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THE EFFECT OF MOISTURE ON THE PERFORMANCE OF ASPHALT MIXTURES

1.0 INTRODUCTION

l.1 Problem Statement

Considerable research has been done on the effect of water on asphalt
mixtures, and test methods to investigate the effect of water have been devel-
oped. However, most of this work has been related to stripping and the effect
of additives (1,2,3,4,5), where external water enters or affects the pavement
following construction. There is little published research directly concerned
with the problems of mixing moisture in hot mixed asphalt concrete and long-
term durability related to mixing moisture.

The increased presence of mixing moisture in asphaltic concrete mixtures
due to the changes of materials and equipment is well known and has been the
subject of considerable discussion recently (43,44). In the conference held
during the Highway Research Board Annual Meeting in Janﬁary 1974, there were
many questions and considerable discussion about the residual moisture (6).
Among them:

® Are the moisture controls set at too low a level?

® Is percent moisture a good measure of moisture effect?

° Is the basic problem moisture or workability?

] In the present situation, can we continue to say the drier the

better?

® If not, how high can we go and what should we control?

In order to obtain the answers concerned with the problems of mixing
moisture, to limit the moisture content of fresh mixtures, and to select

adequate additives based on rational research findings, the study of the



effect of moisture and additives on the mechanical properties of asphalt
mixtures is necessary. For this study two mixtures were prepared which were
representative of two projects of about five years of age, for which consider-

able field data were available.

1.2 Purpose
The purpose of this study is to obtain a better understanding of the

causes of the pavement problems associated with moisture, to develop relation-
ships between pavement performance and the mixing moisture contents, con-
sidering possible use of additives, and to develop mix design procedures which
consider the moisture content and aggregate quality of asphalt mixtures. Such
information will be usef;l in providing for limiting the moisture content of
fresh mixtures and for selection of additives that may reduce the subsequent
damage to mixtures containing moisture as a result of mixing with damp aggre-
gates.

The specific objectives of this study are:

1) To evaluate the effect of moisture on mechanical properties of
asphalt mixtures, such as resilient modulus, fatigue life, and
permanent deformation.

2) To evaluate the effect of additives for reducing the damage
from moisture.

3) To provide guidelines to minimize the effects of moisture on

pavement performance.

1.3 Research Approach

The research includes tests on laboratory-prepared specimens from two

projects, North Oakland-Sutherlin and Warren-Scappoose. Following the



standard Oregon Department of Transportation (ODOT) procedure (7), specimens &4
inches (10 cm) in diameter by 2.5 inches (6.5 cm) high were fabricated. All
specimens were tested in the diametral mode (30) for resilient modulus,
fatigue life, and permanent deformation to evaluate the effects of molsture
and additives and to obtain the characteristics of the mixtures. Both as-
compacted and conditioned specimens were tested because the Lottman
conditioning procedure used (8) is a very good indicator of long~-term
durability.

A general literature review concerned with the effect of moisture on
workability, the effect of asphalt cement, aggregate and additives, and test
methods to investigate the moisture effect is presented in Chapter 2. The
projects evaluated, mix variables considered, test program, and specimen
preparation are described in Chapter 3. In Chapter 4, the test results for
mix design, cores, and mechanical properties of asphalt mixtures are pre-
sented. The effect of moisture and additives on the performance of asphalt
mixtures is discussed in Chapter 5. Chapter 6 presents conclusions and recom-
mendations derived from this study. Finally, Appendices present summary data

for original mix designs and core properties.



2.0 LITERATURE REVIEW

2.1 Introduction

This chapter presents the results of a search of literature related to
the following aspects of the effects of moisture on asphalt mixtures:

1) Residual moisture,

2) Asphalt cement,

3) Aggregate,

4) Additives,

5) Test methods.

2.2 Effect of Residual Moisture

There are two impdrtant areas of asphalt mixture operations concerning
mixing moisture: workability and durability (9). Workability is needed to
achieve initial mixture properties during the paving operations that will
affect the final product of the mix, such as achieving adequate mixing,
finishing, and compaction. The initial voids and other physical properties
are established at this level.

Sometimes aggregate mixes are incompletely dried in the plant, due in
part to the changes of materials and equipment as shown in Table 2.1. When
the aggregate is incompletely dried at the time it is mixed with asphalt,
water in the pores of aggregate will continue to be vaporized until equili-
brium is reached. Evolution of steam may continue although the temperature
may have dropped substantially. As reviewed later in this chapter, asphalt
absorption increases with decreasing asphalt viscosity and with contact time
between the asphalt and the aggregate at elevated temperatures. As indicated

by Schmidt et al. (10), however, moisture either as a liquid or steam occupy-
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ing the aggregate pores might prevent asphalt absorption even though the
viscosity of asphalt is low at elevated temperatures.

Schmidt (11) points out that moisture may lower the asphalt absorption,
and in effect increase the volume of asphalt in the voids. The moisture
occupying void space is expected to lubricate the mix, which in turn would
affect the stability of the mix during compaction. Schmidt indicates that if
such secondary volumes are too high, adequate compaction would suffer. 1In
summary, limited amounts of moisture in a mix may help compaction because of
its greater lubricating ability. However, too much moisture in a mix can
contribute to the overfilling of the voids and prevent good coating of the
aggregate by asphalt cement, making the mix unstable.

The major detrimental effects of mixing moisture are: changes in the
initial compaction, a reduced stability (and consequent effects on other
mechanical properties) and possibly a problem of durability with freeze-thaw

damage.

2.3 Effect of Asphalt Cement

2.3.1 Asphalt Content

Schmidt and Graf (12) show that increasing the asphalt content of
asphalt-treated mixes reduces the effect of water on the resilient modulus.
Plots of modulus (MR) vs. exposure time are shown in Figures 2.1 and 2.2. For
the dense-graded mix containing 5% asphalt, about 80Z of the dry modulus is
retained after 30 days of moisture exposure in a 73°F (22.8°C) water bath
following vacuum saturation as shown in Figure 2.2. However, the mix contain-
ing 3% asphalt obtains only 50% of the dry modulus after the same period of
exposure. This effect is mainly due to the thicker asphalt films that clog
the aggregate—asphalt interface and to the reduction in air voids which

decreases the penetration of water into the mixtures (19).
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2.3.2 Asphalt Consistency

In general, adhesion at the aggregate-bitumen interface is influenced by
the viscosity of the binder (2). Higher viscosity can reduce the coatability
and wetting of the asphalt in the coating phase. However, when good initial
coating and wetting are achieved, the resistance to stripping is increased
with the increasing viscosity of binder (14).

Heukelom and Klomp (13) show that the stiffness (resilient modulus, MR)
of asphalt concrete is proportional to the stiffness of the asphalt binder.
The results of experiments performed by Schmidt and Graf (12) are consistent
with this principle. Figure 2.3 shows that the harder the asphalt used, the
higher the stiffness. The mixes used differ only by the grade of asphalt

used.

2.4 Effect of Aggregate

2.4.,1 Specifications

Specifications to restrict the retained moisture in aggregates in order
to eliminate stripping are necessary to ensure durability of mixtures. Two
types of specifications used are (1) limiting moisture content in aggregates
and (2) eliminating the use of highly absorptive aggregates (9). According to
Sonderegger (15), 48 state highway departments and the District of Columbia
specifications were surveyed by R.R. Biege of the Kansas Highway Commission in
relation to residual moisture requirements in asphaltic concrete aggregates at
the time of mixing or immediately after mixing. A summary of the results of
this survey is shown in Figure 2.4. Figure 2.4 shows that 40 out of 49
departments had some form of specified moisture control at the time of the
survey. Of these 40, 22 have a numerical moisture limit in the form of a

percentage, and the remaining 18 simply state that the aggregate shall be dry
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or free of moisture. Figure 2.4 also shows the distribution by ranges of the
various specified moisture percentageé. This varies from 0.05% to 3.0% under
some conditions, with most of the limits being in the range of 0.26% to

1.0%. Currently, ODOT specifies that the moistgre content of the mixture at
the time of placement shall not exceed 0.7% (20), which is about the median of
the values specified.

According to the survey performed by Moore et al. (16) in 1979, 21
agencies of 46 state agencies and the District of Columbia evaluate the mix
molsture content as part of their specificationms, confirming Biege's survey.
Therefore, during the last 20 years, there appears to have been no significant

change in moisture control specifications.

2.4.2 Gradation

Sonderegger (15) evaluates the effect of mixing moisture in relation to
mix properties, such as slumping, cracking, and flushing of fines and asphalt,
by linear measurements and visual comparisons. Sonderegger indicates that one
of the prime factors causing sensitivity to residual moisture is the gradation
of aggregate. From this research Sonderegger makes typical grading curves for
sensitive and nonsensitive mixtures as shown in Figure 2.5 and indicates that
the difference in residual moisture sensitivity between a skip grading and a
smooth grading is the filter effect of the uniform gradation. For a smooth
gradation, flushing of fines to the surface is retarded by the filtering
effect of the intermediate-sized aggregate. If the mixture is skip graded,
especially between the No.4 and No. 40 sizes, the steam pressure of mixing
moisture tends to extrude the sand asphalt mortar to the surface between the

larger aggregate particles causing slick spots and nonuniform surface texture.
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2.4.3 Water and Asphalt Absorption of Aggregate

Since the penetration of a liquid into aggregate pores (absorption) is
basically a capillary phenomenon, the degree of absorption is affected by not
only the pore size but also the surface tension and contact angle of the
liquid (18). Therefore, the differences of absorption for different liquids
are to be expected. For asphalt cement, the asphalt absorption increases with
contact time between the asphalt and the aggregate at elevated temperatures.
Also, the asphalt absorption increases as the viscosity of asphalt decreases.

