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NOTATION

width of loading strip

elastic modulus

total recoverable horizontal deflection
horizontal deflection of interior node of
finite element model

horizontal deflection over the length | in the

center of the test specimen

index of retained resilient modulus

length in the center of the specimen over which
the strain is measured

resilient modulus

regression coefficients

repeated load

radial distance from the origin of the test
specimen

radius of the test specimen

coefficient of correlation

thickness of test specimen

tensile strength ratio

total recoverable vertical deflection

angle at origin subtended by the width of the

loading section

tensile strain in the center of the specimen



NOTATION

Poisson's ratio

microstrain

tangential stress along the horizontal axis
radial stress along the horizontal axis
tangential stress along the vertical axis

radial stress along the vertical axis

tangential unit stress along the horizontal axis
radial unit stress along the horizontal axis
tangential unit stress along the vertical axis

radial unit stress along the vertical axis



1.0 INTRODUCTION
Problem men

The Oregon Department of Transportation (ODOT) has long recognized
that quality aggregate resources are becoming scarce in many parts of the
state. Consequently, various aggregate degradation tests have been
employed in an attempt to ensure that quality aggregates are used in
roadway structures. Some basaltic rocks common to the State of Oregon
exhibit excellent mechanical durability, but degrade and disintegrate when
exposed to moisture and/or freeze-thaw cycles. For this reason, the
dimethyl sulfoxide accelerated weathering test (DMSO test) has been
developed to predict degradation under high-moisture environmental
conditions.

Szymoniak et.al. (1986) established the applicable limits of the
DMSO weight loss parameter for base course (unbound) aggregates. At
present, the applicability of the DMSO test is not known for aggregates
that are subsequently employed in asphalt concrete pavements.
Specifically, there is no existing correlation between the DMSO weight
loss and the moisture susceptibility of an asphalt concrete mixture.

Pur n

The purpose of this study is to establish the applicability of the
DMSO test to determine the potential for moisture-induced distress in
asphalt concrete mixtures. The scope of work was limited to laboratory
tests performed on asphalt concrete mixtures prepared using crushed rock
from three quarries in the State of Oregon: 1) Baker Rock, 2) Meacham,

and 3) Ochoco Mile-Post 60. Specimens measuring 4-inches in diameter by

2.5-inches in height were fabricated using standard ODOT procedures

(Sullivan et.al., 1986). The specimens were subjected to the Lottman



conditioning procedure (Lottman, 1978), which was modified to include
five freeze/thaw cycles. Resilient modulus tests were performed after
each cycle to evaluate the reduction of modulus (i.e. index of retained

resilient modulus, IRM,). Fatigue life tests were performed following the

last freeze/thaw cycle. Finally, the results from these mechanical tests

were compared to the DMSO weight loss for the aggregates.



2.0 BACKGROUND
Moisture-Induced Distress of Asphalt Concrete Mixtures

Many asphalt pavements in Oregon deteriorate before reaching their
intended design life. Much of this premature damage results from the
pavement's exposure to moisture, a problem that is accelerated in areas
subjected to repeated freeze-thaw cycling (Hicks et.al., 1985). Currently,
ODOT is spending $500,000/year for lime treatment of aggregates in an
attempt to improve the moisture resistance of the aggregate employed in
asphalt concrete pavements (Frederickson, 1987). Approximately 100
million dollars are budgeted yearly for pavement maintenance in the State
of Oregon, but the amount specifically used to repair moisture-induced
damage is unknown (Sullivan, 1987).

Asphalt concrete mixtures provide strength, or stiffness, through
cohesive resistance of the asphalt cement binder and aggregate interlock
and frictional resistance between aggregate particles. A mixture's
stiffness is fully mobilized when the adhesive bond between the binder
and the aggregate is completely developed. For this case, any failure
plane through the material must initiate in the binder. However, when
moisture penetrates the pavement, it may emulsify within the binder
and/or weaken the adhesive bond. Thus, the presence of moisture results
in a loss of stiffness.

Moisture-induced distress may be associated with: 1) the loss of
mix cohesion, or physical changes of the asphalt cement binder, 2) the
loss of adhesion between the asphalt cement and the aggregate, or
stripping, and 3) the degradation of the aggregate from the effects of

water. Although these phenomena may occur simultaneously, the visual



evidence of moisture-induced distress (i.e. flushing, ravelling, and random
cracking and potholing) is related to stripping. Indeed, past and current
literature concerning moisture related pavement damage pertains almost
exclusively to stripping. Thus, stripping is generally implied in any
discussion of moisture-induced distress. With this perspective, the
remaining discussion addresses the problem of stripping.

Stripping involves the weakening of the adhesive bond between the
asphalt cement and the aggregate. The strength of the bond depends upon
complex physio-chemical forces and interactions between the asphalt
cement, the aggregate, water, and air. There are three commonly accepted
theories of adhesion, and five proposed mechanisms to explain the
occurrence of the stripping phenomenon (Majidzadeh and Brovold, 1968;
Taylor and Khosla, 1983; Fromm, 1974).

In simple terms, stripping can be viewed as the reduction of the
contact angle between the asphalt cement and the aggregate. Water
enters the pavement structure and is preferentially attracted to the
aggregate, and physically separates the aggregate from the binder. This
concept is illustrated in Figure1.

Agar Pr ies that Affect Adhesion

Although aggregates constitute from 90% to 95% of the weight of an
asphalt concrete mixture, their effect on the moisture susceptibility of
the mixture is not necessarily proportional to the relative ratio of the
amount of aggregate to the amount of asphalt cement (Rice, 1958).
Rather, the quality of the adhesive bond between the aggregate and the
asphalt cement is responsible for the mixture's behavior upon exposure to

water. This interfacial bond involves the surface areas of both the binder



(1) When the aggregate with a
drop of asphalt cement contacts
water, the contact angle is
less than 90°.

(2) As the water begins to
remove the asphalt cement,
the contact angle is
reduced.

(3) Finally, the contact angle
is 0°, and the asphalt
cement has stripped.

KEY

B AspHALT

Bl AGGREGATE
WATER

FIGURE 1. Reduction of the Contact Angle Between Asphalt Cement and
Aggregate in the Presence of Water (after Tyler, 1938).



and the aggregate. Obviously, the surface areas of the aggregate and the
asphalt cement are equal at the bond interface. Thus, the degree of
adhesion achieved at this bond depends upon the asphalt cement
properties, the aggregate properties, and the conditions under which the
bond is formed (Majidzadeh and Brovold, 1968). A discussion of the
asphalt cement properties and the conditions of formation is beyond the
scope of this paper. A brief review of important aggregate properties
follows.

The mineralogical composition of the aggregate is the most
important factor that influences adhesion (Majidzadeh and Brovold, 1968;
Rice, 1958). The presence of unbalanced surface charges and adsorbed
coatings has a direct influence on the strength of any bond that forms on
the aggregate's surface. The nature of the surface forces determines the
chemical reactions that can occur, and thus controls the mixture's
behavior in the presence of water. Aggregates are generally divided into
two groups: 1) hydrophobic and 2) hydrophilic. Further, itis commonly
believed that basic aggregates are hydrophobic and that acidic aggregates
are hydrophilic. Although this is a good generality, some investigators
have found it to be incorrect (Karius and Dalton, 1964; Schmidt and Graf,
1972).

Particle size is another important factor that influences adhension,
especially with regard to the fine portion of aggregate in the mixture. The
finer sizes have a larger surface area exposed, and the surface charges of

these sizes have an effect much greater than their proportion by weight in

the mixture. Further, since the fines may coat the aggregate surface, the

bond formed at the interface may be more dependent upon the surface



energies of the fines rather than the coarse aggregate. The presence of
fines also increases the viscosity of the binder, thus reducing the
coatability. However, if an adequate initial coating is achieved, the
resistance to stripping is also increased owing to the higher viscosity
(Ishai and Craus, 1977).

Other aggregate properties that influence adhesion include the
surface texture and porosity. Surface texture affects the coatability and
mechanical retention of asphalt cement to the aggregate. Porosity
increases the mechanical interlock between the asphalt cement and the
aggregate, but may detrimentally affect the mixture if water is retained
in the pores prior to mixing. In addition, the particle shape and gradation
may have some effect upon the adhesive bond.

The DMSO T

The DMSO weight loss parameter is an index value that is used to
predict the behavior of unbound aggregate in the presence of water.
Aggregates with a high DMSO weight loss are identified as unsuitable for
use as base course material. However, it is not known if such aggregate
could be successfully bound by asphalt cement.

