of variance (ANOVA) for the IDT resilient modulus are summarized
in Table 4.15. Analysis of data for all three test temperatures indicates that asphalt binder type
(unmodified and SBS) showed significant effect whereas aggregate gradations passing below,

' through, and above the restricted zone showed only moderately significant effect. This finding is
éimilar to the results of resilient modulus determined by the triaxial repeated load test. ANOVA
was performed for each test temperature. The effect of difference in gradation on the resilient
modulus is moderately significant only at 25°C and not significant at 5 and 40°C. Asphalt mixes
with different binder type did not show significantly different resilient modulus at 5°C. But the

difference in binder type showed a significant effect at 25 and 40°C. When subjected to low

temperature (5°C) and fast loading (0.1 second IDT load duration), mixes with both unmodified
and SBS modified become very stiff and behaves as similar elastic materials. The increased
elasticity rendered by polymer is relatively small whén compared with the resiliency. of asphalt
mixes at this temperature and loading rate. used in the resilient modulus test. As temperature

increases, modulus of asphalt mix decreases rapidly and the added elasticity by polymer would

become significant.
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Table 4.14 Results of indirect tensile resilient modulus and indirect tensile strength test

Gradation | Asphalt nd Resﬂl-ent Modulus, G.Pa - * Indirect Tensile
Type ndirect Tensile Test Tnaxial Test Strength (kPa)
5°C [ 25°C {40°C || 40°C | 60°C

Unm 19.2 8.4 3.5 4.6 1.25 1748

Coarse Unm 17.9 9.7 4.1__ 3.1 1.26 2053

SBS 16.6 6.4 2.4 2.2 1.26 1556

SBS 18.9 6.4 2.2 2.2 1.34 1562

Unm 22.5 11.9 4.6 4.5 1.28 2191

Intermediate Unm 19.5 11.2 32 5.0 1.26 1924

- SBS 19.2 9.1 3.1 2.6 1.24 - 2007

SBS 15.6 7.7 2.8 2.4 1.29 1825

Unm 17.1 10.5 39 2.9 1.21 2171

Fine | Unm 17.9 8.8 3.7 3.5 1.34 1973

_ SBS 21.1 85 3.5 2.8 1.23 2060

SBS 16.4 93 32 2.5 1.33 2209

* Resilient moduli measured by triaxial test (Table 4.3) were provided for comparison

purpose.
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Table 4.15 Analysis of variance for indirect tensile resilient modulus and indirect tensile
strength of mixes

A. Log Resilient Modulus at 3 Temperatures R?=97.2%
Source DF_ Seq SS Adj ss Adj MS F P
Tewp 2 3.38655 3.38655 1.69328 506.40 0.000
Grad 2 0.02845 0.02845 0.01423 4.25 0.024
AC _ 1  0.06860 0.06860 0.06860 20.51 0.000
Error 30 0.10031 0.10031 0.00334
Total 35 3.58392

B. Log Resilent Modulus at 5°C R?=14.2%
Source DF Seq SS Adj SS Adj MS F p
Grad 2 0.001351 0.001351 0.000676 0.27 0.773
AC 1  0.001928 0.001928 0.001928 0.76 0.409
Error 8  0.020279  0.020279 __0.002535
Total 11 0.023558

C. Log Resilent Modulus at 25°C \ R?=178.6%
Source DF Seq SS 2adj ss Adj Ms F p
Grad 2 0.027234 0.027234 0.013617 6.47 0.021
AC 1 0.034743 0.034743 0.034743 16.51 0.004
Error 8 0.016838  0.016838 __0.002105
Total 11 0.078815

D. Log Resilent Modulus at 40°C R? = 67.5%
Source DF Seq SS Adj SS Adj Ms F P
Grad 2 0.014180 0.014180 0.007090 1.83 0.221
AC 1 0.049878 0.049878 0.049878 12.90 0.007
Exrxor 8 0,030931 0.030931 0.003866
Total 11 0.094989

E. Indirect Tensile Strength : R’ =62.5%
Source DF Seq SS 2dj ss Adj Ms F P
Grad 2 292165 292165 - 146082 5.54 0.031
AC 1 58940 58940 58940 2.23 0.173
Error 8 211050 211050 26381

Total 11 562155
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In spite of the fact that the SBS binder is stiffer than the unmodified binder is, SBS mixes
show lower resilient moduli than unmodified mixes for each gradation and test temperature as
shown in Figures 4.20 through 4.22. Between 25 and 40°C, SBS mixes showed lower
temperature susceptibility than unmodified mixes, indicated by the milder slope of modulus -
versus temperature curve.

Figure 4.24 compares resilient moduli of mixes at 40°C determined by triaxial repeated
load test (compressive mode) and indirect tensile test. Coﬂsidering variability of each test, the
values are in very good agreement for the mixes used in this study.

The indirect tensile strength value can be used as a relative indicator of the resistance of
the asphalt mix to fracture related phenomena, such as fatigue cracking or low temperature
thermal cracking. ANOVA for the indirect tensile strength shows moderately significant effect of
gradation and no effgct of binder type (Table 4.15-E). As shown in Figure 4.38, mixes with fine
gradation and intermediate gradation tend to have little higher ITS. It also showed that ITS of the
SBS mixes and the unmodified mixes are not significantly different. The average ITS of SBS
mixes (1,870 kPa) were lower than the average ITS of unmodified mixes (2,020 kPa). This
supports that higher fatigue life for SBS mixes comes from added flexibility rather than higher

tensile strength.