Even though the water absorption of an aggregate is not a 100% reliable
test for predicting asphalt absorption, several efforts have been made to
correlate water absorption of aggregate to asphalt absorption and to use the
former as an index for the latter (17) since the water absorption 1s simple to
run. The relationships between water and asphalt absorpc;ons of the aggre-
gates obtained by Lee (18) using three different test methods are plotted in
Figure 2.6. Lee concludes that aggregates having high water absorption were

more likely to absorb asphalt than low water absorption.

2.5 Antistrip Additives

2.5.1 Lime

Lime 1is usually considered to function by means of a reaction in which
the hydrogen, sodium, potassium, and other cations on the aggregate surfaces
are replaced by calc%um from the lime (12). The calcium-rich surface formed
is shown to react with long chain organic acids to form water-resistant
surfaces (12). Plancher et al. (22) indicate that the effect of hydrated lime
in improving the stripping resistance of asphalt mixtures, is in part, a
result of its interaction with certain asphaltic acids, which are readily

adsorbed to the aggregate surface. Scott (21) indicates that one of the
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functions of hydrated lime is not just to put calcium ions on the surface of
the aggregate, but also to remove oxygen—containing asphalt components and to
reduce the concentration in which they are adsorbed on the mineral surface.
Plancher et al. (22) suggest that the hydrated lime absorbs carboxylic acids
in the asphalt, which results in a more water-resistant asphalt aggregate
bond.

Ishai and Craus (2) show that the superior adhesion potential of the
hydrated lime filler mixture with optimum asphalt content is intensified at
140°F (60°C) water immersion. Under this higher temperature, specimens gained
strength during the entire immersion period. The reason for this behavior is
that the physico-chemical process in the hydrated lime mastic-aggregate
interface, in the presence of water, is accelerated and intensified under the
higher temperature immersion. Also, Ishai and Craus emphasize that the
contribution of the hydrated lime to adhesion is valid only in the presence of
water. In dry conditions, no physico-chemical modification in the interface
should be expected. The adhesion mechanism in the interface between hydrated
lime as a filler and siliceous aggregate is described very well by Ishai and
Craus (2).

Chehovits and Anderson (24) suggest that hydrated lime is more effective
as an antistripping additive if it is added as a slurry rather than as a
filler, and allowed to cure for several days. The test results obtained by
Kennedy et al. (45) using the Texas Freeze-Thaw Pedestal Test and indirect
tensile tests indicate that the improvement is greater for lime slurry treat-
ment than for treatment with dry lime. The benefit of slurry lime may come
from a friable and crystalline lime-mortar bond between aggregate particles
that 1s synergistic with the binding action of the asphalts and not to a

reaction on the aggregate surface (12).
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2.5.2 Commercial Additives

There are many commercial additives available claiming to enhance the
properties of asphalt mixtures. Pavebond Special, used in this study, is an
example of an antistrip agent and is just one of a series of products avail-
able from the Carstab Company (41). Pavebond Special is recommended for
acidic aggregates. Other Pavebond additives are also available for acidic or
basic aggregates, and, clearly, selection of the appropriate additive and
dosage requires care and experience. The description and properties of addi-
tives used currently by ODOT are documented well by Takallou (23).

The results of tests performed at Oregon State University shows that pre-
blending Pavebond Special additive to asphalt is more effective than adding 1t
during mixing (28). One series of tests consisted of adding asphalt and
Pavebond Special to the aggregate without preblending, while another consisted
of thoroughly blending Pavebond Special with asphalt before mixing. A com
parison between the results of the two methods show that preblending obtained
a higher resilient modulus for both as-compacted and conditioned specimens,
and higher retained modulus than the addition during mixing, as presented in
Table 2.2. This result indicates the importance of proper distribution of

Pavebond Special in an asphalt before mixing.

2.6 Test Methods

Current practical tests used to evaluate the effects of water on adhesion
in aggregate bitumen systems can be divided into three major groups (2):
a) Visual inspection of coating conditions of the coated aggregate
after a period of water immersion,
b) Measurements of the interfacial forces at the aggregaté—

bitumen-water intersurface, and
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Table 2.2. Effect of Adding Method for Pavebond Special on Resilient Modulus
(After Walter et al. (28)).

Resilient Modulus (Mp), x103 psi Retained**
Type of Mix As-Compacted Conditioned Modulus Ratio
Standard* 389 214 .55
Standard with 412 292 .71
Pavebond Special
Added During Mixing
Standard With 464 443 .95

Pavebond Special
Added to Asphalt

* 6X Passing No. 200, 25% Passing No. 10, 6% Asphalt, 96% Compaction

MR of Conditioned
MR of As-Compacted

** Retained Modulus Ratio =
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¢) Measurements of the strength of the bituminous mixture proper-
ties before and after water exposure.
Recently, the third group, including indirect tension test and resilient

modulus test, is receiving increased attention, and these are discussed below.

2.6.1 1Indirect Tension Test

The indirect tension test for predicting moisture susceptibility, as
developed by Lottman (8, 25), determines the tensile strength and instanta-
neous tensile stiffness, called an "E-modulus", of cylindrical specimens by
use of an unconfined compression test equipment at a specified loading rate
and temperature. The data for calculation of tensile E-modulus are obtained
during the indirect tension test by measuring tensile (horizontal) displace-
ments of a specimen, and recording corresponding loads at 5, 10, or 15 sec
iuccivals up to the maximum load. These data are used in diametral elastic
equations (12) to calculate E-modulus values. The moduli calculated by the E-
modulus device may be lower than resilient moduli reviewed in the next section
because of the higher strain measurements used in the E-modulus device. The
resulting data are normalized by expressing it in the form of a tensile
strength ratio (TSR) and an E-modulus ratio (E-mod R), where the tensile
strength and E-modulus of dry specimens are used as reference bases. Lottman
recommends a separation point of 0.7 for tensile strength ratio or E-modulus
ratio, as determined for the specimens subjected to vacuum saturation plus
thermal cycling, or the accelerated conditioning (vacuum-saturated, freeze,
thaw, and soak) to distinguish between moisture susceptible mixtures and
moisture resistant mixtures.

More recently, Lottman included the fatigue life ratio at 100,000 load

cycles as well as tensile strength ratio and resilient modulus ratio as a
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laboratory test method for predicting moisture-induced damage to asphalt
concrete (5,35). Lottman's method has been criticized for being too severe
with regard to moisture conditioning; however, this appears to be a procedural
matter rather than a problem inherent in the test method (26). Moisture
conditioning could be modified to simulate more accurately the climatic
conditions that prevail locally (27). No special equipment is needed for the
proposed test method because most of the needed equipment 1s available in the

majority of highway materials laboratories.

2.6.2 Resilient Modulus Test

The resilient modulus test, used by Schmidt and Graf (12) to evaluate the
effect of water on asphalt mixtures, uses a 0.l sec duration pulsing load
applied across one diameter of a cylindrical specimen made 1in accordance with
ASTM D1561-65, using the Hveem kneading compactor. During application of the
pulsing load across one diameter of the specimen, the resultant elastic defor-
mation across the perpendicular, or opposite, diameter is measured. The
resilient modulus (MR) is calculated from the loading and deformation values,
the specimen thickness, and an assumed value of Poisson's ratio. The resil-
ient modulus 1s a property that is directly related to the load carrying
ability of a flexible pavement; therefore, the resilient modulus test offers a
great potential for correlating moisture damage observed in the laboratory
with field performance (26). One factor that may limit use of the resilient
modulus test is the cost and availability of the necessary testing equip-
ment. However, diametral devices are of lower cost than repeated load
triaxial devices and have proved to be reliable. Such equipment has been used
by several researchers for both asphalt mixtures and soils (28,29,30,49), and

has recently been standardized by ASTM D 4123-82 for use with asphalt

mixturese.
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3.0 EXPERIMENT DESIGN

3.1 Projects Evaluated

3.1.1 North Qakland-Sutherlin Project'

3.1.1.1 Location. The North Oakland-Sutherlin project is a section of
Interstate 5 located approximately 12 miles (19 km) north of Roseburg (Figure

3.1). The overall project length is 3.21 miles (5.14 km).

3.1.1.2 Cross Section. The pavement cross section is illustrated in

Figure 3.2. The original pavement constructed in 1959 was composed of a 3.5
inch (9 cm) asphalt concrete layer over a 15.5 inch (39 cm) stone base

layer. The new section of the pavement was built in 1978 and 1979. The 1978
1ift was Class B asphalt concrete base built with a borderline aggregate which
caused pavement distress (e.g., raveling) soon after construction. Patching
of the first 1lift of base course was required prior to construction of the
second 2 inch (5 cm) 1ift of asphalt concrete in 1979. A 1 inch (2.5 cm)

Class E open-graded friction course was placed as the wearing surface.