DMSO is a penetrant that enters the rock matrix and reacts with
deleterious materials (smectite clays). The interaction of DMSO with clay
minerals involves two processes: 1) DMSO penetrates the rock and
solvates cations held on mineral surfaces, and 2) DMSO dehydrates large
anions by donating hydrogen ions. Thus, the DMSO test reflects the
mineralogy of the rock and, further, may to some degree predict the
amount of deleterious fines produced during the crushing process. Since

the mineralogical composition and the fines content of the aggregate are



the major factors affecting the strength of the adhesive bond between the
aggregate and the binder, it is reasonable to assume that the DMSO test
may indicate potential stripping problems. Therefore, the attempt to
relate the DMSO index with indices used to evaluate stripping is justified.
Tests To Indicate Moisture Susceptibility of Asphalt Concrete Mixtures

Traditionally, tests designed to indicate the moisture susceptibility
of asphalt concrete mixtures have been performed on either loose or
compacted specimens. Tests utilizing compacted specimens are preferred
for several reasons : 1) a test on a laboratory compacted specimen
generally provides the investigator with a mechanical property of the
paving material, 2) field cores, cut to standard dimensions, can be tested
for mechanical properties with the paving mix at the field condition to
correlate the laboratory results to the field, and 3) the interpretation of
many of the tests which utilize loose specimens is subjective; therefore
the results of such tests may be biased by the preconceived ideas of the
investigator.

In 1978, Lottman presented a procedure for the accelerated
conditioning of laboratory compacted test specimens (Lottman, 1978).
This procedure consists of preparing nine 4-inch diameter by 2.5-inch
thick specimens, which are divided into three sets (three specimens per
set). Three specimens remain in a dry condition, three are subjected to
vacuum saturation, and three are subjected to vacuum saturation followed
by one freeze-thaw cycle. Lottman utilized the indirect tensile splitting

test, with a constant loading rate to failure, to measure the tensile

strength or each specimen. TI'heresulis ot these tesis are combined 10

obtain the tensile strength ratio (TSR). Following an extensive five year



field study, it was concluded that if the TSR > 0.80, the mixture will
provide an adequate level of service with respect to moisture-induced
distress (Lottman, 1982).

Lottman's investigation clearly indicates that two distinct test
phases must be employed in the determination of moisture-induced
distress: 1) the test specimen must be subjected to a laboratory
conditioning procedure (e.g. the Lottman procedure), and 2) a mechanical
property of the material, that reflects the degree of induced damage, must
be measured. Although some investigators question the severity of the
Lottman procedure (Tunnicliff and Root, 1984), many pavement engineers
agree that it provides a reasonable assessment of conditions under which
moisture damage may occur in the field.

Three groups have recently identified the use of an index of retained

resilient modulus (IRM,) to assess the moisture susceptibility of asphalt
concrete mixes (Hicks et.al., 1985; Graf,1986; Stuart, 1986). The IRM, is

determined from the following relationship:

M, of conditioned specimen
IRM, = — (2.1)

M, of dry (control) specimen

These investigators provide independent corroboration of the use of

the IRM, as a predictor of moisture-induced distress. The study by Hicks

et.al (1985) is particularly significant as it represents the first use of

the IRM, to predict the moisture susceptibility of asphalt concrete

mixtures with known field performances. Based on their work, the criteria



for the IRM, were established as follows:
IRM, > 0.70 ==> mix passes as designed
IRM, < 0.70 ==> mix fails and must be redesigned

The resilient modulus is a material property that is directly related
to the load carrying capacity, or stiffness, of a flexible pavement. The

IRM, represents the ratio of two moduli, and is based on the premise that

the disturbance to an asphalt concrete mixture associated with
moisture-induced distress will cause a subsequent reduction in the

modulus value of an undisturbed mixture. Thus, the IRM, may be viewed as

an index property that represents the reduction of stiffness caused by a

given level of disturbance. Obviously, the IRM, of moisture susceptible

mixtures should have a value less than one.

Two distinct test phases are required to evaluate the IRM,: 1) the
test specimen must be conditioned in some manner to simulate
environmental conditions in the field, and 2) the resilient modulus must be

evaluated. Test specimens utilized in the determination of the IRM_ are

generally subjected to the Lottman conditioning procedure (Hicks et.al.,
1985; Graf,1986; Stuart, 1986). The Lottman procedure, which involves
vacuum saturation followed by a freeze/thaw cycle, has been criticized as
being too severe (Tunnicliff and Root, 1984). However, Lottman has
provided photographic evidence displaying similar types of material
damage in both laboratory conditioned specimens and field cores and,
further, successfully correlated laboratory specimens to the deterioration
of asphalt pavements (Lottman, 1978 and 1982).

It may be noted that specimen conditioning is a procedural matter

10



rather than a problem inherent in the test method (Taylor and Khosla,
1983). Indeed, the conditioning procedure could be modified to simulate
local climatic conditions. Kelly et.al. (1986) determined that repeated
freeze/thaw cycling was necessary to differentiate between the benefits
of various antistripping additives, and to identify the stripping potential
of some aggregates. In their investigation, the Lottman procedure was

modified to include five freeze/thaw cycles, and the IRM, was determined

following each conditioning cycle.

The use of the IRM, is based upon the premise that disturbance

associated with moisture-induced distress in an asphalt concrete mixture
will cause a reduction in the modulus value when compared to the same
mixture in an unconditioned or undisturbed state. This concept is justified
from a material science standpoint and from the work of others outside
the realm of pavement engineering. For example, geotechnical engineers
have long recognized that disturbance resulting from soil sampling
techniques can cause reductions in the modulus values of soils returned to
the laboratory. As a result, correction factors as large as 2 to 5 are
applied to laboratory determined moduli to represent in situ conditions
(Lambe and Whitman, 1969; Bjjerum, 1964; Seed and ldriss, 1970). If
these correction factors are considered as ratios of the disturbed modulus
divided by the undisturbed modulus, values of 0.5 to 0.2 result. In an

analagous manner, the IRM, may be viewed as an index property that

represents the reduction of stiffness in an asphalt concrete mix resulting
from a given level of disturbance. The advantages of using the resilient

modulus test to assess moisture-induced distress in asphalt concrete

11



mixes include:

1) The resilient modulus is directly affected by the loss of
adhesion and cohesion.

2) The resilient modulus test mobilizes small strains in the
specimen. Under small strains, the material approaches the
elastic range of its stress-strain response. Further, a low
strain level is desirable to avoid damaging the specimen.

3) The resilient modulus test is non-destructive. Fewer
specimens are needed to provide the same level of confidence
as the TSR, and the effects of continued conditioning cycles
can be determined.

4) The test utilizes routinely prepared laboratory specimens.

The major disadvantage of the resilient modulus test is that the
equipment is expensive and not available in many facilities. However, as
the pavement engineering industry moves from empirical design
procedures to the mechanistic design procedure, which is reflected in the
new AASHTO design guidelines (1986), resilient modulus testing can be
expected to become routine.

The resilient modulus is determined following a standard test
procedure (ASTM D 4123), in which a repeated load is applied to a
cylindrical specimen along any diametral axis and the displacements are
measured along a perpendicular axis (ASTM, 1983). The theory that
supports the calculation of a diametrally obtained resilient modulus is
based on the assumption of plane stress, and the actual boundary
conditions of the test apparatus are ignored. The resulting deviation in the

measured value of resilient modulus owing to these assumptions is not

12



known.

It may be noted from an examination of the standard that the
resilient modulus is substantially different under varying test conditions.
For example, a modulus obtained at a cold temperature under a load of low
duration and high frequency, may be significantly greater than a modulus
obtained at a warm temperature under a load of high duration and low
frequency. This suggests a need to identify specific test condition
parameters (i.e., temperature, load magnitude, load frequency, load
duration, and load wave form) to assure that equivalent moduli are being

compared in the determination of the IRM,.

ASTM D 4123 recommends a load range that would induce 10% to 50%
of the test specimen's tensile strength. The level of strain mobilized
within the specimen during the test is not considered a variable in the
standard test procedure. Hicks (1987) suggests that the applied load
should generate a strain level between 50 and 150 microstrain units ()
at the center of the specimen. However, there is presently no
specification that requires the same strain level for each modulus test

used in the determination of the IRM,. The significance of the strain level

is recognized in the field of geotechnical engineering with respect to the
determination of the dynamic modulus for soils under earthquake loading
conditions (Seed and ldriss, 1970). The relationship between the shear
strain and the normalized dynamic modulus appears in Figure 2.
Normalized values of dynamic modulus are utilized so that tests
performed using different testing procedures on various soil types can be
represented together. If a similar relationship exists between tensile

strain and resilient modulus, constant stress level tests to determine

13
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moduli for use in the IRM, will result in a misinterpretation of the index

property. Material condition parameters of the test specimen can also
create variability in IRM, results. These parameters include: 1) air voids
content, 2) degree of saturation, 3) type and number of conditioning
cycles, 4) age of the specimen, and 5) compaction method used to
fabricate the specimen.