4.6 Moisture Susceptibility Test
The gravel aggregate and the absorptive limestone aggregate used in this study were not
known for moisture susceptibility problem. It was expected that the standard AASHTO T 283

procedure with one cycle of freeze/thaw conditioning would not cause enough damage to the
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mixes and meaningful comparison of binder type for moisture damage would be difficult. For

this reason, specimens were subjected to three cycles of freeze/thaw conditioning. For limestone

mixes, tensile strength ratios (TSR) after one and two freeze/thaw conditions were also

determined. Table 4.16 shows the results of the moisture susceptibility test.

Indirect tensile strength (ITS) of control specimens are lower than ITS of specimens

discussed at the previous section because of their higher air void content (7% instead of 4%).

For both gravel and coarse graded limestone aggregate, SBS mixes showed consistently lower

ITS values than unmodified mixes.

Table 4.16 Results of moisture susceptibility' test

Indirect Tensile Strength (ITS) (kPa)

Agg | Asphalt | Test Tensile Strength Ratio (TSR)
Type | Type |[Number| Control | Cycle1 | Cycle2 | Cycle3 | Cyclel | Cycle2 |Cycle3
1 1459.1 | 1393.8 | 1137.3 | 1098.9
U 2 1444.5 | 1546.3 | 1199.7 | 1094.8
M T3 14756 | 15017 | 1063.1 | 11252
LS Avg. | 1459.7 | 14806 | 11334 | 11063 | 101 | 078 | 0.76
Coarse | 13345 | 1266.4 | 1133.4 | 9674
SBS 2 1339.5 | 1277.7 | 1216.0 | 1117.2
3 1341.5 | 1292.8 | 1202.5 | 1037.9
Avg. | 13385 | 1279.0 | 1184.0 | 1040.8 | 0.96 0.88 0.78
1 1093.0 -- -- 699.0 '
Unm 2 1102.6 -- -- 713.0
3 1052.2 -- -- 7333
Avg. .6 -- -- . - - 0.66
Gravel vg. | 1082 715.1
1 1029.9 -- - 756.3
2 936.7 -- -- 753.2
SBS 3 999.9 -- -~ 806.5
Avg. 988.8 -- - 772.0 - - 0.78
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Statistical analysié of a ratio variable such as TSR requires extra attention because of its unique
characteristics. One of the major differences between ratio variables and ordinary non-ratio
variables is that most of ratio variables are not normally distributed, an important assumption
that must be made to use many statistical analysis procedures [66]. To test statistical
significance of the binder type on TSR, 95% confidence interval was obtained for each TSR by
bootstrapping, one of non-parametric procedures applicable to nay form of sample distributions.
If confidence intervals of two TSR did not overlap, the difference between the two TSR was said
to be statistically significant at a = 0.05. Mean and 95% confidence interval of TSR determined
by bootstrapping are given in Table 4.17. As number of freeze/thaw conditioning increased, TSR
for both mixes decreased as shown in Figure 4.25. The first freeze/thaw cycle did not caused
much damage to both the SB.S and the unmodified limestone mixes as evidenced by high TSR;
1.01 and 0.96 for the unmodified limestone mix and the SBS limestone mix, respectively. The
TSR difference was not significant. After the second conditioning, however, there was a large
drop in TSR of unmodified limestone mix, while the SBS mixes performed well. The TSR
difference was significant. While TSR of SBS mix decreased gradually, most of TSR reduction
for unmodified mix happened during the second freeze/thaw conditioning. After three
freeze/thaw cycles, TSR of limestone mixes did not exhibit significantly difference; 0.76 and
0.78 for unmodified bihders and SBS binder, respectively. For gravel, three cyclés of freeze/thaw
conditioning brought a significant difference between TSRs for unmodified and SBS mixes. TSR
for unmodified gravel was significantly lower than TSR for unmodified limestone mix. Smooth
surface texture of the rounded gravel provided lower stripping resistance than rough surface

texture of crushed limestone aggregate. The use of SBS binder significantly improved the
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Table 4.17 Confidence interval and mean of TSR determined by non-parametric procedure

95% Confidence '
f halt
Ag,l%regeate Fllir;:bg (():le ?381?1 dir Mii:t;l;SR Interval Are TSRs different?
yp y Low High
| Unm | - 1.014 0.955 1.070 NO
SBS 0.956 0.949 0.964
Log’e“""e ) Unm | 0.762 0720 | 0.787 -
G ;d‘f:ts.zn SBS 0.885 | 0849 0.908
radatt 3 Unm 0.758 0.753 0.763 NO
SBS 0.740 0.722 0.774
Unm 0.661 0.640 0.697
Gravel 3 SBS | 0.781 0734 | 0807 YES
1.1 _
Unmodified
Limestone
1.0
SBS Limestone
o 09 4 SO /
s ~
e SBS Gravel
&= 0.8 1
0.7 + ~so
Unmodifie S« -
Gravel
06 T T T
0 1 : 2 3

Number of Freeze/Thaw Cycles

Figure 4.25 Tensile strength ratio (TSR) of coarse limestone and gravel mixes
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adhesion property between smooth gravel surface and asphalt binder. TSR for the SBS gravel

mix was similar to TSR for the SBS and unmodified limestone mixes.