3.1.1.3 Mix Design. A summary of the original mix design for the 1978
asphalt concrete base 1lift 1s presented in Appendix A. This mix is that used
for the project and is different than that used in this research study due to
the availability of materials five years after construction. To achieve an
index of retained strength (AASHTO T-165) greater than 70%, 6.9Z.of an AR 8000
asphalt cement treated with 0.85% Pavebond Special was recommended. The need
for the antistrip agent was related to the low quality of the aggregate. The
aggregate soundness test (AASHTO T-104) indicated a percentage loss between
6.6 and 24.1 for the 0.75 inch-0.25 inch (19.]1 mm 6.4 mm) fraction and between

17.7 and 45.2 for the 0.25 inch (6.4 mm) minus fraction. Aggregates used in
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this project were from the Oak Creek Quarry, located in the western foothills
of the Cascade Range. Rock from this quarry is a submarine basalt containing
seams of sulfate compounds of calcium, sodium, and magnesium. The aggregate
gradation used for the base layer corresponds to a Class B mix. Details of
the mix formula, gradation, tolerance, and specification broad band are shown

in Table 3.1. A Class E open-graded mix was used for the wearing surface.

3.1.2 Warren-Scappose Project

3.1.2.1 Location. The Warren-Scappoose project 1s a section of the
Columbia River Highway, located in Columbia County (Figure 3.1). The overall

project length is 5.05 miles (8.13 km).

3.1.2.2 Cross Section. This section of the Columbia River Highway

includes an asphalt concrete base course and an asphalt concrete wearing
surface, on top of a 1im§-tteated subgrade and a cement-treated base. The
base course was constructed in 1979 and the wearing surface in 1980. Both
asphalt concrete layers were built using Class B mixes. A typical cross

section of the pavement is shown in Figure 3.2.

3.1.2.3 Mix Design. A summary of the original mix design is presented
in Appendix A. Again, this original mix design is different than the mix
design for the study of moisture effect described in Chapter 4. This mix
design was used for both the base and top layers. The aggregate gradation was
also the same for both layers, and corresponded to a Class B mix. The
recommended asphalt content was 5.1% for the wearing surface and 5.7% for the
base course. The asphalt grade recommended was AR 4000. The recommended mix

temperature at time of placement was 270°F (132°C).
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Table 3.1. Mix Design: Aggregate Gradation, Class B.

Mix Tolerances

Sieve Size - North Oakland-Sutherlin WarremScappoose Specification
3/4" 95-100 92-100 95-100
1/2" 80-92 82-94 -

1/4" 54-66 54-66 52-72
i#10 21-29 26~34 21-41
#40 8-16 8-16 8-24

#200 3.0-7.0 2.6-6.6 2-7
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3.2 Variables Considered

The variables considered in this study are:

1) Percent of moisture: 0, 1, and 3;

2) Percent of antistrip agent and type: 0, 1 percent lime, and

0.5 percent Pavebond Special; and

3) Conditioning: as-compacted and conditioned.
Each of the above variables was studied relative to a standard mix, consisting
of the recommended aggregate gradation and mix asphalt content for this
study. All specimens were prepared to a target density of 927 of theoretical
maximum. The range and combination of mix variables considered in this study
are presented in Table 3.2. This is a partial factorial design, intended to
maximize the variables considered within the time constraint of the project.

Specimen preparation and conditioning procedures are explained below.

3.3 Test Program and Specimen Preparation

3.3.1 Test Program

A flow chart of the test program followed in this study is given in
Figure 3.3. A minimum of 12 specimens were prepared for each one of the
conditions presented in Table 3.2. Six specimens were tested as compacted,
and six tested after conditioning. All 12 specimens were tested for resilient
modulus, fatigue, and permanent deformation. All tests were run for mix
tensile strain ranging between 50 and 200 microstrain.

A specific method of asphalt concrete moist specimen preparation has not
been developed. Sonderegger used the pressure heating method in order to
prepare wet aggregate for the research of the residual moisture effect with
the assumption that all, or nearly all, residual moisture in a mixture was

originally contained in the coarse aggregate fraction (15). The Oregon State
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Highway Materials Section used a trial and error procedure. In general, the
aggregate is soaked in water overnight and then is dried to an initial water
content that produces, after moisture loss during mixing and compacting, a
specimen at the end desired moisture content. This moist specimen procedure
preparation is presented in the next section.

The specimen conditioning procedure was based on the moisture damage test
defined by Lottman (8). In summary, 1) vacuum (26 inches (66 cm) Hg) saturate
the specimens for two hours, 2) place the saturated specimens in a freezer at
0°F (-18°C) for 15 hours, 3) place the frozen, saturated specimen in a warm
water bath (140°F (60°C)) for 24 hours, 4) place the specimen in a water bath
at room temperature for three hours, 5) dry the specimen at room temperature

for two hours, and 6) run the diametral test.

3.3.2 Specimen Preparation

The desired moisture contents for the asphalt concrete used in this study
were from 0% moisture to a value of 3%, which has been demonstrated to be
detrimental to asphalt concrete pavement. Hence, asphalt concrete specimens
were prepared at 0, 1, and 3% moisture content. In addition, an antistrip
agent was included in the preparation of some specimens. The antistrip agents
used were lime (1%) and Pavebond Special (0.5%). The range and combination of
mix variables studied are presented in Table 3.2. The asphalt concrete moist
specimen preparation procedure was based on trial and error tests performed by
the Oregon State Highway Materials Section. The following are the main steps:

1) Prepare sample aggregate (1100 gr),

2) Obtain the dry weight,

3) Soak aggregate in water overnight,
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4) Heat the wet aggregate until the desired initial moisture
content is obtained,
5) Add the asphalt cement required,
6) Mix and compact the sample following AASHTO T-247 procedure.
The hydrated lime is added to the aggregate portion of the mix as a weight
percentage of the aggregate, while Pavebond Special is added as a weight
percentage of the asphalt concrete. The moisture content was verified

following the procedure given in AASHTO T-55.

3.4 Test Methods

The resilient modulus, fatigue, and permanent deformation tests were
performed using the repeated load diametral test apparatus (ASTM D 4123-82).
The test procedures employed are essentially the same as used in previous
studies (28,29). In summary:

1) Place the specimen in the dynamic diametral test apparatus.

2) Apply approximately 100 load applications until the permanent

deformation recorded is negligible compared to the specimen
elastic response.

3) Adjust the dynamic load to achieve the desired initial mix

tensile strain, and measure the resilient modulus.

4) Maintain the control set at the strain level required and start

the fatigue life and permanent deformation tests.

5) Record the number of repetitions to failure.

The parameters recorded during the repeated load diametral test are the maxi-
mum load applied, the horizontal elastic deformation, the vertical permanent
deformation, with number of repetitions, and the number of repetitions to
failure as indicated in Figure 3.4. During the tests, the dynamic load dura-

tion was fixed at 0.1 sec and the load frequency at 60 cycles per minute. A
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static load of 10 pounds (4.5 kg) was applied to hold the specimen in place.
The tests were carried out at 72.5 % 2.7°F (22.5 % 1.5°C) and at 67.6 + 2.7°F
(19.8 £ 1.5°C) for the Warren-Scappoose and the North Oakland-Sutherlin pro-

jects, respectively.

3.4.1 Resilient Modulus

The maximum load applied and the horizontal elastic tensile deformation
were recorded to determine the resilient modulus using the following equations

(30):

_ P
Mp = BHxt

(+2692 + .9974v) (3.1)

where:

Mp = Resilient modulus, psi;

AH = Horizontal elastic tensile deformation, inches;
P = Dynamic load, 1bs;

t = Specimen thickness, inches; and

v = Poisson's ratio.

Poisson's ratio was assumed constant and equal to .35, which simplifies Eq.

(3.1) to:
0.6183P
Mr = TRk (-2)

3.4.2 Fatigue Life

Fatigue has been defined (48) as "the phenomenon of fracture under
repeated or fluctuating stress having a maximum value generally less than the
tensile strength of the material." However, the failure, or the end point of

a fatigue test, in the laboratory has been defined by investigators in many
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ways. It may be the point corresponding to complete fracture of the test
specimen, the point at which a crack is first observed or a certain width of
crack in the specimen is detected (28,29), or the point at which the stiffness
or some other property of the specimen has been reduced by a specific amount
from its initial value (37).

For this study, the number of load repetitions to fatigue failure was
defined as the number of repetitions required to get a vertical crack approx-
imately 0.25 inch (.64 cm) wide in the specimens. To stop the test at the
specified level of specimen deformation, a thin aluminum strip was attached to
the sides of the specimens, along a plane perpendicular to the plane formed by
the load platen (Figure 3.5). The aluminum strip is connected to a normally
closed relay, which controls the dynamic load system. As the specimen
deforms, the aluminum strip is stressed. When the specimen deformation
exceeds a certain level, the aluminum strip breaks and opens the relay, which
shuts off the test. Proper calibration of the length of the aluminum strip
will cause the test to stop for a specific specimen crack width.

In fatigue testing of asphalt mixtures, the logarithm of the life
expressed in number of repetitions to failure is a linear function of the

logarithm of the initial strain or stress (31,32,33,34,46,47):

=
1l

K ()" (3.3)
t

N, = ¢ ()" (3.4)
t

where:
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Number of load repetitions to failure;

=4
h
n

K,m,C,n = Regression constants;

Initial horizontal elastic tensile strain; and

Q
]

t Tensile stress, psi.
The initial horizontal elastic tensile strain, €¢, 1s calculated from the

following equation:

_ 03896 + ,1185v
e = M [ 6Ty v o594y ) (3.5)
where:
€ = Initial horizontal elastic tensile strain;
AH = Horizontal elastic tensile deformation, inches; and
v = Poisson's ratio.