The consequences of slight deviations in the measured value of
resilient modulus can be appreciated by considering an example
calculation of the IRM, at a nominal value of 0.70, the threshold value
between passing or failing a given mix design. If the moduli of both the
dry (control) specimen and the conditioned specimen vary by +5% from
their "true” value, the resulting IRM, can vary from 0.63 to 0.77. Clearly,
slight deviations from a standard test procedure may easily result in a
15% variation in modulus, and thus influence the decision to either pass or
fail a mix design. Therefore, the effects of test condition parameters and
material parameters must be recognized to ensure that equivalent or
standard moduli are employed in the calculation of the IRM.. In recognition
of this potential problem, two studies were conducted to ascertain 1) the
influence of boundary conditions on the determination of resilient

modulus, and 2) the strain and temperature dependency of the IRM,. The

results from these studies are presented in Appendices A and B.
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3.0 TEST MATERIALS AND PROCEDURE
Agar 1

Of the eight basaltic rock quarries studied by Szymoniak et.al.

(1986), three were selected as aggregate sources for the present
investigation based upon the following criteria: 1) the availability of a
sufficient quantity of the same material tested by Szymoniak et.al.
(1986), and 2) the aggregates had to encompass a range of DMSO weight
losses. Crushed rock from Baker Rock Quarry (mid-section), Ochoco MP60
Quarry, and Meacham Quarry best satisfied these criteria. The location of
these quarries is shown in Figure 3.

Data from the report of Szymoniak et.al. (1986) are in Tables 1 and
2. The results of petrographic analyses appear in Table 1. Table 2
presents the results of both the mechanical durability tests and the DMSO
tests. An abbreviated description of each quarry follows.

Baker Rock Quarry is divided into three units with distinct
geological characteristics. The mid-section is composed of unfractured,
uniformly dense, and very fine-grained rock, which has been oxidized by
groundwater in some areas and is unoxidized elsewhere. The mineral
contents of Table 1 reflect the differences between these two areas, with
the unoxidized area containing a high percentage of smectite clays. The
aggregate used in this study represents an equal mixture of each area. The
average mineral contents are 68% primary and 29% secondary. Mechanical
durability tests and the DMSO weight loss index identify this aggregate as
the most undesirable of the three selected sources.

The Ochoco MP-60 Quarry is generally unfractured and composed of

fine-grained rock. The mineral contents are 70% primary and 30%

16
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secondary, with all secondary minerals being smectite clays. The rock
has good mechanical durability properties, but also has a very high DMSO
weight loss. Szymoniak (1986) relates the high weight loss to the
presence of calcite in the plagioclase matrix. The calcite causes the
DMSO to overreact and, thus, it is argued that this material should
perform much better than indicated by the DMSO weight loss parameter.

Meacham Quarry rock is highly fractured, dense, and very
fine-grained. The rock is comprised of 61% primary minerals and 39%
secondary. Although the rock has a high secondary mineral content, it is
the most durable according to mechanical durability tests and has the
lowest DMSO index. Therefore, this source is expected to display the best
mechanical behavior of the three sources.

In qualitative terms, the aggregates were expected to perform as

follows with respect to moisture susceptibility:

Baker Rock Quarry = = > poor
Ochoco MP 60 Quarry = = > fair to good
Meaham Quarry = => very good

Mix Design

Four groups of specimens (six specimens per group) were fabricated
following standard ODOT procedures (Sullivan et.al., 1986 ). A summary of
the mix designs is given in Table 3. The mix design data and the asphalt
properties appear in Appendix D. The only variable originally proposed for
this study was the type of aggregate employed in the mix or, specifically,

the aggregate's DMSO weight loss parameter. To control the test

variables, the same aggregate gradations and asphalt cement were used

for all specimens. However, at the inception of the test program, a
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TABLE 3. Summary of Mix Designs

AGGREGATE GRADATION

Combined Dry
Size Sieve ¥
] = —_—
3/4 100
1/2" 98
3/8" 80
1/74 62
*10 32
*40 16
*#200 (Dry) 45

Asphalt Supplier/Grade: Chevron AC-20

MAXIMUM AVERAGE
GROUP AGGREGATE ASPHALT SPECIFIC AIR VOIDS
NUMBER SOURCE CONTENT GRAVITY CONTENT
Baker with

1 1% Lime 6.2% 2.480 48%

2 Baker 6.2% 2.480 5.5%

3 Meacham 6.2% 2.483 4.4%

4 Ochoco 6.5% 2.364 35%
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decision was made to design and test mixtures that would be approved for
use in the field. Thus, there is some variation other than aggregate type
among the groups of specimens. Specifically, there are differences in
asphalt cement contents and air voids contents.

The asphalt content of Group 4 was increased to 6.5% to achieve the
required value of IRM, of 0.70. Also, the mix design for the Baker Rock
Quarry aggregate required 1.0% lime treatment. Therefore, two groups of
specimens (one with lime and one without lime) were prepared using
Baker rock. Finally, note that the average air voids contents vary among
the four groups of specimens. A small change in air voids content can

have a dramatic effect on the IRM, results, since greater air voids allows

more water to enter the specimen.

The Resilient Modulus Test
Resilient modulus test data were obtained following ASTM D 4123.

This procedure involves subjecting a cylindrical test specimen to a
repeated load along its diametral axis, and measuring the recoverable
horizontal deflection on a perpendicular axis. The record of load and
deflection are input to the following equations to obtain the resilient
modulus and the tensile strain:

M= .62 (P/Ht) (3.1)
g =.52 Hx 108 (3.2)

where M, = resilient modulus (psi)

P = repeated load (Ib.)

t= specimen thickness (inch)
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€= tensile strain at the center (microstrain, L)

Fatigue Life Test

Fatigue life tests involve applying a repeated load to the test specimen
until failure by fracture occurs. For this study, fatigue life is defined as
the number of load repetitions required to create a 0.25-inch wide

vertical crack across the diameter of the specimen. The results of fatigue
life tests may be presented as the logarithm of fatigue life versus the
logarithm of the initial tensile strain or the initial tensile stress.

Fatigue life is then expressed by an equation of the following form:

Ne=C (1/g,)™ (3.3)
or

N; = K (1/6)" (3.4)
where N= number of load cycles to failure

C, m, K, n = regression constants

€= initial tensile strain (u)

o= tensile stress (psi)
The initial tensile strain is calculated from Equation 3.2, and the
tensile stress at the center of the specimen is calculated as follows:
o, =0.156 (P/) (3.5)

Test Procedure
A flow chart of the test procedure followed in this investigation is

shown in Figure 4. Five specimens were randomly selected from each

group of six test specimens for conditioning. The IRM,was established for

22



6 -
6_
6_
6..

24 Laboratory Compacted Specimens Fabricated:

Baker w/Lime . .
Baker -
Meacham

Ochoco

I Specimen (Each Group)
Stored Dry at
73° F

S Specimens (Each Group):
Lottman Conditioning
Modified to Include

S Freeze/Thaw
Cycles

Resilient Modulus Test
Over Duration of
Conditioning Program
to Determine Aging
Effects

Resilient Modulus Test
After Each Conditioning
Cycle to Determine IRM

3 Specimens (Each Group):
Fatigue Life Tests
After Fifth Freeze/Thaw
Cycle

FIGURE 4. Flow Chart of Test Program.

23



each specimen as follows:

1) determine M, for the test specimen in dry condition;

2) vacuum saturate the test specimen at 20-inches of Hg for one
hour (note: Lottman recommends 26-inches Hg for 1/2 hour);

3) determine M, for the saturated specimen;

4) freeze the saturated specimen at 0°F for 15 hours;

)
5) place the frozen specimen in a 140°F water bath for 24 hours;
6) place the specimen in a 73°F water bath for 3 hours; and

)

7) determine M..

Steps 4 through 7 were repeated until each specimen had been
subjected to five freeze/thaw cycles. The resilient moduli reported
herein were evaluated at 73°F + 1.8°F using a load frequency of 1 Hz and a
load duration of 0.1 second. Further, the moduli were determined at a
tensile strain level of 100 .

The test specimens were stored in a water bath at 73° F + 1.8°F
after five freeze/thaw cycles, and fatigue life tests were performed over
the next 10 days. Three fatigue life tests were performed on each of the
four mixtures under investigation. A load of the same duration and
frequency used for the resilient modulus tests was applied to induce
initial tensile strains of approximately 100u, 150u, and 200.

One specimen from each group was kept in a dry condition at 73°F.
Resilient moduli were determined over the 12 day testing period to

quantify the increase of modulus associated with the aging of the asphalt.
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4.0 RESULTS AND DISCUSSION

The results reported herein represent 164 resilient modulus tests
and 12 fatigue tests performed on four groups of specimens. Tabulated
results of all tests are given in Appendix E.