CHAPTER §

TESTING IN THE ACCELERATED PAVEMENT LOADING FACILITY

One task in this research project was to construct a large pad in the Ohio Accelerated
Pavement Loading Facility (APLF) at Lancaster and evaluate the rut resistance of three Type |
asphalt concrete mixes as they were subjected to repeated wheel loads. The APLF contains a test
pit 13.7 m (45 ft) long by 11.6 m (38 ft) wide by 2.4 m (8 ft) deep. Approximately seven feet of
A-6 subgrade was placed in the pit at the time the APLF was constructed and compacted to a
density commonly observed in A-6 material in Ohio. Base materials and either asphalt cement
concrete (ACC) or portland cement concrete (PCC) pavements are added to accommodate the
specific objectives of individual projects. Loads of up to 133 kN (30,000 Ib). can be applied with
either super single or dual tires, and air temperature in the test chamber can be controlled
between -12.2°C (10°F) and 54.4°C (130°F).

Three Type I ACC mixes were to be constructed in the APLF for this project after
laboratory t’es:ts had been compleféd and three candidate materials had been selected for
evaluation. Unfortunately, the contractor li'ad a difficult time adainting the laboratory mixes to a
full-scale installation. The tl.lree mixes accepted for the APLF were similar to the laboratory
mixes, but not identical. They consisted of: Pad 1, a coarse aggregate gradation with PG 70-22
asphalt binder modified with 3% SBS, Pad 2, the same gradation with PG 70-22 unmodified

asphalt binder, and Pad 3, a fine aggregate gradation with PG 70-22 unmodified asphalt binder.
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Aggregates and asphalt binders were from the same source and prepared in the same manner by
the same suppliers as they did for the materials used in the laboratory phase study. Mix designs
for APLF test pads were done by a contractor with the same Ngesgin. Actual binder contents were
also determined by the contractor after construction. Core density and air void contents were
determined at Ohio University. This information is shown in Table 5.1. Aggregates gradations
used for construction of APLF test pads are presented in Figure 5.1 together with gradations used

for the laboratory study.

Table 5.1 Mix designs for Type I asphalt concrete tested in the APLF

Mix Design Construction _

) M 1 3 0 )

F;Zfit % of Agg. Size in MIIJ); Opt. Actual G Core | In Situ. Alr@gﬁ))
[ ) mm ir (O -l

#7 | #8 | #9 Sand AC% | AC% Gmb Air (%) Neesign
1 10 { 45| 10 35 5.0 522 2.469 | 2.167 12.3 4.0
2 10 | 45 10 35 50 4.63 2.490 | 2.140 14.1 6.6
3 10 | 25 0 65 6.0 6.42 2.427 | 2.073 14.6 1.0

5.1 Construction

PCC slabs from a pr¢vi_0us test were sawed into manageable sections and removed from
the APLF. The six inches of 304 dense grade aggregate base remaining from that test was
scarified, graded and compacted for the ACC pad to be constructed for this project. To provide a
stable base for the Type I ACC materials being tested, 178 mm (7 in.) of ODOT 301 asphalt
treated base was placed in two equal layers on the 304 base. Three, 2.4-m (8-ft) 'wide pads were
laid out side-by-side for the Type I mixes, which were placed in two 38 mm (1.5-in.) thick

compacted layers on the 301. The screed on the paving machine was reduced to an 2.4-m (8-ft)
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width for this job and a vibrating roller was used to compact the mix. Actual layer thickness was

monitored by taking level readings along the center of the pads after the 304, 301 and Type I

materials had been placed. One point along the top edge of the test pit was taken as the

benchmark and assumed to be at elevation 3.0480 m (10.000 ft) for these measurements. Table

5.2 shows these elevations.

The pads were constructed in mid-December when the outside temperature was around

-5°C (20s°F) and the only plant available to prepare the asphalt concrete was a large capacity

drum mixer approximately 32-40 km (20-25 miles) from the APLF. Since the batch sizes needed

Table 5.2 Elevation of material layers

Surface Elevation of Layers North to South (m)

Test Pad

1 : 2.

Material

304

301 Type I 304 301 Typel § 304

301

Type 1

2.7597

2.9480 | 3.0459 | 2.7847 | 2.9450 | 3.0434 § 2.7136

2.9566

3.0422

2.7737

2.9483 | 3.0392 | 2.7761 | 2.9495 | 3.0181 } 2.7715

29517

3.0413

2.7673

2.9489 | 3.0364 | 2.7578 | 2.9462 | 3.0282 | 2.7749

2.9316

3.0428

2.7581

2.9401 | 3.0343 | 2.7615 | 2.9291 | 3.0276 | 2.7703

2.9322

3.0395

2.7581

2.9316 | 3.0306 | 2.7706 | 2.9224 | 3.0227 | 2.7624

2.9221

3.0373

2.7676

2.9322 { 3.0309 } 2.7731 | 2.9215 } 3.0218 | 2.7685

2.9273

3.0386

2.7679

2.9322 | 3.0340 2.9227 | 3.0248 | 2.7584

2.9300

3.0379

2.9361 | 3.0373 29215 { 3.0312

2.9355

3.0376

2.9566 | 3.0386 29413 | 3.0392

2.9459

3.0331

3.0413 2.9593 | 3.0370

2.9556

3.0297

Avg. Elev.

2.7645

2.9416 | 3.0367 { 2.7706 | 2.9358 | 3.0294 | 2.7600

2.9389

3.0379

Avg Thick, m

0.1771 { 0.0951 0.1652 | 0.0936

0.1789

0.0991

Avg Thick. in.