Assuming again the Poisson's ratio is constant and equal to .35, Eq. (3.5)

becomes :

€. = AH x .5203 (3.6)

3.4.3 Permanent Deformation

The vertical permanent strain was also recorded during the fatigue test
as a function of the number of load repetitions. The permanent deformation

strain is given by (30):

-.03896v - .1185] (3.7)

e. = H [~oT56v — 8954

C

where:
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€. = Vertical permanent compressive strain;
Ht = Vertical permanent compressive deformation, inches; and
v = Poisson's ratio.

If the Poisson's ratio is assumed constant and equal to .35 again, Eq. (3.7)

becomes :

€ =H X 01485 (3-8)
c t
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4.0 TEST RESULTS

4.1 Mix Design

The conventional standard mix designs (AASHTO T-246) carried out at the
Oregon State Highway Division Materials Section for this study are presented
in this section. Due to the availability of materials five years after con-
struction, the mix designs for the study of moisture effect presented in this
section are different from the original mix designs for two projects described
in Chapter 3. For each set of variables considered in this study, standard
specimens were tested to determine mix characteristics. Mix design properties
for both projects (Warren-Scappoose and North Oakland-Sutherlin) were deter-

mined and are presented in the following subsections.

4.1.1 Warren-Scappoose

Mix design properties for this project are presented in Table 4.la. The
recommended asphalt content was 5.0% for the wearing course. The asphalt
grade recommended was an AR 4000, from Shell. The recommended mix temperature
at time of placement was 270°F (132°C). A type B aggregate mix gradation was

recommended for this project as shown in Table 4.2.

4,1.2 North Oakland-Sutherlin

Mix design properties for this project are presented in Table 4.1b. The
recommended asphalt content was 6.27 and asphalt grade was an AR 4000 from
Chevron. The recommended mix temperature at time of placement was 270°F
(132°C). Again, a type B aggregate mix gradation was recommended for this

project.
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Table 4.2. Mix Design for Laboratory Prepared Specimens:
Aggregate Gradation, Class B

41

Recommended
Aggregate

Sieve Size Gradation, %
IR 100
3/4" 98
1/2" 87
3/8" 79
1/4" 65
10 33
40 14

200 5.0
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4.2 Core Data
4.2.1 North Oakland-Sutherlin

Two core sampling sites were selected on the North Oakland-Sutherlin
project. For each site, layer thicknesses were recorded and core samples of
the top and the two base lifts were collected. Five cores were taken at 2-
foot intervals across the permanent panel at each sampling site. The core data
are summarized in Appendix B. The core data of the 1978 base layer (bottom
1ift) considered in this study show very high average air voids of 15.6% and
low modulus of 232 ksi compared to the test results of the laboratory speci-
mens presented in the following section. The moduli values of the wearing’
surface and 1979 base layer (top 1lift) could be used for a multilayer elastic
analysis of the pavement structure, although this is outside the scope of this

study.

4.2.2. Warren—-Scappoose

At two locations, 5 asphalt concrete cores were sampled across the
panel. The core data are summarized in Appendix B. The core data of the
Warren—-Scappoose project are more detailed than those of the North Oakland-—
Sutherlin project. The core data show that the water content ranged from 0.64
to 1.0% for both layers and poor adhesion or stripping was observed. Poor
adhesion or stripping might have resulted due in part to the water content

being below 17%.

4.3 Modulus

Six specimens were tested as—-compacted and 6 specimens were tested both
before and after conditioning for each project. The test results including
specific gravity (Sp. Gr.), air voids, and maximum specific gravity (AASHO T-

209) of laboratory fabricated specimens, and water intrusion during the Lott-
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man's conditioning procedure are summarized in Table 4.3. All specimens were
prepared to a target density of 92% of theoretical maximum in an attempt to
produce voids similar to those occurring in the field. Hence the voids
resulting in the laboratory specimens were higher than those obtained in the
mix design (Table 4.1). The compaction level used to achieve the voids shown
in Table 4.3 was established for the zero moisture content mix. Moduli values
of as—compacted and conditioned specimens from the Warren-Scappoose and North
Oakland-Sutherlin projects are presented in Table 4.4 and Figures 4.1 through
4.3. In order to determine the conditioning effect (the moisture suscepti-
bility of specimen) the retained modulus ratio, which is the ratio of retained
stiffness after conditioning to the stiffness before conditioning, is also
presented in Table 4.4. Because there was a difference of about 7 weeks
between tests with as—compacted specimens and the conditioning test, two
moduli values of as—compacted specimens per each variable set are shown in
Table 4.4 and in Figures 4.1 through 4.3.

Moduli values greater than 500 ksi were obtained for as-compacted speci-
mens with no moisture from the Warren-Scappoose project, and the retained
ratios were greater than 0.9. With moisture, moduli values of as—compacted
specimens were in the range 180 to 340 ksi, and retained ratios were from 0.4
to l.4 depending on the moisture content and kind of additives. For the North
Oakland-Sutherlin project, moduli values of as—compacted specimens with no
moisture were in the range 350 to 640 ksi, and retained ratios ranged from
0.62 to 0.79. With moisture, moduli values of as-compacted specimens were

from 280 to 510 ksi, and retained ratios ranged from 0.74 to 0.94.
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Table 4.3 Specific Gravity and Air Voids of Laboratory Specimens

a.

Warren—-Scappoose

Max. Alr Water*

Sp. Gr. Sp. Gr. Voids (%) Intrusion (%)
0% Moisture 2.487 2.284 8.16 N.AWL
1% Lime 2.492 2.309 ~ 734 1.76
0.5%Z Pavebond Special 2.496 2.293 8.13 1.78
1% Moisture 2.507 2.314 7.69 1.81
3% Moisture 2.505 2.287 8.70 2.07
3% Moisture/ 2.493 2.315 7.14 1.19
1Z Lime
3% Moisture/ 2.508 2.256 10.05 1.82
0.5% Pavebond Special
N.A.l: Non Available

b. North Oakland-Sutherlin

Max. Air Water*

Sp. Gr. Sp. Gr. Voids (%) Intrusion (%)
0% Moisture 2.493 2.285 8.34 1.60
12 Lime 2.485 2.305 7.24 0.74
0.5% Pavebond Special 2.503 2.335 6.71 0.47
1% Moisture 2.501 2.358 5.72 0.42
3% Moisture 2.494 2.415 3.17 0.20
3% Moisture/ 2.478 2.388 3.63 0.47
1% Lime
3% Moisture/ 2.486 2.430 2.25 0.17

0.5% Pavebond Special

* Water intrusion, % =

Wt. after vacuum saturation - wt.

before vacuum saturation

wt.

before vacuum saturation

x 100
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Resilient Modulus, x10> psi
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Conditioning
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400 |- -
e S—e
200 o '\. pu—
‘*~.\IJ
| | | |
0 1 2 3
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a. Warren-Scappoose
g0 -
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O——7\ As Compacted
200 O~--0 As Compatted before
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| | | |
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Moisture Content

b. North Oakland-Sutherlin
Figure 4.1 - Effect of Moisture on Resilient Modulus
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Figure 4.2 - Effect of Additives without Moisture on Resilient Modulus
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Figure 4.3 - Effect of Additives with Moisture on Resilient Modulus
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4.4 Fatigue Life

After resilient modulus was measured, the fatigue test was run at fixed
initial tensile strains between 50 and 200 microstrains. The fatigue life of
asphalt mixtures is a function of initial tensile strain and may be expressed
by Eq. (3.3). The constants K and m were determined by linear regression
analysis following completion of a test. Table 4.5 summarizes the K and m
values for both Warren—Scappoose and North Oakland-Sutherlin projects along
with the coefficient of determination, 2. Figures 4.4 through 4.9 illustrate

the effects of various varibles on fatigue life.

4,5 Permanent Deformation

Vertical compressive permanent deformation was measured during the fa-—
tigue test using a dial gauge. The vertical permanent strain was calculated
from the vertical permanent deformation according to Eq. (3.6). For each
test, the relationship between vertical permanent strain and number of load
repetitions appears to be linear on log-log scale. It is possible to express

the vertical permanent deformation as a function of repetitions:

5
€. = I(N) (4.1)
where:
€. = Compressive permanent vertical strain,
I,s = Regression constants, and
N = Number of load repetitions.