Resilient Modulus Tests

The resilient moduli and IRM, values for each mixture and
conditioning cycle are presented in Figures 5a and 5b, respectively. Each
column or data point represents the average of five tests. A review of the
data indicates the following:

1) The IRM, values of the untreated Baker rock mixture decline
throughout the conditioning program and indicate that this is
the most moisture susceptible mixture.

2) Lime treatment of the Baker aggregate improves the mixture's
performance. However, the beneficial effect is not
distinguished until the second freeze/thaw cycle. This is
consistent with results obtained by Kelly, et.al. (1986).

3) In general, the Meacham and Ochoco rock mixtures have
equivalent performances. The Meacham rock mixture has a

slightly larger IRM, after vacuum saturation and the final
freeze/thaw cycle. However, the IRM, values of the Ochoco rock

mixture are higher from the first to the fourth freeze/thaw
cycle.

4) Although the IRM, values of the Meacham rock mixture are high,

the average values of resilient moduli-are lower than the
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average moduli of both Baker rock mixtures until the first
freeze/thaw cycle, and they are never higher than the average
moduli of the Ochoco rock mixtures.

5) The moduli of each group recover at the second freeze/thaw
cycle. This phenomenon is least noticeable for the untreated
Baker rock mixture, and very pronounced for the Meacham and
Ochoco mixtures. A similar trend was observed by Kelly, et.al.
(1986). Furber (1987) suggests that the aging of the asphalt
mixture may increase for non-stripping aggregate during the
conditioning process. Thus, the IRM, of non-stripping mixtures
increases until the mixture has been exposed to sufficient
conditioning to break the adhesive bond.

The IRM, of every mixture passes the failure criterion of 0.70 after

one freeze/thaw cycle. This is contrary to the results obtained by ODOT
Materials Division, which indicated that the Baker rock mixture required

lime treatment. Overall, the IRM, values reported by ODOT are

considerably lower than the values obtained in this investigation. Further,
the values of resilient modulus from tests performed at ODOT are
approximately 30% higher than those obtained at the Oregon State
University laboratory. At present, there is no explanation for this
discrepency. This suggests the need to thoroughly investigate and

compare the procedures used to obtain the resilient modulus and the IRM,

at both laboratories.

As noted in Table 3, the Ochoco specimens have a lower average air

voids content and a higher asphalt cement content than the other mixtures
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employed in this study. It is well known that the air voids content has a
pronounced effect on the tensile strength and modulus of moisture
conditioned asphalt concrete mixtures (Schmidt and Graf, 1972; Hicks
et.al., 1985; Kelly et.al., 1986; Dukatz and Phillips, 1987). By reducing
the available void space, less moisture can enter the specimen and create
damage. Therefore, the modulus remains higher. Also, Schmidt and Graf
(1972) concluded that increasing the percentage of asphalt cement
substantially increases the IRM,. Therefore, the increase from 6.2% to
6.5% asphalt content further increases the moisture resistance of the
Ochoco rock mixture. Although these effects have not been quantified in
this investigation, the evidence strongly suggests that the IRM, values of
the Ochoco mixture would have been lower if the air voids and asphalt
cement content had been equal to those of the other mixtures.

The effects of aging are presented in Figure 6. These data indicate
that the moduli of the unconditioned specimens increased from 10 to 20%
over the 12 day testing period. The effect of aging may be included in the

previously determined IRM, values by increasing, and in two cases
decreasing, the original dry modulus (denominator of the IRM,) of each
specimen by the percentage shown in Figure 6. The IRM, values that result

from applying this correction are shown in Figure 7.
The following comparisons between Figures 6 and 7 may be noted:

1) The IRM, values of the Meacham and Ochoco mixtures are

differentiated in Figure 7. The performance of the Meacham
—mixture is better than'the Ochoco mixture after the first

freeze/thaw cycle.
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2) The improved performance of the lime-treated Baker
aggregate is less pronounced and does not appear until after
the third freeze/thaw cycle.

3) Although the IRM, values are lower, each mixture would pass
the failure criterion of 0.70 after one freeze/thaw cycle.

Fatigue Life Tests

As discussed in Section 3, fatigue life results may be presented in
terms of load repetitions to failure as a function of initial tensile strain
or tensile stress. Figure 8 shows the relationship between fatigue life
and initial tensile strain. This data represents three tests on each group
of conditioned specimens. Similarly, Figure 9 shows the relationship
between fatigue life and tensile stress. The regression constants for both
relationships are given in Table 4.

A comparison of the fatigue lives of each group as a function of
initial tensile strain is shown in Figure10. These curves indicate that the
lime-treated Baker rock mixture has the longest fatigue life, followed by
Ochoco, Baker (untreated), and Meacham, respectively. However, this
interpretation ignores the magnitude of load that each specimen
experiences.

Tensile strain is a function of both the load magnitude and the
modulus of the material. For any given load, a high modulus material has
smaller tensile strains than a low modulus material. Therefore, to
compare mixtures with different moduli at the same initial tensile strain

requires that the load magnitude be decreased for the lower modulus

material. This suggests that the relationship between fatigue life and

tensile stress may better indicate the reduction of fatigue life associated
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TABLE 4.

Regression Constants for Fatigue life Test Relationships.

FATIGUE LIFE AS

FATIGUE LIFE AS

FUNCTION OF FUNCTION OF
INITIAL TENSILE STRAIN TENSILE STRESS
AGGREGATE
SOURCE C m R * K n R *
Baker
w/Lime 1490 0.234 0.99 102 0.206 0.99
Baker 8120 0.396 0.99 265 0.324 1.00
Meacham 11600 0.429 0.99 688 0.379 1.00
Ochoco 6760 0.372 0.99 444 0.337 0.99
*R = coefficient of correlation
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with moisture induced distress for mixtures with different moduli.

A comparison of the fatigue lives as a function of tensile stress
appears in Figure 10b. The curves shown in Figure 10b clearly indicate
that the fatigue life of the Baker rock mixture is significantly lower than
the other mixtures. Further, the beneficial effect of lime treatment is
evident. There is little difference in the fatigue life of the Ochoco and
Meacham mixtures.

The increase of initial tensile strain was measured as a function
of fatigue life for each specimen during the performance of the fatigue
life tests. This was accomplished by stopping the test, placing the
diametral yoke on the specimen, and measuring the horizontal deflections
when the load was reapplied. At least two data points were obtained for
all but two specimens. However, owing to the uncertainty of the fatigue
life, all the measurements could not be obtained at the same percentage of
fatigue life. Figure 11 presents the results of these measurements as the
percentage increase of initial tensile strain versus the percentage of
fatigue listed.

As noted in Figure 11, the tensile strain increased approximately
100 to 200% during the fatigue life tests. Thus, fatigue life test results
based on the initial tensile strain do not accurately characterize the
behavior of the material, i.e., the tensile strain does not remain constant
at the initial level. Minor's Hypothesis may be employed in an attempt to
express the fatigue life in terms of an equivalent tensile strain. Minor's
Hypothesis, as applied to the results shown in Figure 11, may be stated as
follows: the number of cycles required to cause failure at any given

tensile strain is equivalent, in terms of effect, to the number of cycles
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required to cause failure at any other level of strain. Applying this
concept to the average relationship (dashed line) in Figure 11 results in a
20% shift of the fatigue life curves as shown in Figure 12. However,
fatigue life relationships obtained in the laboratory are commonly
increased by a factor of 10 to 100 times to represent field conditions
(Monismith and McLean, 1972). Therefore, the increase represented by
Figure 12 may be insignificant from a practical standpoint.

It may further be noted that the relationship shown in Figure 11
could possibly be employed to predict the percentage of fatigue life that a
pavement has experienced. Using Equations 3.1 and 3.2, it can be shown

that

AM, = 1/Ag, (4.1)

where  AM, = % change in M,

Ag; = % change in g,
The average line relationship of Figure 11 may therefore be used to

plot the relationship between AM, and AN; shown in Figure 13.

The significance of Figure 13 may be appreciated by a simple
example. Consider a pavement with a known initial value of resilient
modulus. Suppose that field cores extracted ten years after construction
indicate that the modulus is only 50% of the initial value. Using Figure 13,
this would suggest that the pavement has experienced approximately 70%

of its service life.

Comparison o

Based on the results of the resilient modulus tests and fatigue life
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tests, the moisture-related performance of each group of asphalt concrete

mixtures can be rated as follows:

- BakerRock ==>poor to fair
-BakerRock (Lime Treated) ==>fair
‘Ochoco ==>good
‘Meacham ==>Very good

Although the test data appear to rank the Meacham and Ochoco
mixtures equally, the variation between the two mixtures (i.e. asphalt
cement content and air voids content) clearly provides additional moisture
resistance to the Ochoco mixture. Therefore, it can be argued that the
Meacham mixture would out perform the Ochoco mixture under equivalent
conditions.