6.972 | 3.744 6.504 | 3.684

7.044

3.900
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for this project were only 178-222 kN (20-25 tons), it was difficult with this equipment to
maintain a close tolerance on the mix components. There also was concern that this haul distance
might lower the mix temperature too much. Air temperature was maintained at a reasonable level
in the APLF during construction by closing the large door on one end of the building and
keeping the heaters on. Because the mix temperature averaged about 160°C (320°F) upon arrival
from the plant, low placement temperature did not appear to be a major issue. Compaction was
monitored with a nuclear density gauge until the target density of 91-92% was met. However,
density measured later with cores was less, ranging 85-88% for all mixes. Cold temperature and
use of smaller vibrating roller mi ght have contributed to the low mix density. At the end of Pad
3 (fine mix) rolling, surface crack started to appear. Such problem did not happen for Pads 1 and
2, coarse SBS and coarse unmodified mixes, respectively.

One phase of the APLF testing was to install strain gauges to monitor longitudinal and
transverse strain at various depths in the pads, and linear variable differential transformers
(LVDT) to monitor deflection of the pad surfaces under a matrix of temperature and loading
conditions. To perform the required tests, each of the three pads was divided into three 4.57 m
(15-ft) long sections. The southern and middle sections were used for the mix rutting tests and
the northern section was used to measure dyrllamic response. Strain gauges and LVDTs were
installed in the northern section of each of the three pads, as follows:

1) After completion of the 304 base, one hole was drilled to the top of the subgrade

and one hole was drilled to a depth of about seven feet in the subgrade. A 50-mm
(2-in.) diameter PVC pipe was placed in each hole to prevent the sides from

collapsing and a steel reference rod for each LVDT was inserted in each pipe and



2)

3)

4)
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anchored to the bottom of hole with grout. The tops of the reference rods and the
pipes were brought even with the top of the 304 base and the pipes were plugged

to prevent the intrusion of unwanted material during paving.

As the first course 6f 301 mix was about to be placed, Dynatest PAST-II AC
strain gauges were set longitudinally and transversely on the 304 base along the
pad centerline, and covered with hot 301 mix to hold them in place as the paver
passed over the section. Large aggregate particles were removed from the asphalt
mix covering the gauges to minimize the possibility of damage during
compaction. Additional gauges were placed similarly on top of the 301, and on

the first course of the Type I mix. See Table 5.3 for sensor locations and

identification tags.

ACC temperature was monitored with thermocouples placed on the 304 and on

each lift of 301 and Type L.

After completion of the test pads, cores were drilled through the Type I and 301

ACC layers to the top of the reference rods and PVC pipes. Fixtures were epoxied

to the Type I layers inside the core hole and LVDTs were fastened to the fixtures
at an elevation that allowed the spring-loaded LVDT cores to maintain contact

with the top of the reference rods throughout the deflection cycle. Deflections
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Table 5.3 Sensor identification tags

Top of Nominal | Strain Gauge ID Tag LVDTID Tag
Pad Layer Dept.h, Long. Trans. Top of 2.1 m below |Thermo-
mm (in.) { Strain Strain Subgrade Subgrade couple
304 254 (10) | SG 12 SG 11 : TC 1
| 301-1* | 165(65) | - = ; . TC 2
301-2 | 763) | SG14 | SG 13 TC 3
TypeI-1| 38(15) | SG16 | SG15 TC 4
304 254 (10) | SG22 SG 21 TCS
) 301-1 | 165(65)| - - ; , TC 6
301-2 76 (3) SG 24 SG 23 TC7
TypeI-1{ 38 (1.5) SG 26 SG 25 TC 8
304 254 (10) { SG 52 SG 51 TC9
3 301-1 165 (6.5) -- - 1 0 TC 10
301-2 76 (3) SG 54 SG 53 _ TC 11
| Typel-i| 38(1.5) | SG56 | SG 55 TC 12
* First course of 301

measured with the LVDTs were actually changes in length between the Type I

ACC layer and the bottom of the reference rods.

S.2 Pavement Response to Dynamic Loading

Upon completion of the pads, air temperature inside APLF was maintained at about 70°F
as the pads cooled, and as the sensors were wired and connected to the data acquisition systems.
- A Megadac 5108A system was used to monitor the strain gauges and LVDTs during dynamic
testing, and a Campbell Scientific CR 7 system was used to monitor the thermocouples at 30-
munute intervals during the various test sequences.

A matrix of wheel loads and lateral wheel positions was developed to measure pavement

response at various temperatures. The super single test tire had a contact width of about 356 mm
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(14 in.) on the pavement surface. As part of the test matrix, the tire was centered over the
sensors, moved laterally in both directions so the edges of the tire were over the sensors £178
mm (+7 in.) and to the maximum wander provided by the equipment +254 mm (£10 in.). Loads
of 26.7, 40.0, and 53.4 kN (6,000, 9,000 and 12,000 Ib, respectively) were run at 8.0 km/hr (5
mph) over the full 13.7 m (45-ft) length of the test pit at these lateral offsets and in the order

" shown in Table 5.4. This matrix was repeated while the air temperature in the facility was
maintained at a constant 5., 20, and 40° C, and twice while the air temperature was being changed
in the facility. Some additional 50° C tests were run at 22.2, 31.1, and 40 kN (5,000, 7,000 and
9,000 Ib, respectively) and lateral offsets of 0 and 254 mm (£10 in.), as shown in Table 5.5.