Constants I and s, computed from the test results, are presented in Table

4.6. Nonconsistent values (early readings and readings close to failure) were
not included in the linear regression. Figures 4.10 through 4.15 illustrate
the effects of various variables on permanent deformation at €. of 100 micro-

strain for the Warren-Scappoose project and g, of 150 microstrain for the

North Oakland-Sutherlin project.
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‘Figure 4,4 - Effect of Moisture on. Fatigue Life of Warren-Scappose Project
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Figure 4,5- Effect of Additives without Moisture on Fatigue Life

of Warren-Scappose Project
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Table 4.6. Permanent Deformation Data (sc = I(N)%)
a. Warren-Scappoose
As-Compacted Conditioned
Tensile Tensile
Strain %evel Strain %evel
(x10"9) I (x10°%) s (x10~°) I (x100%) s

50 3.22 <338 50 3.25 356
100 1.92 «509 100 2.12 452
150 5.04 485 150 0.75 «650
50 4.09 «309 50 5.51 254
100 3.27 409 100 1.23 «555
150 5.05 516 150 .30 916
50 3.87 329 50 1.53 433
100 0.43 «701 100 9.56 341
150 2.38 591 150 8.91 419
50 3.24 «365 50 4 .37 281
100 2.33 498 100 3.72 406
150 3.98 533 150 19.50 275
50 21.11 213 50 3.30 327
100 20.30 236 100 0.88 584
150 1.93 632 150 1.58 582
50 6.68 »248 50 4,09 313
100 6.61 «341 100 0.29 719
150 2.45 487 150 4.29 493
50 3.76 329 50 0.82 464
100 1.84 527 100 6.90 324
150 0.65 o794 150 4.42 469




Table 4.6. Permanent Deformation Data (sc = I(N)3) (Continued)

b. North Oakland-Sutherlin

60

As-Compacted Conditioned
Tensile ‘Tensile
Strain Level Strain Level
(x10~9) I (x100%) s (x1079) I (x107%) s

50 0.821 510 100 6.61 .381
100 7.59 359 125 3.16 503
150 6 .49 424 150 4.48 521
50 0.99 474 100 5.40 434
100 2.96 «382 125 8.20 452
150 4.75 «355 150 8.25 380
50 2.14 <330 100 2.75 485
100 3.98 <326 125 10.69 314
150 5.64 410 150 5.81 463
50 2.01 368 100 7.94 355
100 3.77 .388 125 7.24 417
150 3.77 463 150 6.82 393
50 13.44 196 125 6.13 .389
100 5.14 401 150 6.32 418
125 2.27 «502 200 8.18 376

150 5.17 456
100 6.89 «320 100 3.04 382
125 5.84 330 150 3.98 396
150 8.08 307 200 7 .64 359
100 12.64 262 100 3.87 400
125 4,16 429 125 5.00 373
150 4,57 474 150 3.64 465
200 3.57 545
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5.0 DISCUSSION OF RESULTS

The results are discussed below in three major parts: first, the results
of the mix design; second, the effects of moisture on mixtures with no addi-
tives; and finally, the effects of additives on mixtures with and without
moisture. It should be noted that the moisture content refers to the amount
incorporated during mixing, whereas "conditioning" refers to a test procedure
(8) to evaluate durability of mixtures. In evaluating the results, the effect
of moisture in "as-compacted" specimens (those involving no conditioning) is
of much less significance than in "conditioned" specimens. The effect of
conditioning is assessed by comparing properties measured with "as compacted"

and "conditioned specimens" such as a retained modulus ratio.

5.1 Mix Design

For the Warren—-Scappoose project, the specimen mixed with 3% moisture
obtained the lowest index of retained strength, as presented in Table 4.l. The
moduli values of both as-compacted and conditioned specimens decrease as the
moisture content increases. For moist mixtures, specimens mixed with addi-
tives obtain much higher index of retained strength than those without addi-
tives. It should be noted that the retained modulus ratio of whole mix design
increases with increasing of the asphalt content.

Without additives, mixtures with 3% moisture show the highest index of
retained strength for the North Oakland-Sutherlin project. With and without
moisture specimens mixed with Pavebond Special obtained the highest index of
retained strength. As with the Warren—Scappoose project, moist mixtures with
additives show much higher index of retained strength than those without

additives. It is noted, again, that the retained modulus ratio for the North
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Oakland-Sutherlin project increases as the asphalt content increases. In
general, the moduli values of conditioned specimens increase as the asphalt
content increases, while those of as—compacted specimens decrease with in-
creasing asphalt content.

For the Warren-Scappoose project, the index of retained strength of each
mix variable is greater than the retained modulus ratio. This trend is shown
again for the mixtures without moisture of the North Oakland-Sutherlin
project, while with moisture the trend is irregular or the retained modulus
ratio is greater than the index of retained strength, particularly with addi-
tives. The result of the comparison between two parameters for measuring the
moisture susceptibility of mixtures, which are the index of retained strength
and retained modulus ratio obtained after different treatment, recommends that
the retained modulus ratio from Lottman's conditioning procedure is
preferred to the index of retained strength for determining the moisture
susceptibility of mixtures and for selecting adequate additives.

From the results of mix design, it is recommended that optimum asphalt
content for each project should be determined on the basis of the properties
of conditioned specimens as well as those of as—-compacted specimens. For
conditioned specimens, the asphalt content should result in a minimum retained
modulus ratio of 0.7 (as recommended in Ref. 25) in addition to achieving a

minimum level of stability.

5.2 Effect of Moisture for Mixtures Without Additives

5.2.1 Resilient Modulus Results

The effect of moisture on modulus for both projects is shown in Figure
4.1. For the Warren-Scappoose project, it is quite apparent from the test

results that modulus and retained modulus ratio decrease with increasing
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moisture content as discussed in the previous section. The average modulus of
as—-compacted specimens with 37 moisture content is 208 ksi, which is 40% of
the average modulus of as—compacted speceimens with no moisture. Also, it is
noted that the retained modulus ratio of mixtures with 3% moisture content is
only 0.43 as indicated in Table 4.4.

The North Oakland-Sutherlin project exhibits different behavior than the
Warren—Scappoose project. Not only the average modulus of the as-compacted
and conditioned specimens but also retained modulus ratio increases as the
moisture content increases up to 1% and then decreases with increasing mois-
ture. This behavior is due in part to decreasing air voids from 8.34% for
specimens without moisture to 5.72% for specimens with 1% moisture as shown in
Table 4.3. Above 1% moisture, the benefits from low air voids, including high
modulus value and retained modulus ratio, may be offset by the moisture damage
due to high water content.

For the North Oakland-Sutherlin project which used low—quality aggregate,
the average retained modulus ratio of specimens with no moisture is lower than
that for the Warren—Scappoose project which used good—~quality aggregate.
Similar results were obtained in the previous study (28,29). However, with 3%
moisture content, the retained modulus ratio for the North Oakland-Sutherlin
project is almost double that for the Warren-Scappoose project. This trend is
attributed to different asphalt cement contents, 5% for the Warren-Scappoose
project and 6.2% for the North Oakland-Sutherlin project as well as a big
difference of air voids indicated in Table 4.3.

The above results may be explained by considering the effects of asphalt
quantity as indicated by Schmidt and Graf (12) in Figure 2.3 and aggregate

quality on mixture resilient modulus. High stiffness (resilient modulus) is
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achieved by a high aggregate density, with pronounced interparticle friction
and interlock. Aggregate density increases to a maximum (dependent on grada-
tion) as the fluids content in a mixture increases until a maximum is reached,
after which further additions of fluids, either moisture or asphalt cement,
causes a reduction in density, like the interaction between soil and water.
Maximum aggregate density may not correspond to maximum stiffness since
asphalt contributes to mixture stiffness adversely once an aggregate density
is reached that will mobilize interparticle friction and aggregate

interlock. Addition of further asphalt will reduce aggregate interlock and
interparticle friction. The presence of moisture at the time of mixing will
contribute to additional fluids in the mixture and will therefore reduce the
compactive effort necessary to achieve maximum aggregate density, as explained
by Schmidt et al. (10) (see Chapter 2). For absorptive aggregates, free
moisture in the aggregate leaves more asphalt available for coating the aggre-
gate. However, the bond between an asphalt cement and aggregate will usually
be adversely affected by moisture, the severity depending on the aggregate and
asphalt chemistry. This bond may not be very influential on mixture stiffness
once the mixture becomes dry and stays dry (12); however, the durability of
the mixture may be significantly affected by wet-dry cycles or freeze-thaw
cycles such as in the conditioning procedure used in this study (8).

The phenomena outlined above are all exhibited by the two projects in
this study. For the specimens from the Warren-Scappoose project, the modulus
decreases with increased fluids content due to loss of interparticle friction
and interlock, since there was no increase in density of the mixture (Table

4.3), as would be expected with a gravel aggregate. The durability of this
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mixture becomes much worse as more moisture was present at mixing, probably
due to weak bonding, low asphalt content and high voids in the mix.

For the specimens from the North Oakland-Sutherlin project the tendency
for increased modulus with a small addition of moisture is probably due to
increased aggregate density affected by improved workability, as would be ex-
pected with crushed rock aggregate with greater potential for improved packing
than a gravel aggregate. Additional moisture increases the aggregate density
and mix density (Table 4.3), but reduces interparticle interlock and friction
and therefore the resilient modulus. This mixture is more durable than that
from the Warren—Scappoose project due to the increased density and higher
asphalt content, affected by improved workability.

An additional reason for the different behavior of the mixtures from the
two projects is the absorption of the aggregate. The marginal aggregate from
the North Oakland-Sutherlin project was much more absorptive and this could be
an advantage in mixtures using moist aggregates where water might prevent
asphalt absorption and thus render more asphalt available for coating. As
reviewed in Chapter 2, moisture in aggregates would lower the asphalt absorp-
tion and, in effect, increase the volume of asphalt in the voids. Hence, air
voids would be reduced. It should be noted that following the conditioning
procedure, specimens from the Warren-Scappoose project had free water on the
broken surface after fatigue test, whereas there was none on the surface of
specimens from the North Oakland-Sutherlin project, indicating higher aggre-

gate absorption but lower mixture absorption due to low air voids.

5.2.2 Fatigue Life Results

Fatigue test results can be presented in terms of repetitions to failure

as a function of either the maximum tensile strain (Eq. (3.3)) as reviewed in
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Chapter 3, or the tensile stress (Eq. 3.4)) which is calculated from the

applied load to a specimen and the dimension of a specimen directly (Eq.

(5.1))
2P
= 5.1

ot mDt ( )
where g, = Tensile stress, psi,

P = Load applied, pounds,

t = Thickness of specimen, inches, and

D = Diameter of specimen, inches.