Based on the DMSO weight loss (see Table 2), the asphalt concrete
mixtures tested in this investigation performed as expected. Szymoniak
et.al. (1986) proposed establishing the failure criterion for the DMSO
weight loss at 22%. The Meacham rock has an 8.6%/12.6% weight loss and,
therefore, should have a relatively high moisture resistance. The Baker
rock has a 17.7%/23.9% weight loss. These values lie on each side of the
failure threshold, and indicate that Baker rock is moisture susceptible.

The Ochoco rock has a 49.3%/44.9% weight loss, which indicates that it is
very moisture susceptible. However, the presence of calcite in the
plagioclase matrix is believed to cause the DMSO to overreact (Szymoniak,
1986) and, therefore, the results of the DMSO test on this aggregate are
invalid. The good perfomance of the Ochoco aggregate in this study

confirms this previous conclusion.
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The results of the other degradation tests indicate that the Baker
rock is generally the poorest aggregate used in this study. The Oregon
Aggregate Degradation Test and the Los Angeles Abrasion Test were not
performed on the Meacham aggregate, but the results of the Sodium
Sulfate Soundness Test confirm that the Meacham rock is the best
aggregate.

The results indicate that a qualitative assessment of an aggregate's
potential for moisture-induced distress in asphalt concrete may be made
based on the DMSO test. However, no correlations can be made from the
data gathered in this investigation for several reasons: 1) the DMSO
results obtained for the Ochoco aggregate are invalid for reasons noted
previously; thus, any correlation would have to be based on only two data
points, 2) the mixtures tested had variation other than the type of
aggregate used, and 3) the study was conducted using aggregates with

unknown field histories; therefore, the IRM, results cannot be confirmed.
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5.0 CONCLUSIONS

This investigation was conducted to establish the applicability of
the DMSO test to determine the potential for moisture-induced damage in
asphalt concrete mixtures. Resilient modulus tests and fatigue life tests
were performed on conditioned specimens composed of aggregate from
three sources. The conclusions of this study, based on the results of these
tests and a comparison of these tests to previously determined aggregate
properties, are :

1) Several freeze/thaw cycles are required to adequately
differentiate the moisture susceptibilities of the asphalt
concrete mixtures employed in this investigation. Similarly,
several cycles are needed to identify the benefit gained from
the use of lime treatment.

2) Correcting the IRM, values for the increase of modulus

associated with aging better distinguishes the performance of
the untreated mixtures.

3) Fatigue life test results based on tensile stress are better
indicators of the damage induced by conditioning compared to
results based on the initial tensile strain.

4) It may be possible to use the reduction of modulus during the
performance of fatigue life tests at a constant tensile stress as
a basis for the prediction of the remaining service life of a
pavement.

5) The DMSO test provides an index value that appears to indicate
the moisture susceptibility of asphalt concrete mixtures.

However, only a qualitative assessment can be made at present.
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6) The measured value of the IRM, is dependent on many variables

and is sensitive to slight deviations in these variables.
Therefore, test programs that employ the IRM, must be carefully

designed to control all variables not under investigation.
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6.0 RECOMMENDATIONS-IMPLEMENTATION

The results from the research program conducted herein indicate the
DMSO test may be used to identify the potential for moisture induced
distress in asphalt concrete mixtures. It was not possible to identify a
correlation between the DMSO test results and other indicators of
pavement performance such as the resilient modulus, IRM,, or fatigue life .
Consequently, at present, only a qualitative assessment of an aggregate's
expected performance in asphalt concrete may be made based on DMSO test
results.

The IRM, has been proposed for use by previous investigators as an
indicator of moisture - induced distress in asphalt concrete mixes. All
resilient modulus tests used in the determination of the IRM, should be
performed at the same level of tensile strain. The strain level should be
as low as possible so that the material approaches the elastic range of its

stress - strain response. However, the strain level must be large enough

so that reasonably accurate horizontal deflections can be measured. All

resilient modulus tests used in the determination of the IRM, must be

performed at the same test temperature. These recommendations may be

immediately implemented.
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APPENDIX A: INFLUENCE OF BOUNDARY CONDITIONS ON THE
DETERMINATION OF RESILIENT MODULUS

LY

The Resilient Modulus Test
The resilient modulus test utilizes a nominal 4-inch diameter

cylindrical specimen (Marshall specimen) that is subjected to a repeated
load along its diametral axis. A typical configuration of test equipment
consists of four major components: 1) a load control cabinet, 2) a load
frame, 3) a diametral yoke, and 4) a recording system. A schematic
diagram of a test specimen with the diametral yoke and loading ram is
shown in Figure A.1. The load frame and diametral yoke may be placed
inside an environmental cabinet to achieve the +1.8°F (+1.0°C)
temperature control that is identified in the standard test procedure
(ASTM D4123).
The material properties of the test specimen (i.e. resilient modulus
and Poisson's ratio) may be calculated as follows:
M, = (P/Ht) (v +.27) (A1)
where M= resilient modulus (psi)
P = repeated load (Ibs)
H = total recoverable horizontal deflection (inches)
t = specimen thickness (inches)
L = Poisson's ratio
and

-3.59 -0.27 (V/H) (A-2)
0.063 + (V/H)

where

V = total recoverable vertical deflection (inches)
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The tensile strain at the center of the specimen is given by

0.16 + 0.48 (A.3)
“1" 027 + v ] i ‘

where g, = tensile strain at the center of the specimen

(microstrain, p)
Equations A.1, A.2, and A.3 are supported by the work of Hadley et.
al. (1970). He developed equations to evaluate the material properties (i.e.
elastic modulus, E, and Poisson's ratio, v) of diametrically loaded
cylindrical specimens. These equations have subsequently been applied to
the elastic response of specimens subjected to repeated loads. The
following assumptions are made in the development of the equations:
1. The material is elastic, thus Hooke's Law is valid.
2. The material is homogeneous and isotropic, allowing the use of
a single value for the modulus and Poisson's ratio.
3. Plane-stress conditions exist and, therefore, the problem can be
modeled as two-dimensional.

4. The x- and y- axes are principal planes. This assumption
follows from the stress analysis, in which T, =0 along

these axes.

The stress analysis of a perfectly elastic, homogeneous, isotropic,
and weightless, circular element with a diametrically applied
compressive strip was performed by Hondros (1959), using a Fourier
series. The definition sketch for the theoretical development is shown in
Figure A.2. Figure A.3 illustrates the unit stress distributions that result

from Hondros' analysis for a 4-inch diameter disk with a 0.5-inch loading
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FIGURE A.2. Definition Sketch of a Diametrally Loaded Circular Element.
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strip width.
Any of the four stress distributions (cgx, orx, oy, Ory) can be written
o = +(2P/rat)[f(r,R,0)] (A.4)
If the width of the loading strip is fixed (a = 0.5-inch for this case),

Equation A.1 can be rewritten

o = (Ph{2ma [ (R0} = (PH) o (A.5)
where C*= unit stress
For any differential element along the x-axis, Hooke's Law is

expressed as
€ = 1/E (O -V Op,) (A.6)
In terms of the total horizontal deflection,
H= ID €, = fD 1/E (O, - D Oy)
from which

H =1 ([ 0 -0 ] ) A7)

where ID= integral over the diameter
Next, the previously defined expression for unit stress is substituted
into Equation A.7 Solving for E,
E=PHt ([0, -] 06) (A.8)
Performing the same operations along the y-axis results in
E=P/NVt(l, oy -V fDGey) I (A.9)

Equations A.8 and A.9 can now be equated to solve for v,

= Vv —
_ IDGry - _ﬁIDer

v (A.10)

*

= Vv -
J‘D(Sey - I—_I-.[D(Fex
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An equation for tensile strain can now be obtained by first
expressingHooke's Law for the deflection over a finite length at the

centerof thespecimen,

H=g= | 1/E (6,4 - v 04y (A.11)
where fl = integral over a finite length at the center
By the definition of strain,
gq=H/=1/E (o, -v ] c4) (A.12)
Expressing Equation A.12 in terms of unit stress and solving for E,
= (Pitie,) (|0, -0 ] 65) (A.13)

The modulus, E, has now been expressed in terms of the total
horizontal deflection and in terms of tensile strain . Equating these two
expressions results in

H JIG -uf e;
I

£ —]
X|

(A.14)

IDer - Ujogex
The Mean Value Theorem can now be applied to the expressions

fl o, /I and f, O, /1 to arrive at

*

“H Gr): Ir 0 _Dcex |r=0

(A.15)

IDGrX —1).[ G

- where ] _,indicates "evaluated at r = 0"

The expressions for Poisson's ratio, resilient modulus (M, = E), and

tensilestraimat the center (€, = €_,) can be solved by numericall
t = Sxi y y
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integrating the unit stress over the diameter of the specimen and solving

the unit stress at the origin:

M, = (P/Ht) (0.27 + v) (A1)
_ -3.59 -0.27 (V/H) (A.2)
0.063 + (V/H)
7.0.16 + 0.48 v 7 (A.3)
&= [Tozr+v "

It may be noted that the calculation of M, and g, requires the
determination of Poisson's ratio. The determination of Poisson's ratio
requires measurements of both horizontal and vertical deflections. From
a practical standpoint, it is difficult to measure the vertical deflection of
a test specimen during the performance of a resilient modulus test.
However, if a value of Poisson's ratio is selected as input to Equations A.1
and A.3, the vertical deflection is not needed.