Thermocouples recorded the temperature at various depths in the three pads during each

set of dynamic response measurements. After 2- 6 days of holding air temperature constant,

Table 5.4 Typical sequence for dynamic response testing

Test Numbers
Whl::]l (},bo)ad, Lateral Offset from Sensors, mm (in.)
: 0 +178 (+7) | +254 (+10) | -178 (-7) | -254 (-10)
26.7 (6,000) 1 2 3 4 5
40.0 (9,000) 6 7 8 9 10
53.4 (12,000) 11 12 13 14 15
Table 5.5 Sequence for dynamic response testing at 50°C
. Test Numbers
W}lﬁsl (Iﬁ;))ad’ Lateral Offset from Sensors, mm (in.)
0 +254 (+10) -254 (-10)
22.2 (5,000) 1 2 3
31.1 (7,000) 4 5 6
40.0 (9,000) 7 8 9
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pavement temperatures were considered to be equilibrium pavement temperatures. Table 5.6
summarizes air temperatures and corresponding pavement temperatures at various depths within
each test pads.

Durihg the five sets of dynamic measureménts and a few trial wheel passes made in
March, 2001 , approximately 80 total wheel passes were carried along the full length of each pad
prior to initiation of the rutting tests. Another .10.-dynamic wheel passes were added on June 8,
2001, just before the 8.0 km/hr at 50°C rut test. Table 5.7 shows the file names and run numbers

assigned to the valid wheel passes recorded on the data acquisition system. Results of these tests

Table 5.6 Pad temperatures during dynamic response measurements

Test | Nominal Air Pad No. Temperature (°C) @ Nominal Depth, mm (in.)
Date | Temp., °C 38(1.5) | 76(3.0) 165 (6.5) | 254 (10.0)

1 19.8 19.6 19.4 19.3

3/1/01 20 2 20.2 20.0 19.7 19.6

3 20.2 20.0 19.7 19.6

1 8.3 9.2 9.8 11.1

3/6/01 5 2 8.1 9.0 9.9 11.1
3 8.1 9.1 10.2 11.3.

Transition I 17.9 14.0 12.3 11.7

3/6/01 | from 5°Cto 2 19.5 15.1 12.5 11.9

40°C 3 19.4 14.9 12.4 11.9

1 34.5 329 31.7 29.6

3/12/01 40 2 354 33.9 322 30.3

3 343 32.7 30.9 293

Transition 1 29.0 30.8 31.0 29.6

3/12/01 | from 40°C to 2 28.8 313 31.6 303

30°C 3 28.9 30.7 30.7 29.4

1 45.6 43.4 419 39.0

6/8/01 50 2 46.8 44.7 425 39.9

3 45.4 43.4 41.1 38.8
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Table 5.7 File names and run numbers for dynamic response measurements

() Runs 1-6 did not archive on the computer

gi; Air Temp., °C Tle:YOf Test Sequence I;,;f Acqu;l;olga
4:30 PM 15 Run Matrix on Pad 1 PPT1 7-15W
5:11 PM 15 Run Matrix on Pad 1 PPTla 1-15
15 Run Matrix on Pad 2 PPTla 16-32 ¥
3/1/01. 20 15 Run Matrix on Pad 3 PPTla 33-47
10:42 AM 15 Run Matrix on Pad 3 PPTIc 1-15
12:26 PM 15 Run Matrix on Pad 2 PPTle 1-15
15 Run Matrix on Pad 1 PPTle 16-30
5:24 PM 15 Run Matrix on Pad 1 PPTI1f 1-15
3/6/01 | + Gradient 15 Run Matrix on Pad 2 PPTIf . 16-30
15 Run Matrix on Pad 3 PPTIf 31-45
10:43 AM 15 Run Matrix on Pad 3 PPTig 1-17%
3/12/01 40 15 Run Matrix on Pad 2 PPTlg | 18-32
15 Run Matrix on Pad 1 PPTig | 33-49"
| 1:07 PM 15 Run Matrix on Pad 1 PPT1h 1-15
3/12/01 30 15 Run Matrix on Pad 2 PPT1h 15-30
15 Run Matrix on Pad 3 ‘PPT1h 30-45
11:11 AM 9 Run Matrix on Pad 3 PPT1i 1-9
6/8/01 50 9 Run Matrix on Pad 2 PPT1i 10-18
9 Run Matrix on Pad 1 PPTI1i 19-27

@ Disregard Runs 16-17
©) Disregard Runs 2 and 3
® Disregard Runs 39 and 41

will be analyzed and used for future development of an empirical-mechanistic asphalt pavement

design procedure.