The tensile strain that would be induced in a pavement structure is a
function of both the applied load and the modulus of the asphalt mixture.
Under a given loading, the mix having the higher modulus would have a lower
tensile strain than the mix with a lower modulus. The decrease of modulus
produces an increase of strain in a mix. The resulting strain increase due to
modulus decrease results in a fatigue life decrease (35). Therefore, fatigue
results based on tensile strain cannot be directly compared unless the modulus
is the same, or unless the laboratory data are evaluated in conjunction with
pavement analyses, where the asphalt mixture is included in a typical pavement
structure (50). It should be noted that for thin overlays used with
deteriorated pavement, or for thin asphalt pavement, high flexibility mixtures
may be needed to resist the high strains generated and to produce an
acceptable fatigue life..

The laboratory fatigue tests results can be interpreted using two ap-
proaches suggested by Barksdale (36). The elastic theory approach (42)
involves using a suitable elastic layered theory, which makes several ideal-

ized assumptions, to calculate the tensile strain in the design pavement



73

structure using the modulus of the asphalt concrete mix evaluated in the
fatigue test. The repetitions of loading to cause failure of the pavement
structure under the design load is then obtained directly from the experimen-
tally evaluated fatigue curves presented in terms of tensile strain.

The method of intepretation of fatigue tests results based on applied
load consists of determining for different mixes the repetitions required to
cause failure by a constant repeated load applied to a specimen. The load
method of interpretation gives a straight-forward, direct comparison of rela-
tive fatigue performance. From the standpoint of general pavement design,
however, the strain approach is better than the load approach since the strain
approach is suitable for use for widely varying conditions such as pavement
geometry and condition of subgrade support.

In this study, both the strain approach calculated from applied load and
the stress approach (rather than the load approach) are explored. Since the
dimensions of specimens and temperature during a test are almost constant,
better comparisons of relative performance would be obtained from the stress
approach, which has direct relationship to load as shown in Eq. (5.2), and has
a slightly lower, but still high, coefficient of determination (Table 5.1).
In addition to the advantage of direct comparison, the stress approach could
use the elastic theory, as presented by Gilmore et al. (5).

Figure 4.4 shows the effect of moisture on fatigue life for the Warren-
Scappoose project using the strain approach. The fatigue lives of as-—
compacted specimens with 3% moisture for the Warren-Scappoose project are
shorter than for specimens with no moisture or one percent moisture. Fatigue

lives of as—compacted specimens with 1% moisture are longer than those with no
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moisture. After conditioning, specimens with 17 moisture again show the
longest fatigue life.

For the North Oakland-Sutherlin project Figure 4.7 based on the strain
approach shows that the fatigue lives of as-compacted specimens increase with
increasing moisture content whereas those of conditioned specimens at zero
moisture content and 1% moisture content are about the same with a substantial
increase for 3%. Alternative fatigue plots are shown in Figure 5.1 where the
number of load repetitions to failure at a measured tensile strain of 100
microstrain are given for each project. These confirm the results reported
above, and show quite clearly an "optimum" moisture content for the Warren-—
Scappoose project and an increase in fatigue life with moisture content for
the North Oakland-Sutherlin project. For both projects fatigue lives were
longer after conditioning for all moisture conditions (Figure 5.1) due to the
reduced stiffness that occurred in all cases (Figure 4.1).

Figure 5.2 presents the effect of moisture on fatigue life for the
Warren—Scappoose project based on the tensile stress. The trend shown in
Figure 5.2 is clearly different from that shown in Figure 4.4. The moisture
damage to the fatigue lives of mixtures is severe with increasing of moisture
content. After conditioning, the fatigue lives of mixtures with one percent
moisture which have low air voids are very close to those with no moisture.
The results from Figure 5.2 affirm that modulus and air voids play predominant
roles in determining the fatigue behavior of asphalt mixtures (31,40). Figure
5.3 shows a slightly different trend compared to Figure 4.7 for the North
Oakland-Sutherlin project. As shown in Figure 4.7, however, moist specimens
obtain much longer fatigue lives than the no moisture mix. The fatigue test

results of the North Oakland-Sutherlin project shown in Figure 5.3 can be
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explained in terms of the air voids and modulus. For as—compacted mixtures,
moduli values of mixtures with no moisture and 1% moisture do not show a big
difference, but the fatigue behavior of those mixtures is much different, that
is, with 1% moisture the mixtures obtain better fatigue performance. The
specimens mixed with three percent moisture show the relatively best per-
formance, due partially to the benefit from the low air voids and very small
water absorption of mixtures during the conditioning phase as presented in
Table 4.3. The different comparison methods, such as the stress approach and
the strain approach, result in different interpretation of fatigue results of

mix, which depends on the modulus of the mix.

5.2.3 Permanent Deformation Results

The effect of moisture on permanent deformation of mixtures is presented
in Figure 4.10 for the Warren-Scappoose project at tensile strain of 100
microstrain and Figure 4.13 for the North Oakland-Sutherlin project at tensile
strain of 150 microstrain. For the Warren-Scappoose project, the as—compacted
specimens with 3% moisture again performed the worst (less repetitions are
required to reach a fixed compressive strain) and specimens with 0% moisture
performed the best, (more repetitions are required to reach a fixed compres—
sive strain) as shown in Figure 4.10. After conditioning, specimens with 1%
moisture gave the worst results. For the North Oakland-Sutherlin project, as-—
compacted specimens with 1% moisture performed best, while those with 0%
moisture performed worst, as demonstrated in Figure 4.13. After conditioning,
the results again show that specimens with 1% moisture gave the best results
while those with 0% moisture performed worst.

A comparison between the repetitions required to reach a vertical com-

pressive strain of 1.2% for as-compacted and conditioned specimens, at a fixed
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initial tensile strain of 100 microstrain for the Warren-Scappoose project and
150 microstrain for the North Oakland-Sutherlin is shown in Figure 5.4. This
level of permanent strain was chosen because it was close to the maximum
recorded in all tests except those for specimens with 3% moisture for the
Warren-Scappoose project. For the Warren—-Scappoose project, the number of
repetitions required decreased with increasing moisture content as noted with
the results of modulus and fatigue life based on the tensile stress. The
conditioned specimens required higher numbers of repetitions than as-compacted
specimens because this comparison was based on the strain level of fatigue
test as shown in fatigue life figure based on tensile strain (Figure 4.4).

For the North Oakland—-Sutherlin project, the greatest number of repetitions
were obtained at 1% moisture content, and the conditioned specimens performed
worse than the as—compacted specimens.

The above results are again related to the stiffness, voids, and asphalt
content of the mixtures, although the results shown in Figure 5.4 for the
Warren-Scappoose project are difficult to resolve. Stiffness is a major
influence on permanent deformation resistance (38) and, therefore, the trend
of decreasing resistance with decreasing stiffness is to be expected. How-
ever, the better performance of the conditioned specimens which were of lower
stiffness (Figure 4.1) is not logical. This result can be explained by the
comparison method based on the tensile strain level (100, 150 microstrain)
rather than the stress level. Also, this anomaly may be due to the diametral
mode of testing which is most suitable for stiffness and fatigue testing, but
during tests the permanent strain is significantly influenced by various
geometric and loading factors as well as the mixture variables. During tests

it was found that the diametral permanent deformation test could be affected
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by local segregation or the presence of large aggregate as indicated by
Wallace and Monismith (51). It should be noted that for the range of load
repetitions used in the tests, the permanent strain for conditioned specimens
is lower than for the as-compacted specimens (Figure 4.10) from the Warren-
Scappoose project. The behavior of the specimens from the North Oakland-
Sutherlin project is as expected with the stiffest mixtures performing best.
It was assumed that the minimum critical rut depth is about 0.18 in. (36).
This amount of rut depth was applied to the laboratory prepared mixtures and
the critical compressive strain is 2.6% (say 37%) using equation 3.8. This
compressive strain level of 3% is much greater than the 1.2% used for the
comparison in this section. Therefore, fatigue life is the critical criterion
rather than permanent deformation. That is, the number of repetitions to
reach the fatigue failure (defined by 0.25 in wide cracks in section 3.4.2) is
less than that to reach the critical rut depth (0.18 in., or compressive

strain of 37%).

5¢2.4 Summary - Effect of Moisture for Mixtures Without Additives

In summary, the effect of 3% mixture moisture on mix performance was most
detrimental, particularly for the Warren-Scappoose project, but at 1% moisture
content, mixtures from the North Oakland-Sutherlin project obtained better
performance than mixtures with zero moisture content. With moisture, the
North Oakland-Sutherlin project shows better performance than the Warren-—
Scappoose project which is largely because of improved stiffness due to
smaller air voids and better durability due to richer asphalt content
(39,40). It is found that it is difficult to compare the results of fatigue

and permanent deformation based on the tensile strain due to different moduli
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values. The absorption of aggregate plays a predominant role in determining

the air voids of moist mixtures resulting in the performance of mixtures.

5.3 Effect of Additives

5.3s1 Resilient Modulus Results

A major part of the testing program was aimed at evaluating the effect of
lime (17%) and Pavebond Special (0.5%) on the performance of asphalt mix-—
tures. The effect of additives on modulus for mixtures with no moisture is
presented in Figure 4.2. For both projects, introduction of additives in-
creases the modulus of as-compacted specimens very slightly. After condition-
ing, specimens with additives obtained a much higher modulus than the "no
treatment" specimens and mixtures with 1% lime obtained the highest modulus.

With 3% moisture, the increase of modulus and retained modulus ratio by
lime is substantial for the Warren-Scappoose project, and there is an improve-
ment in retained modulus as shown in Table 4.4 and Figure 4.3. TFor the North
Oakland-Sutherlin project, the moduli of as—compacted and conditioned speci-
mens with no additives are about the same as those with lime or Pavebond
Special.