A typical value of Poisson's ratio for asphaltic concrete is 0.35
(Yoder and Witczak, 1975). Based on this assumption, Equations A.1 and
A.3 may be rewritten as:

M, = 0.62 (P/Ht) (A.16)
g, =0.52Hx 106 (A.17)

The values of M, and ¢, are obtained using the following procedure:

1) the values of repeated load and horizontal deflection are
recorded from tests on two mutually perpendicular diametral

axes; and
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2) the average value of horizontal deflection (the load usually
remains constant) and the value of the repeated load are input
to Equations A.16 and A.17.
Einite Element Representation of the Test Conditions

The finite element structural analysis program ANSYS PC/LINEAR
(Gorman, 1986) was used to investigate the validity of assumptions 2 (i.e.
plane stress condition) and 3 (i.e. loading interface condition) previously
noted. The effect of the assumed value of Poisson's ratio on the accuracy
of the determination of the resilient modulus was also studied.

Under the assumption of a plane stress condition, the out-of-plane
stresses are set equal to zero. However, out-of-plane stresses are
present under actual test conditions for the following reasons: 1) the test
specimen has a finite thickness which necessarily creates out-of-plane
resistance to deflection, and 2) the presence of the thumbscrews, used to
attach the diametral yoke (see Figure A.1), provides out-of-plane
resistance at their respective locations.

The assumption that a uniform strip load is applied directly to the
specimen ignores the surface traction forces and related shear stresses.
These forces result from the material incompatibility at the boundary of
the steel platen (high modulus) and the test specimen (low modulus).
Further, the load distribution is slightly nonuniform owing to the method
of application, i.e., a point load is applied to the steel platen at the
centerof the test specimen.

The finite element models considered in this study include:

directly to the circular model;
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Case 2: plane stress, with a uniformly distributed load applied to
the circular model through a steel loading platen;

Case 3: three-dimensional, with a point load applied to the
cylindrical model through a steel loading platen; and

Case 4: three-dimensional, with a point load applied to the
cylindrical model through a teflon coated steel loading
platen.

The two-dimensional mesh utilized for Case 2 is shown in Figure
A.4a. The same mesh is used for Case 1, however the steel loading platen
is absent from the model. Only one-quarter of the circular model is
needed owing to symmetry. The three-dimensional models can be
visualized by expanding the two-dimensional mesh in the z-direction, as
shown in Figure A.4b. Again, symmetry may be employed, resulting in a
model that represents one-eighth of the test specimen. The actual
boundary conditions are simulated in the three-dimensional model by: 1)
applying a point load through the steel loading platen to model the loading
ram, and 2) restricting the outward (z-direction) deflection of two nodes
lying on the x-axis at the position where the thumb screws confine the
specimen (see Figure A.4b). No slippage is permitted at the loading
interface for Cases 2, 3, and 4.

The resilient modulus test procedure involves first applying a small
seating load (5% of the repeated load) to maintain the alignment of the
steel platen and the test specimen. The specimen is then subjected to the
repeated load. This loading condition (i.e. seating load plus repeated load)

could not be modeled using the ANSYS PC/LINEAR program. Therefore the
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FIGURE A.4. Meshes Utilized in Finite Element Analyses.
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initial seating load has been ignored, and a static load was used to
represent the repeated load in the analysis. The use of such loading is
reasonable, since the model is assumed to be linear elastic.
The following test and material conditions (control conditions) were
input to the finite element models:
1) Asphalt concrete properties,

M, = 300 ksi

v =0.35for Cases 2 and 4
v = 0.15, 0.35, and 0.45 for Cases 1 and 3
2) Steel loading strip properties,
E = elastic modulus = 29 x 103 ksi
v =0.30
3) Load (backcalculated using Equations A.1 and A.3 with €, =

100p),
P =232 Ibs
4) Specimen thickness,
t = 2.5 inches
The output from the finite element analyses includes values of
horizontal and vertical deflections at each node. These can be used as
input to the theoretically developed equations to compare differences
between the finite element solution and the theoreticalsolution. Further,
the stresses output at each node can be compared to Hondros' theoretical
stress distribution.
The deflection results of the finite element analyses, and values

backcalculated from these results, are given in Table A.1. The theoretical
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solutions, which represent the initial (and compatible) conditions, are
identified as control. The resilient modulus is calculated by the following
methods:

Method 1. The output values of H and V (total horizontal and
vertical deflection obtained from the exterior nodes on
the x- and y- axes) are input to Equation A.2 to solve for
V. This computed value of v, and H and P are used in

Equation A.1 to solve for M..

Method 2. The control value of v and P, and the output value of H,
are input to Equation A.1 to solve for M,.
Note that Method 2 represents the typical procedure for the
determination of the resilient modulus from laboratory data (i.e.
horizontal deflection and repeated load are measured, and v is assumed).
Thus, Method 1 may be viewed as an attempt to improve the estimation of
the resilient modulus by obtaining the vertical deflection to calculate the
actual value of Poisson's ratio.
The % error and the tensile strain given in Table A.1 are determined
as follows:
1) % error equals the difference between M (control) and
M, (backcalculated), divided by M, (control); and
2) tensile strain equals the horizontal deflection of the
central element, H(int), divided by the width of the
element (0.125 inch).
The Case 1 model best represents the conditions assumed in the

theoretical solution. Thus, the accuracy of the mesh employed in this 60
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study can be verified by comparing Case 1 to the control condition. As
noted in Table A.1, the output moduli are within + 3% for either method of
calculation, and Poisson's ratio is within 5%. There is similar close
agreement between the tensile strain levels and the stress distributions.
Based on this comparison, the accuracy of the finite element
representation is acceptable.

The inclusion of the steel platen (Case 2) does not significantly
affect the horizontal deflection. Based on Method 2, the output modulus is
1% less than the control modulus and the tensile strain is within 6%.
However, owing to the reduction in vertical deflection, Poisson's ratio
exceeds 0.50 when Method 1 is employed. This value is theoretically
impossible and represents a 50% increase from the control value of 0.35.
The resulting value of the resilient modulus is 27% greater than the
control value.

The moduli of Cases 3 and 4 that are backcalculated using Method 2
also match the control moduli reasonably well. However, there is a
significant difference between the two models when the vertical
deflections are considered. Using Method 1, the moduli of Case 3 are from
13 to 17% greater than the control moduli. This represents an error that
is approximately 10% greater than the error resulting from Method 2. The
Case 4 model behaves in an opposite manner, i.e., the modulus is improved
by 3% when the vertical deflections are taken into account. This implies

that if measurements of vertical deflection are obtained in the

laboratory, the estimate of modulus is not improved unless a low modulus

specimen.
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Figure A.5 illustrates Hondros' theoretical unit stress distribution
with the nodal unit stress values for Cases 1 through 4 (with v = 0.35)
superimposed. The stress values for Cases 3 and 4 represent the weighted
average of the nodal stress values along the width (z-direction) of the
specimen. The stress distributions along the horizontal axis are
practically identical to the theoretical solution for each model, and
similar agreement may be noted along the inner two-thirds of the vertical
axis. However, the stress distributions diverge at the exterior of the
specimen (near the load) as follows: 1) for Case 1, the stresses are
almost identical to the theoretical stresses, 2) for Case 4, the vertical
stresses decrease by 25% and the horizontal stresses decrease by 50%,
and 3) for Cases 2 and 3, the vertical stresses decrease by 50% and the
horizontal stresses decrease by 90%.

The differences in stress may be attributed to the effect of surface
traction forces that result from the material incompatibility at the
loading interface. In the theoretical solution, the horizontal and vertical
axes are principal planes (i.e. there are no shear stresses along these
axes). However, the finite element models confirm that shear stresses
exist along these axes. Thus, the stresses output in the finite element
analyses are normal stresses rather than principal stresses. The greater
reductions of normal stress for Cases 2 and 3 reflect the high shear
stresses that are induced at the load interface. The stresses for the Case
4 model are closer to the theoretical stresses owing to the inclusion of a
low modulus material (e.g. teflon, E = 100 ksi) between the high modulus
steel and the relatively low modulus asphalt concrete. Comparing Case 4

to Case 3, the shear stresses at the interface are reduced approximately
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300%.