5.3 Rut Testing
Unidirectional loads of 40 kN (9,000 1b) with 689.4 kPa (100 psi) tire pressure were

repeatedly applied with no lateral wander in all of the southern and middle sections of each pad
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until sufficient deformation (rutting) had occurred to determine the rut resistance of the three
Type I mixes. Test temperature used in this discussion refers to air temperature measured inside
APLF. Corresponding pavement temperatures at various depths within test pads are given in
Table 5.6. Three lateral profiles were recorded with a laser profilometer across the longitudinal
deformation at each of three locations in each section periodically during the loading. The
profiles consisted of surface elevations recorded at one-millimeter intervals over a length of
2,500 millimeters. Large washers were epoxied to the pavement surface for locating the
profilometer in the same position each time and, thereby, maintaining a uniform line .and
reference elevation for each set of profile measurements. Figure 5.2 shows the location and
number assigned to each profile location. A three-digit profile nuﬁlber was developed to identify
the pad number, section number and position number in that order. For example, Profile 321 was
located in Pad 3, Section. 2 in that pad, and Position 1 in that section. A letter suffix followed
each profile number to indicate the total number of wheel passes traversing the section to that
stage in the rut testing. In the initial series of rut testing, 6,000 wheel passés were run at 40°C
(35°C at mid-depth of Type-I) in Section 1 of each of the three pads. To leave Sections 2 and 3
intact for other runs and not to overheat the carriage braking system, the wheel was programmed
to only run over the 4.57 m (15-ft) length of Section 1 and the wheel speed was reduced to 3.2
km/hr (2 mph). Secﬁon 2 in the three pads was tested next at 50°C (46°C at mid-depth of Type-I)
by running 1,500 wheel passes at 8.0 km/hr ove? the entire 13.7 m (45-ft) length of the pads.
Profiles were only measured in Section 1 while it was being tested, and in both Sections 1 aﬁd 2
during the Section 2 tests since additional loads were being applied to Section 1. By changing

two variables (temperature and wheel speed) to test the two sections, rut resistance of mix could
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be compared for those conditions, but it was not possible to evaluate the individual effects of
these variables on rut resistance. For this reason, another set of 1,500 runs was made on an
unused portion of Sections 1 and 2 at 8.0 km/hr and 40° C. These additional runs made it
possible to compare the rut resistance of the mixes and to evaluate the effects of temperature and

wheel speed on rut depths of each mix.
The specific order of testing was as follows:

1. Surface profiles were recorded at three locations in each of three sections in each pad
before any passes of the test wheel. This initial profile was the reference from which

_elevation changes (rut depths) were measured after completion of the dynamic

response tests.

2. Five series of dynamic response measurements, totaling approximately 80 wheel
~ passes along the entire length of each pad, were recorded at 8.0 km/hr and at five
different temperature conditions. These passes were equally distributed across five

lateral positions of the test wheel.

3. A second complete set of profiles was recorded on the pads. This profile served as the

reference for the rut testing in Sections 11, 21 and 31.
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. The initial set of rut testing was conducted along the centerline of Section 1 only in
each of the three pads at 40.0 kN (9,000 Ib), 3.2 km/hr and 40°C (35°C pavement
temperature). Profiles were taken at 1,500, 3,000 and 6,000 passes in Pads 1 and 2,

and at 1,000, 2,000, 4,000 and 6,000 passes in Pad 3.

. An abbreviated set of dynamic response measurements was recorded at 8.0 km/hr and

50°C, which added another 10 passes to the run total on all pavement sections.

. Another set of profiles was recorded at all nine locations in each pad. These profiles

served as the reference for the rutting tests in Sections 12, 22 and 32.

. A second set of rut testing was conducted along the centerline of Section 2 in each of
the three pads at 40.0 kN, 8.0 km/hr and 50°C (46°C pavement temperature). The test
wheel was run the full length of the pads during these tests. Profiles were recorded in

Sections 11, 12, 21, 22, 31 and 32 at 200, 500 and 1,500 passes of the test wheel.

. On an unused portion of Pads 1-and 2, profiles were recorded at three locations in

Sections 11, 12, 21 and 22.

. A third set of rut resistance measurements was conducted in these new test paths at

40.0 kN, 8.0 km/hr and 40°C, and profiles were taken at 200, 500 and 1,500 passes.
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The profiles consist of a running average of five data points to reduce scatter in the data
caused by texture on the pavement surface. Also, Points 1-300 on each line were normalized to
the same points on the initial plot of that section to minimize any discrepancy between plots
caused by slight differences that might have occurred in the way the profilometer was set up for
each set of profiles. Figure 5.3 shows the series of lateral profiles made at Position 311 during
the APLF rutting tests at 3.2 km/hr and 40° C. Each trace represents an average of three passes of
the profilometer at that location on the pavement and point in time. To measure and compare the
rut resistance of the different mixes, average elevations of the middle 254 mm (10 in.) of the 356
mm (14 in.) wide tire were calculated from the profiles and plotted against the number of passes

of the wheel. The 254 mm (10 in.) width was selected to avoid the rapidly changing profiles

.around the tire edges.

5.4 Results of APLF.rut tests

As shown 1n Figure 5.3, rut depth under the tire increased and uplift (swelling) of about
10-inch width outside both tire-edges increased with number of wheel passes. If there had been
tire wander, thé uplift would have been reduced or eliminated. The eighty wheel passes applied
for the dynamic testing did not cause significant rutting as shown in Figure 5., where the initial
and the post dynamic test profiles are almost identical to each other.