For the Warren—Scappoose project, without moisture there is little bene-
fit from use of additives except with conditioned specimens. However, for
mixtures with moisture, the effect of lime is superior to that of Pavebond
Special, as indicated by the modulus and retained modulus ratio. For the
North Oakland-Sutherlin project, there is little benefit shown from use of
additives. However, the retained modulus ratios increase with introduction of
additives.

For the mixtures with lime, the retained modulus ratios of the mixtures

with moisture for both projects are greater than those with no moisture. This
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result indicates that lime is effective with the presence of moisture (2). It
is noted that the retained modulus ratio increase of moist mixtures with
Pavebond Special for the North Oakland-Sutherlin project is much greater
compared to that of no moisture mixtures. This result can be explained in
terms of air void. As presented in Table 4.3, air voids of moist mixtures
with Pavebond Special for the Warren—-Scappoose project is 10.05%, while that
for the North Oakland-Sutherlin project is only 2.25%. Therefore, the air
voids should be emphasized to reduce the moisture-induced damage.

It can be seen that there is a partial stiffening effect on the specimens
without moisture for the North Oakland-Sutherlin project and with moisture for
the Warren—Scappoose project during a period of 7 weeks between as—compacted

and conditioned tests (Figures 4.2 and 4.3).

5.3.2 Fatigue Life Results

The effects of additives on fatigue life of specimens with and without
moisture are presented in Figures 4.5 and 4.6 for the Warren-Scappoose project
and Figures 4.8 and 4.9 for the North Oakland-Sutherlin project based on the
tensile strain. As shown in Figure 4.5, there is little benefit from addi-
tives for mixtures without moisture for the Warren—Scappoose project, but
below the 100 microstrain level, fatigue lives with lime are higher for as-
compacted and conditioned specimens. The effect of lime on fatigue life of
as—compacted specimens for the Warren-Scappoose project is much more signifi-
cant for specimens with 37 moisture. As shown in Figure 4.6, the effect of
lime is superior and Pavebond Special obtains better performance than no
additive. After conditioning, lime addition still shows the best performance.

The comparison based on the tensile stress shows clearly better fatigue

performance of mixtures with additives in Figure 5.5. As discussed previous-
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ly, the result shown in Figure 5.5 reaffirms the fact that stiffness of mix
plays a predominant role in determining the fatigue behavior of mixtures.

With 3% moisture content, fatigue results represent the modulus results
(Figure 5.6). As discussed in the modulus section, the effect of lime on the
fatigue behavior of mixture is superior for both as—compacted and conditioned
specimens as presented in Figure 5.6. Therefore, lime is more effective for
increasing modulus, hence improves fatigue performance of mixtures, especially
with moisture.

For the North Oakland-Sutherlin project Pavebond Special shows the best
performance for specimens without moisture. As shown in Figure 4.8, the as—
compacted specimen with no additive performs the worst and Pavebond Special
achieves a slightly better performance than lime. After conditioning, Pave-
bond Special shows the best results but lime performs worse than specimens
with no additive. With moisture, the result of no additive and lime is almost
the same and is better than that of Pavebond Special, as shown in Figure
4.9. However, after conditioning, Pavebond Special again obtains better
performance than no additive and lime below 150 microstrain level.

The fatigue results based on the tensile stress for the North Oakland-
Sutherlin project gives similar trends to those based on the tensile strain
(Figures 5.7 and 5.8) since the moduli values of each mix variable show
little difference among them. Without moisture, Pavebond Special and lime
improve the fatigue performance. The moduli values of mixtures with Pavebond
Special for both as—compacted and conditioned specimens are almost the same as
those with lime. However, the fatigue test results for mixtures with Pavebond
Special show better performance due partially to smaller air voids and may be

attributed to Pavebond Special. Therefore, smaller air voids contribute to
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improve the fatigue performance of mixtures if the moduli are the same. The
fatigue result of mixtures with moisture reaffirms this fact. The moduli of
mixtures with Pavebond Special are close to those with no additive and those
with lime for as—compacted and conditioned specimens, respectively. In Figure
5.8, however, mixtures with Pavebond Special give better performance than each
mixture mentioned above due to lower air voids.

Particularly, it is clear that for the Warren-Scappoose specimens, with
no moisture, additives show a little benefit. When moisture is present, lime
shows significant benefit. For the North Oakland-Sutherlin project, there is
clear benefit from both additives, particularly Pavebond Special, for mixtures
with no moisture. However, for this project, with 3% moisture, there is
little benefit shown with lime and Pavebond Special when examining the results
for as—compacted or conditioned mixtures.

The above results may be explained, in a similar manner to that done
above, for mixtures without additives, in terms of modulus, voids, and coating
of the mixtures (39,40). Figures 4.2 and 4.3 show moduli for the specimens
with and without additives, and Table 4.3 shows the air void contents. Con-
sideration of these data together with Figures 5.5, 5.6, 5.7, and 5.8, con-
firms the previous observation that the additives are only likely to be of
significant benefit in mixtures with questionable durability, i.e., those with
high voids and low asphalt content. Hence, lime shows a significant advantage
for the Warren-Scappoose project, but neither additive shows an advantage for
the North Oakland-Sutherlin project.

Fatigue life ratio, which is the ratio of fatigue life of mixtures after
conditioning to that of as-compacted mixtures at tensile strain of 100 micro-

strain and tensile stress of 15 or 20 psi is presented in Table 5.2. Even
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though the ratios may not be used directly for evaluation of durability of
mixtures since there was a difference of about 7 weeks between tests with as-
compacted specimens and the conditioning test, the ratios show two interesting
things. If the ratio based on the strain is greater than 1.0, the ratio based
on the stress is less than 1.0, or vice versa due to the change of modulus
after conditioning. Most of the ratios for the Warren-Scappoose project can
be explained by the above reason.

The ratio of mixtures greater than 1.0 based on both the strain and
stress means that the conditioned mixtures are more durable to fatigue than
as—compacted mixtures. For example, moduli of as-compacted and conditioned
mixtures for the North Oakland-Sutherlin project are almost the same. The
ratios of mixtures based on the stress as well as the strain are greater than
1l.0. Because of the difference of seven weeks between tests, however, it
cannot be said that the fatigue performance of mixtures for the North Oakland-

Sutherlin project is improved after conditioning.

5.3.3 Permanent Deformation Results

The effects of additives on permanent deformation of specimens with and
without moisture are presented in Figures 4.11 and 4.12 for the Warren-
Scappoose project and in Figures 4.14 and 4.15 for the North Oakland-Sutherlin
project. For the Warren-Scappoose project, as—compacted specimens with no
additive perform the worst as shown in Figure 4.11. Mixtures with Pavebond
Special at low compressive strains and lime at high compressive strains per-
form best. After conditioning, mixtures with no additives having the lowest
modulus perform the best, while specimens mixed with Pavebond Special perform
the worst. For this project, the behavior of as—compacted specimens with

moisture but no additive is similar to that of conditioned specimens without
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moisture as shown in Figure 4.12. After conditioning, specimens mixed with
Pavebond Special again perform the worst, while specimens mixed with lime
perform better than those with no additive. As discussed previously, the
better performance of a mixture with lower modulus is not logical. This
result may be due to the comparison model based on the tensile strain
approach.

For the North Oakland-Sutherlin project, without moisture, specimens
mixed with lime obtaining high modulus in Table 4.4 show the best performance
for both as—compacted and conditioned specimens as shown in Figure 4.14. With
moisture, specimens mixed with lime having relatively small moduli again show
the best performance for both as—compacted and conditioned specimens, as shown
in Figure 4.15. With and without moisture, mixtures with no additives show
the worst performance. Again, these results indicate that it is difficult to
interpret the result of permanent deformation based on the tensile strain
approach.

A comparison between the repetitions required to reach a vertical com—
pressive strain of 1.2% at a fixed initial tensile strain of 100 microstrain
for the Warren Scappoose project and 150 microstrain for the North Oakland-
Sutherlin project, for as-compacted and conditioned specimens, is shown in
Figure 5.9 for specimens without moisture and Figure 5.10 for specimens with
moisture. These figures illustrate more clearly the results discussed
above. Figure 5.9 indicates poor durability (decreased resistance to deforma-
tion) for mixtures with additives but no moisture from the Warren—-Scappoose
project, since the conditioned results are inferior to the as compacted re-—
sults. However, for the North Oakland-Sutherlin project, durability is

improved for specimens with no moisture with additives. Figure 5.10 shows
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that there is an advantage to using Pavebond Special since mixtures from both
projects with three percent moisture show improved deformation resistance. It
should be noted that the required number of repetitions to reach a critical
compressive strain of 5% is less than that to fatigue failure for both pro-
jects. A permanent strain of 5% was selected on the basis of the assumption
that the tolerable permanent deformation of asphalt concrete layer be 0.5 inch
(12.5 mm) and the depth of layer be 10 inches (254 mm). Therefore, fatigue is
a more critical criterion than permanent deformation for judging mixture
performance, at least under the conditions of this study. As mentioned in a
previous section, deformation results at high strain levels should be treated
with caution when obtained with a diametral device. Indeed, as in the evalua-
tion of results for specimens without additives, the deformation results do
not compare well with other data since the result of permanent deformation is
based on the tensile strain level approach. For the North Oakland-Sutherlin
project, however, it is noted that deformation resistance of the conditioned
specimens mixed with additives is quite different between these mixtures even
though the moduli values of these mixtues are almost the same (Figures 4.14

and 4.15 and Table 4.4).