As previously noted, the stress distributions for Cases 3 and 4
represent the weighted average of stresses across the width of the model.
These stresses change from the middle of the model to the free face as
follows: 1) the compressive stresses are higher in the middle of the
specimen than at the the free face, 2) the tensile stresses are lower in
the middle of the specimen than at the free face, 3) the shear stresses are
higher in the middle of the specimen than at the free edge, and 4) the
out-of-plane compressive stress increases slightly near the location of
the thumb screws.

Varying Poisson's ratio from 0.15 to 0.45 has little effect on the
accuracy of the estimation of resilient modulus. The backcalculated
moduli increase slightly (4% for Case 3) as Poisson's ratio increases from
0.15 t0 0.45. Also, the stress distributions are nearly identical for each
assumed value of Poisson's ratio.

The results of the finite element models indicate that the resilient
modulus diametral test is adequately represented by elastic theory based
on the assumption of plane stress response of the test specimen.
Although the actual boundary conditions create traction forces that result
in the propagation of shear stresses through the specimen, the effect is
relatively insignificant with respect to the horizontal deflection actually
used in the determination of the resilient modulus. However, if vertical
measurements are obtained in an effort to estimate Poisson's ratio, a low
modulus material must be placed between the steel load platen and the

test specimen.
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APPENDIX B: STRAIN AND TEMPERATURE DEPENDENCY OF THE IRMr

Laborator Progr

A laboratory test program was conducted to: 1) develop
relationships between the resilient modulus and the tensile strain level
and temperature, and 2) establish the significance of these relationships

on the determination of the IRM,. As previously noted, the current test

procedure (ASTM D 4123) specifies a temperature tolerance of +1.8°F
(£1°C), and there is no requirement to perform all tests at a specific level
of tensile strain.

The asphalt concrete specimens used in the test program were
fabricated by the Materials Division of the Oregon Department of
Transportation (ODOT). Six 4-inch diameter by 2.5-inch long specimens
were prepared using the ODOT Class "C" mix design for heavy traffic
(Sullivan et.al., 1986). The specimens were compacted with a Hveem
kneading compactor, and air voids contents of approximately 4.6% and 6.8%
(three specimens, each) were obtained by varying the the number of blows
at the 500 psi level from 150 to 50 blows, respectively. The mix design
data and asphalt properties appear in Appendix C.

The test procedure involved the following steps:

1) The bulk specific gravity of each specimen was determined to
obtain the air voids contents; the following groups were
identified:

Group 1 ==> 4.6% 10.4% air voids content

Group 2 ==> 6.8% +0.2% air voids content

2) The specimens were allowed to cure for two days.

3) The specimens were placed inside an environmental cabinet
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and the temperature was stabilized at the lowest test
temperature [36°F (2.1°C)].

4) The resilient modulus test was performed along a randomly
selected axis; each test was conducted using a load frequency
of 1 Hz and a load duration of 0.1 second; the test temperature
was maintained within £0.2°F (+£0.1°C) of the target
temperature and monitored using thermistors attached to the
sides of the specimens; the load was continually increased,
allowing tensile strain and modulus values to be measured at
six levels.

5) The specimen was rotated 90° and the procedure was repeated.

6) After testing each specimen, the temperature was increased
to the next level and allowed to stabilize overnight.

Steps 3 through 5 were performed using the following temperature
levels: 36°F, 53°F, 65°F, 73°F, 81°F, and 92°F (2.1°C, 11.7°C, 18.8°C,
22.8°C, 27.2°C, and 33.1°C). Approximately 300 load repetitions were
applied at each level.

Test Results

The results of the test program are plotted in Figure B.1. Figure B.1a
presents the log tensile strain vs. log resilient modulus relationship for
all tests performed on Group 1. The data for the three specimens are
combined corresponding to the six test temperatures. Similarly, Figure
B.1b shows this relationship for Group 2.

The regression line equations for each set of data take the general

form:
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M, = K, gn (B.1)

where K, = aconstant evaluated at &, = 1 (ksi)

35
I

a constant representing the slope of the
log-log regression line

The values of K,, n, and R? for the regression lines are given in Table B.1

Discussion of Results
As noted previously, the tensile strain vs. resilient modulus data

points were obtained at six strain levels. However, fewer data points
were obtained at the temperature extremes, namely 36°F and 92°F. At
36°F, the specimens were so stiff that the load limit of the test

equipment (i.e., a 1000 Ib. load cell) was reached at approximately 50u to
80u. At 92°F, permanent deformations were visible at strain levels
greater than 1500y, and one of the Group 2 specimens displayed slight
cracking at 1600p.

The coefficients of determination (R2in Table B.1) range from 0.59
to 0.91 for all data. However, if separate regression lines are calculated
for each specimen, the R2 values range from 0.91 to 1.00, with the
majority above 0.95. Further, the correlation is better for the specimens
of Group 2, which have less variation of air voids contents. Therefore,
most of the scatter at each temperature level can be attributed to the
variation of the air void contents in each group.

The data display two characteristic trends:
1) The slopes of the regression lines, with minor exceptions, become

steeper as the temperature increases. This may simply indicate

that the relationship between the tensile strain and the resilient
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TABLE B.1. Regression Constants for Log Tensile Strain vs. Log Resilient

Modulus Relationships.

(1) (2) (3) (4) (5)

GROUP  TEMPERATURE K n R%
NUMBER (°F) (ksi)

36 2369 -0.063 059

1 53 1384 -0.104 0.73

(46% air 65 700 -0.126 0.81

voids) 73 424 -0.122 0.77

81 258 -0.128 0.75

92 146 -0.155 0.80

36 2075 -0.074 0.90

2 53 1038 -0.103 0.83

(6.8% air 65 475 -0.116 0.87

voids) 73 276 -0.100 - 0.83

81 159 -0.099 0.91

92 125 -0.166 0.89
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modulus is likewise dependent upon temperature. However, the
strain levels increase with temperature, implying that the strain
dependency of the resilient modulus is greater at higher strain
levels.

2) The regression lines of Groups 1 and 2 are generally parallel,
with Group 2 data displaced downward. Using the regression
equations to obtain resilient moduli at the 100y strain level, the
Group 2 moduli are from 71 to 83% less than the Group 1 moduli.
Thus, increasing the air voids content by approximately 2%
results in a 75% reduction of  resilient moduli.

The resilient modulus data can be normalized to illustrate the
general trend of the tensile strain vs. resilient modulus. Normalizing the
moduli at each temperature level also eliminates the effects of stress
history from previously performed tests. The normalized moduli are
obtained by dividing the resilient modulus at any given strain and
temperature level by the corresponding resilient modulus evaluated at €, =
1u (i.e., the constant K;). The normalized resilient moduli vs. tensile
strain are plotted in Figure B.2. It may be noted that the results shown in
Figure B.2 resemble the relationship between normalized dynamic moduli
and shear strain shown in Figure 2. Although Figure B.2 represents only
one particular asphalt concrete mixture at two air voids contents, a
similar relationship may exist for all asphalt concrete mixtures. Such a
characteristic relationship would permit the resilient modulus of any
asphalt concrete mixture to be estimated at a standard tensile strain by

determining the modulus at any other strain level. Figure B.3 shows the
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envelope and the average relationship between the normalized resilient
modulus and the tensile strain for both air void contents.

Figure B.3 can be used to illustrate the significance of the resilient

modulus vs. strain relationship on the IRM, through the following example.
Consider two values of resilient moduli such that the resulting IRM, =

0.70. Let

M,(control) = 250 ksi, evaluated at €, = 100y;

M_(conditioned) = 175 ksi; and

t = 2.5 inches.
Further, consider that the moduli are evaluated under constant load. Then,
applying Equation A.17 to the control specimen,

H(control) = (100 x 106)/0.52 = 0.192 x 10-3 inch
Substituting H(control) into Equation A.16,

P(control) = (250,000)(0.192 x 10-3)(2.5)/0.62=194Ibs.
P(control) represents the load that would also be used for the test on the
conditioned specimen. The value of horizontal deflection for the
conditioned specimen may be obtained from Equation A.16,

H(conditioned) = (0.62)(194)/(175,000)(2.5) = 0.275 x 10 inch

The corresponding strain level may be computed from Equation A.17,

g,(conditioned) = (0.52)(0.275 x 103) = 143y,
Entering Figure B.3 at the two tensile strain levels identified above, the

appropriate normalized resilient modulus ratios (use average value

represented by the dashed line) may be obtained,

—  —— _ forg(eomroly=100p == 0.57
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for g, (conditioned) = 143pn ==> 0..52
The resulting IRM, is thus determined as,
IRM, = (175/250) (0.57/0.52) = 0.77 (#0.70 1)

Note that this does not represent the worst case. For the nominal
value of IRM, = 0.70 determined with the control specimen at €, = 50p and
the conditioned specimen at 150y, the actual value of IRM, =
(0.70)(0.65/0.50) = 0.91. Clearly, the failure to perform both resilient
modulus tests at the same tensile strain level results in the
misinterpretation of the resulting IRM,.