Final rut depths for the three APLF test conditions are summarized in Table 5.8. Figure
5.4 shows APLF rut depth versus number of wheel passes for all tests. Figures 5.5 through 5.7

show APLF rut depth versus number of wheel passes for each test condition.
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Table 5.8 Summary of average APLF rut depths at three testing conditions

.. Test Rut Depth, mm @ Number of Wheel Pass
Test Condition
Pad 0 1,000 | 1,500 | 2,000 | 3,000 | 4,000 | 6,000
> kb 1 0.00 4.07
3. at
40°C 0.00 3.27
3 0.00 4.61 5.89* | 6.79
Rut Depth, mm @ No. of Wheel
. Test P
Test Condition Pad ass
_ 0 200 500 1,500
8.0 km/hr at 1 0 2.17 2.87 4.29
40°C 2 0 2.14 2.88 421
: Rut Depth, mm @ No. of Wheel
.. Test
Test Condition Pad Pass
0 200 500 1,500
1 0.00 1.49 2.43 4.77
8.0 Sl“o‘ohcm at 000 | 182 | 282 | 480
3 0.00 295 3.40 5.34

* Interpolated rut depth from linear relationship between rut depth versus log (number of wheel
passes) '

As shown in Table 5.1, compaction of the plant mixes with Ngesign = 109 resulted in 4.0,
6.6, and 1.0% air void contents for Pad 1 (coarse SBS), Pad 2 (coarse unmodified) and Pad 3
(ﬁné unmodified), respectively. Asphalt binder content determined for Pad 1 was close to the
optimum. Thé measured binder content for Pad 2 was lower than the optimum, while the binder
coﬁtent in Pad 3 was higher than the optimum binder content. For two test conditions, 3.2 km/hr

at 40°C and 8.0 km/hr at 50°C, Pad 3 exhibited significantly higher rut depth than the two other
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test pads. This is believed to be due to the higher than optimum asphalt binder content in Pad 3
and the sensitivity of the fine mix to variation of binder content.

For 3.2 km/hr at 40°C rut test, Pad 2 (coarse mix with unmodified binder) exhibited
consistently ]owg:r rut depth than Pad 1 (coarse mix with SBS binder), partly due to a lower
asphalt binder content. When wheel speed increased to 8.0 km/hr at 40°C, relative performance
of the SBS modified mix (Pad 1) was improved and rut depths for Pads 1 and 2 were almost
identical. This seems to be in agreement with the results of the triaxial repéated load test and the
static creep test, i.e., in comparison with unmodified mixes, SBS modified mixes showed better
rut resistance for dynamic loading (or fast moving traffic) than for static loading (or slow moving
traffic).

The effect of temperature can be seen from results of 8.0 km/hr at 40°C rut test and 8.0
km/hr at 50°C rut test. As discussed, at 8.0 km/hr at 40°C test, Pads 1 and 2 exhibited almost
identical rut resistance. When the temperature increased to 50°C, there were small but consistent
differences between the rut dei)ths on Pads 1 and 2.-Rut depths on Pad 1 (SBS) were slightly less
than on Pad 2 (unmodified) showing the SBS modified mix with less temperature dependency
than the unmodified mix, as shown in laboratory test results.

Dry Asphalt Pavement Analyzer (APA) tests were performed on the plant mixes at 60°C -
with 689 kPa (100 psi) hose pressure and 511.5 N (115 Ib) wheel load.. Six specimens were
prepared for each mix using SGC to have 7+1% air void contents. The results of the dry APA
tests are shown in Figure 5.8 together with APLF rut depths measured for three test conditions.

The APA results exhibited the best correlation with the 3.2 km/hr at 40°C APLF test.
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Coincidentally, the speed of the APA wheel is closer to 3.2 km/hr than 8.0 km/hr. In APA, the
motion of a 138 mm (5.5-in.) long arm rotating at 60 rpm is transformed into a translational
motion through a mechanical device and rut depth of a SGC specimen is measured at 63.5 mm
(2.5 in.) and 114.3 mm (4.5 in.) from the center of APA wheel stroke. When constant angular
velocity (2 rad/sec or 60 rpm) of the rotating arm is assumed, wheel speeds of 2.9 km/hr and

1.8 km/hr are calculated at distances 2.5 and 4.5 inches from the center of the wheel stroke,
respectively. Even though, wheel speeds at APA and APLF tests are similar, loading rates would
not be similar because of different time of load duration. Implication of wheel speeds in APA

test and APLF test on rut depths and their correlation needs further investigation.

| @ Pad 1 (Coare SBS)
{ 0 Pad 2 (Coarse Unmodified)
l g Pad 3 (Fine Unmodified)
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7 4
6
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Figure 5.8 Results of APA test on plant mixes and comparison with APLF test results






CHAPTER 6

SUMMARY AND CONCLUSION

The effects of aggregate type, aggregate gradation, and asphalt binder type on hot mix

asphalt performance were investigated using several laboratory test methods, including asphalt

pavement analyzer (APA), triaxial repeated load test, uniaxial static creep test, flexural beam

fatigue test, indirect tensile strength test, indirect tensile resilient modulus test, and moisture

susceptibility. Specific conclusions drawn from these tests are as follows:

Aggregate angularity was the most significant factor influencing rutting. Mixes with
crushed limestone exhibited much less rutting than mixes with rounded gravel.

APA, triaxial repeated load, and uniaxial static creep tests indicated that aggregate
type, gradation, and binder type were all statistically significant factors in rut
development.

An intermediate aggregate gradation passing through the restricted zone performed as
well as other gradations. A coarse gradation passing below the restricted zone shdwed
the most rutting potential, while a fine gradation passing above the restricted zone
exhibited the least rutting potential.

It is plausible that conclusions stated above regarding the effect of aggregate
gradation on rutting were influenced by the different asphalt binder film thickness

associated with each mix with similar air void content.



111

Polymer modified mixes showed significantly reduced temperature dependency,
improved strain recovery, and reduced rutting potential when compared with
unmodified mixes. These differences between modified and unmodified binders were
most noticeable in dynamic testing and in gravel mixes with less aggregate interlock.
For many mixes, rut depths measured by the wet APA test were less than rut depths
measured by the dry APA test. This was believed to be due to excess pore water
pressure developed in the mixes under APA wheel load. An improved test procedure,
including suitable moisture conditioning, should be developed for the wet APA test to
accurately measure the moisture susceptibility of asphalt mixes.