5.3.4 Summary - Effect of Additives

Additives improved the performance of the Warren-Scappoose project by
increasing stiffness and fatigue life. 1In particular, the performance after
conditioning was improved. Lime treatment was particularly beneficial with
Pavebond Special having little benefit. This appears to be due to the lower
voids achieved in mixtures with lime which contributes to stiffness, fatigue

resistance and durability. It was difficult to evaluate permanent deformation
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performance, but these do indicate improved performance for mixtures with
lime.

There was little benefit shown from using additives in specimens for the
North Oakland-Sutherlin project. Although a little improvement in permanent
deformation resistance was indicated, there was no significant improvement in
stiffness or fatigue resistance with moist mixtures. These results indicate
that a dense mixture (low voids) which achieves good stiffness while having
high binder content, can have good mechanical properties and durability with-
out additives. The additives show benefit with problem mixtures. In this
study, the Warren-Scappoose project had high void contents and a low asphalt
content and showed inferior mechanical properties and durability to the North
Oakland-Sutherlin project. It should also be noted that even with the
improved performance by use of additives, the Warren—-Scappoose project showed
inferior performance to the North Oakland-Sutherlin project.

Finally, it is clear that the mix design must evaluate whether an addi-
tive is required, and if so, which one will be beneficial. As shown in this
study, with limited data, it is not given that additives will improve per-
formance or that one additive will always prove most beneficial. The current
ODOT mix design procedure measures an index of retained strength; a low value
results in selection of an additive. A preferred alternative would be to
assess a retained modulus value as well as retained modulus ratio, since
modulus reflects high performance with regard to fatigue and permanent defor-
mation. Subsequent testing should be carried out to determine the most suit-
able additive. With regard to the comparison method for each mix variable, it
was shown that the method based on the stress approach shows the difference of

fatigue performance more clearly. Also, the comparison of permanent deforma-



tion results based on a given stress level, e.g. at 15 or 20 psi, might be
preferable to a strain level, e.g. at 100 or 150 microstrain, unless the

moduli are the same.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
The effects of moisture and additives with asphalt mixtures used in the
construction of two projects in Oregon were evaluated from dynamic testing of
laboratory-compacted specimens. Mixture resilient moduli, fatigue lives and
permanent deformations of as—compacted and conditioned specimens were deter-
mined for specimens prepared with the following range of variables:
1) Moisture content: 0%, 1%, and 3%.
2) Percent of additive and type: none, 1% lime, and 0.5% Pavebond
Special.
The following major conclusions are drawn from the findings of this
phase:
1. The results for mixtures with no additives showed that excess
mixing moisture was detrimental for the Warren-Scappoose
project, particularly with regard to reduction in stiffness
after conditioning in the higher void content mixtures.
2. For the North Oakland-Sutherlin project, which utilized a
marginal crushed rock aggregate, 17 moisture resulted in
improved performance due to the substantial improvement in
compaction that resulted.
3. Absorption of aggregate plays a predominant role in determining
the air voids of moist mixtures and the resulting performance

of mixtures.
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For mixtures with additives, the detrimental effect of 3%
moisture was substantially reduced by use of lime in the
Warren—Scappoose project, with Pavebond Special showing limited
benefit. Neither additive showed substantial benefit in the
North Oakland-Sutherlin project.

The results of this study lead to the conclusion that additives
are of limited benefit in mixtures with high density and which
achieve good durability without additives, such as the North
Oakland-Sutherlin project. Although this project used a
marginal aggregate, the mix design produced a high performance
mixture.

Additives, particularly lime, were of substantial benefit with
the existence of moisture in the Warren-Scappoose project which
had a high void content and low durability without the addi-
tives.

Resilient modulus plays a predominant role in determining the
performance of mixtures. However, on the basis of the strain
approach (that is, fixed initial tensile strain rather than
stress), a lowering of modulus tends to increase fatigue life
and deformation resistance (if stability is retained).
Therefore, a comparison at a constant stress is a more logical
approach for comparing laboratory prepared samples.

Mixtures may have different fatigue and deformation resistance
but similar resilient modulus. This is because the performance

of mixtures depends on aggregate quality as well as the
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workability (during compaction) enhanced by a certain amount of
liquid content of mixtures (asphalt and moisture).

The results indicate that fatigue is a more critical criterion
than permanent deformation under the conditions of this

study. The number of repetitions to reach the fatigue failure
(defined by 0.25 in. wide crack) is less than that to reach the
critical rut depth of 0.18 in. or compressive strain of 3%.

The results indicate that if the mix design process indicates
the need for an admixture, after every effort has been made to
achieve high performance through a high mix density with maxi-
mum apshalt content, then further testing must be carried out

to select the appropriate admixture.

6.2 Recommendations

The following recommendations can be made from the results of this phase

of the study:

1)

2)

3)

Since the limit of acceptable moisture content depending on the
aggregate quality should be varied from one project to another,
limiting values should be determined after the mix design. It
is suggested that mix designers consider extending mix design
testing in order to allow such levels to be established.

It is recommended to use as much asphalt cement as possible to
maximize durability and minimize the damage from moisture,
while ensuring adequate resistance to permanent deformation.
Mix density in the field should be maximized to achieve good

mechanical properties and durability. However, commensurate
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5)

6)

7)

8)

9)
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with good mix design practice, the mix must have sufficient
Voids in the Mineral Aggregate (VMA) and sufficient air voids.
Additives should be selected after appropriate tests have
established values such as the retained modulus as well as the
retained modulus ratio and fatigue life ratio.

It is necessary to establish test methods to determine the
effect of residual moisture on mixtures. The procedures em—
ployed in this study, together with the specimen preparation
techniques, are a good starting point.

A mix design should consider the fatigue or permanent deforma-—
tion as well as strength or modulus.

Further research concerning the permanent deformation test
using diametral test method is necessary.

Since the effect of moisture and effectiveness of additives are
a complex functions of asphalt, aggregate, and additive inter-
actions, it is necessary to establish a simple test to deter-—
mine the compatibility of these components.

For comparison of mix variables in a laboratory, it is recom—
mended to use the stress approach rather than strain approach
for fatigue life and permanent deformation test, while strain

approach is more useful for the design of a pavement structure.
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APPENDIX A

ORIGINAL MIX DESIGN (ODOT) TEST DATA

Table A.l summarizes the average results of mix design for the 1978
asphalt concrete base layer of the North Oakland-Sutherlin project.
Table A.2 summarizes the original mix design for the Warren-Scappoose

project. This mix design was used for both the base and the wearing layers.



Table A.l.

Mix Design for 1978 Paving (ODOT)

Asphalt Concrete Base Layer, -B- Mix
North Oakland-Sutherlin Project

111

Asphalt Content (AR 8000) 5.5 6.0 6.5 7.0 7.5
Asphalt Film Thickness Suff. Suff. Suff. Suff.-Thieck Thick
Stability Value, 32 34 35 38 39
lst Compaction
Bulk Spec. Gravity, 2.23 2.25 2.27 2.29 2.31
lst Compaction
Percent Voids, 11.2 9.6 8.1 6.5 4.9
lst Compaction
Stability Value, 49 50 50 49 52
2nd Compaction
Bulk Spec. Gravity, 2.32 2.34 2.35 2.36 2.38
2nd Compaction
Percent Voids, 7.6 6.0 4.9 3.7 2.1
2nd Compaction
Index of Retained Strength
(AASHTO T 165):
AR 8000 11 - 20 - 45
AR 8000 + 62 - 79 - 82
1Z Sucon (No Strip)
AR 8000 + 64 - 81 - 84
12 Pavebond Special
AR 4000 16 - 25 - 53
Mix Gradation: Percent passing 3/4" - 100; 1/2" - 865 1/4" - 60; No. 10 -25;

No. 40 -12; No. 200 - 5

Recommended Asphalt Content (AR 8000 - % of total mix): 6.9%




Table A.2. Original Mix Design (ODOT) Test Data

Warren-Scappoose Project

112

Asphalt Content - 4.5 5.0 5.5 6.0 6.5
Shell AR 4000

Asphalt Film Thickness Suff.  Suff.  Suff.  Suff.-Thick Thick

Stablility Value, 47 39 40 41 37
lst Compaction

Bulk Spec. Gravity, 2.30 2.33 2.35 2.37 2.39
lst Compaction

Percent Voids, 9.1 7.2 5.6 4.0 2.8
lst Compaction :

Stability Value, 50 45 47 49 34
2nd Compaction

Bulk Spec. Gravity, 2.39 2.41 2.43 2.45 2.46
2nd Compaction

Percent Voids, 5.5 4.0 2.4 0.8 0.0
2nd Compaction

Rice Gravity (AASHTO T-209) 2.53 2.51 2.49 2.47 2.46

Index of Retained Strength 90 - 93 - 100+

(AASHTO T 165)
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APPENDIX B

SUMMARY OF CORE DATA

Table B.l summarizes the average results of tests on the North Oakland-
Sutherlin project. Ten cores were taken from Station 1655+85, 5 cores from
station 1735+95, 2 cores from station 1700400 and 1705+00, and 2 cores from
station 1740+00 and 1781+00.

Table B.2 summarizes core data taken across the panel at two locations on
the Warren-Scappoose project. Locations are given in Table B.2.l. Table

B.2.2 summarizes the results of individual tests on the cores.
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