The triaxial repeated load test was very sensitive to aggregate type, aggregate
gradation, and asphalt binder type, which is consistent with previous studies [52, 55].
The uniaxial static creep test was less sensitive to mix variables than the triaxial
repeated load test.

Due to the long loading times involved, the static creep test was affected primarily by
aggregate properties and, to a lesser degree, by asphalt binder properties and test
temperature.

Test specimens decreased in volume during the triaxial repeated load test, indicating a
consolidation similar to that occurring in pavements ruts. However, test specimens
increased in volume during the uniaxial creep test, indicating a differént response
mechanism.

The resilient moduli of polymer (SBS) modified mixes were significantly lower than

those of unmodified mixes at 40°C while they were about the same at 60°C.
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Aggregate gradation did not affect the resilient moduli of the test mixes.

Resilient moduli determined from the indirect tensile and compréssive modes in the
triaXial repeated load test were in good agreement.

In the flexural beam fatigue test, the fatigue behavior of asphalt mixes was
predomil;ently controlled by asphalt binder type. Mixes with SBS binder showed
longer fatigue life, lower initial stiffness, lower fatigue rates, and higher phase angles
than mixes with unmodified binders in strain-controlled tests.

Mixes with gradations passing below, through, and above the restricted zone did not
show differences in fatigue performance.

Statistically, the indirect tensile strength (ITS) of mixes prepared with three aggregate
gradations and two binder types were not significantly different. On average, SBS
mixes exhibited slightly lower ITS than unmodified mixes, and mixes with coarse
gradation tended to have slightly lower ITS than mixes with the other two gradations.
For gravel with rounded surfaces, SBS mixes exhibited a significantly higher tensile
strength ratio (TSR) than mixes with unmodified binder after three freeze/thaw
cycles. For limestone with rough fractured surfaces, TSRs after 3 cycles of
freeze/thaw for mixes with modified and unmodified binders were about the same.
Hb_wever, mixes with SBS binder showed a gradual reduction of TSR with
freeze/thaw cycles while mixes with unmodified binder exhibited a major reduction

in TSR during the second freeze/thaw cycle.
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Based on the laboratory test results, three mixes were chosen for further evaluation at the

Ohio Accelerated Pavement Loading Facility (APLF). The three mixes were placed in the APLF

using materials from the same sources as was used in the laboratory tests. Specific conclusions

are drawn, as follows:

When the nominal air temperature was increased from 40°C to 50°C, rutting
increased more in the mix with an unmodified binder (Pad 2) than in a similar mix
with SBS modified binder (Pad 1). This observation supports the laboratory results
where mixes with polymer modified binders had lower temperature susceptibility
than unmodified binders.

When wheel speed was increased from 3.2 to 8.0 km/hr (2 to 5 mph), rut resistance of
the SBS modified mix (Pad 1) was significantly improved in comparison with rut
resistance of the unmodified mix (Pad 2). This observation supports laboratory results
where mixes with polymer modified binders performed better than mixes with
unmodified binders under dynamic loading.

qu the three mixes tested, APA results at 60°C correlated well with APLF test results

at 3.2 km/hr (2 mph) and 40°C. The speed of the APA wheel is closer to 3.2 km/hr (2

~ mph) than 8.0 km/hr (5 mph).

The asphalt concrete mix in APLF Pad 3 (fine mix with unmodified binder) exhibited
signiﬁc_:antly more rutting than either the modified or unmodified mixes with coarser
aggregate. This was believed to be caused, at least partially, by the binder content

being above optimum.
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e The use of a small capacity batch mixer and better density controls are recommended

for improved quality control on test pads in the APLF.

In summary, aggregate shape (crushed vs. rounded) exhibited the most significant effect
on the rutting resistance of asphalt concrete mixes. When angular crushed limestone aggregate
was used, mixes with all gradations and asphalt binder types were highly rut resistant. Mixes
with gradations passing through the restricted zone performed as well as mixes with gradations
passing above or below the restricted zone. Even though therc were statistically significant
differences in the rut resistance of three gradations, the magnitude of the differences seemed to
be too small to be practically significant. Asphalt concrete mixes with polymer modified binder
exhibited significantly lower temperature dependency, better rut resistance, and improved fatigue
resistance than mixes with unmodified binders. The effects of the polymer modified binder were
more pronounced in dynamic tests than in static tests. Polymer modified binders also exhibited
significantly more resistance to stripping on round gravel aggregate particles under severe
moisture conditions.

Some findings from the laboratory study were validated by tests at APLF on three
selected mixes. Mixes v;/ith SBS and unmodified binders exhibited the about the same rut depth
development when tested at 40°C and with a 3.2 km/hr (2 mph) wheel speed. However, at
higher test temperatures or at a faster wheel speed, mixes with polymer modified binder
performed better than mixes with an unmodified binder. The effect of aggregate gradation on rut

resistance could not be validated at APLF due to an above optimum binder content.
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APPENDIX A

CREEP CURVES (TRIAXIAL REPEATED LOAD TEST)
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APPENDIX B

CREEP CURVES (UNIAXIAL STATIC CREEP TEST)
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APPENDIX C

FATIGUE CURVES (FLEXURAL BEAM FATIGUE TEST)
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