The significance of the resilient modulus vs. temperature
relationship on the IRM, can be demonstrated by plotting the resilient
modulus vs. temperature at a specific value of tensile strain. Such a plot
for €, = 100u is shown in Figure B.4. The allowable temperature extremes
for the commonly used test temperature of 73°F (22.8°C) are represented
by two vertical lines. Using the regression line as a turning point, the
corresponding values of the resilient moduli are 206 and 256 ksi.
Obviously, the ratio of any two equivalent moduli must be identically one.
However, the ratios of these values (206/256 = 0.81 and 256/206=1.24)
identify a range of £20%. Thus, the failure to conduct each modulus test
at the same temperature (but within the test specifications) may result in

a +20% error in the resulting IRM..
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APPENDIX C: ASPHALT PROPERTIES AND MIX DESIGN DATA
This appendix contains the asphalt properties and the mix design data

for the asphalt concrete specimens utilized in the investigation described

in Appendix B.
ASPHALT LABORATORY RECORD
Highway Department for Chevron AC-20
Project: Lab Stock

Laboratory Number:

86 18563

Data Sheet Number: None
EA Number: 7517

Date Received:

11-4-86

Date Reported: 11-14-86

Laboratory Charges:
Contractor:

Submitted By:
Source of Material:
Sampled or Inspected At;

$214.00

Chevron -
Chevron
Portland, Oregon

Sampled or Inspected By: Chevron
Date Sampled: 11-3-86
Quantity Represented: 24 Quarts

To Be Used: M.D.

Paving Asphalt

The Oregon Department of Transportation

T 44  Solubility in CHCL: CCL2 99.87%

T 49 Penetration at 77F/39.2 74/17 cm/100
Penetration ratio 39.2/77 F 23

T 201 Viscosity, Kinematic 275 F, 135 C 374 C.S.

T 202 Viscosity, Absolute 140 F 1780 P.

Paving Asphalt RTF (c) Residue

T 47 Loss on Heating 0.81%

T 201 Viscosity, Kinematic 275 F 659 C.S.

T 202 Viscosity, Absolute 140 F, 30 cm
Hg., Vac. 6149 P.

T 49 Penetration at 77 F 39 cm/100
% of orig. penetration 53%

T 51 Ductility at 77 F 75+ cm

Liquid Asphalt
T 48 Flash Point, open cup 590 °F
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APPENDIX C: ASPHALT PROPERTIES AND MIX DESIGN DATA

2328
>, PRELIMINARY BITUMINOUS MIXTURE DESIGN (aboatoryNo. 37 23-2
Highway Division Data Sheet No. Al 20,

TEEE
Materlals Section Prefix 10323
Amount Charge __3511.00

Date Received 1-23-87
Date Reported

Project—  Kelso Road - Mt. Hood Highway
Contractor: _ Prime— Jim Turin Mix Type Class— C a/c

Paving— Contract No— 10323  Fed. Aid No— RS-A642(2)
Engineer: Region— Allan C. llarwood Resident— _Gary Kennen
AGGREGATE GRADATION: Source— Willamette River ¥3-104-1 Type— Gravel
Aggregaie I - 171 -0 mx Agg Grad

40 60

100 100
99 99 100 100
63 63 1100100 85 85
10.4 10.4/96.9 96.9 62 62
10 0.9 1.8]51.2 52,1 31 32
40 0.7 1.3120 20,9 12 13
200 (Dry)|10.7 7.6 4.8 5.0

200 (Wat)| 1,1 9.5

No. Ava. 4 4

TEST DATA: Asphalt Brand/Grade— _ Chevron AC-20 Additive—
Percent Asphall (total mix) 4,5 5.5 6.0 6.5
Asphalt Film Dry Suff Suff-Thidk Thick
Sp. Gr. @ 1st Comp. (T-246) 2.33 2,37 2.39 2.41
Percent Voids @ 1st Comp. 7.7 4.7 3.2 1.8
Stability @ 1st Comp. (T-247) 34 31 36 31

Sp. Gr. @ 2nd Comp. 2.42 2.46 2.47 2.46
Percent Voids @ 2nd Comp. 4,2 1.1 0 0
Stability @ 2nd Comp. 41 35 38 23
Max. Sp. Gr. (T-208) 2.525 211 2.488 2.469 | 2.455
Index Ret. Str. (T-165)  Chevron AC-20 91% 88% 94%

Index Rel. Str. (T-165)
Index Ret. Str. (T-165)

Job Mix Formula:
n LI Sp Gt @ Design Void
adaton Asphan Content TM306 106 Comp ol Cmel®i st |

Gradalion en
1= Wearing course— 5.6 2.484 2.46
Ya Base course— 5.6 2.484 2,46
Yz 100 Shoulder course— 5.6 2.484 2.46
1% 85 PMBB—
Va 62 Asphalt:
10 32 Brand— Chevron Mix_Placement Temp— 280°F
40 13 Grade— AC-20

200 5.0 Additive—

Comments: Qualifying:
87-0754-CA-LAR = 12.1%; NA.SO,
87-0755-FA- ————: NA-SO.
Asphalt Received 3-6-87 ‘

T

=" |
s 1 h 1O
i by

oo Ha
o

=

oy

i e ]
M b b
Lk
e bin b

.9
9
.9

=) fda
jo° la®

Deg. = 16.3%,0.5"; Friable = 0.8%
Deg. = 9.2%,0.7"; Friable = 0.4%

%4

Cansl.
FHWA

Reqg. Engr.
Res. Engr.
Dist. Engr.
Region Geo.
Files

Engeneer of histes s

34887 (1181}
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA
This appendix contains the asphalt properties and the mix design data

for the asphalt concrete specimens utilized in the investigation described

in Section 3.0-Test Materials and Procedure.

ASPHALT LABORATORY RECORD

Highway Department for Chevron AC-20

Project: Lab Stock
Laboratory Number: 86 18563

Data Sheet Number: None

EA Number: 7517

Date Received: 11-4-86

Date Reported: 11-14-86

Laboratory Charges: $214.00

Contractor: The Oregon Department of Transportation
Submitted By: Chevron-

Source of Material: Chevron

Sampled or Inspected At: Portland, Oregon
Sampled or Inspected By: Chevron

Date Sampled: 11-3-86

Quantity Represented: 24 Quarts

To Be Used: M.D.

Paving Asphalt

T 44  Solubility in CHCL: CCL2 99.87%

T 49 Penetration at 77F/39.2 74/17 cm/100
Penetration ratio 39.2/77 F 23

T 201 Viscosity, Kinematic 275 F, 135 C 374 C.S.

T 202 Viscosity, Absolute 140 F 1780 P.

Paving Asphalt RTF (c).Residue

T 47 Loss on Heating 0.81%
T 201 Viscosity, Kinematic 275 F 659 C.S.
T 202 Viscosity, Absolute 140 F, 30 cm
Hg., Vac. 6149 P.
T 49 Penetration at 77 F 39 cm/100
% of orig. penetration 53%
T 51  Ductility at 77 F - ) ' 75+ cm

Liquid Asphalt

T 48  Flash Point, open cup 590 °F
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

.. PRELIMINARY BITUMINOUS MIXTURE DESIGN ;arg::wry ::,,1343
i Highway Divislon alge reettos
Prelix CO0UB7-5167
Materials Section Amount Charge $551.20
Date Received 12-19-86
Date Reported 2-20-87
Project— DMSO Study Part I1
Contractor: __ Prime— = Mix Type Class— C a/c
Paving— - Contract No.— - Fed. Aid No.— -
Engineer: Region— - Resident— -
AGGREGATE GRADATION: Source—  Baker Quarry #34-80-1 Type— Quarry
PRR 1y - % -0 OovSme | Phaciea
% Comb. 32 68
1
¥ 100 100 100 100
Va 94 95 98 98
¥ 41 43 1100 100 80 80
Ya 6.7 8.0)88 88 62 64
10 2.7 5.0]45.7 46.2 32 33
40 1.6 3.0122.8 24 16 17
200 (Dry}10.5 6.3 4.5 5.1
200 (Wet) 1.0 8.8
No. Ave. - -
TEST DATA: Asphalt Brand/Grade— __Chevron AC-20 Additive—
Percent Asphalt (total mix) 4.5 5.0 5.5 | 6.0 | 6.5
Asphalt Film Dry Dry-Suff Suff Suff-miék Thick
Sp. Gr. @ 1st Comp. (T-246) 2.30 2.32 2.34 2.56 2.38
Percent Voids @ 1st Comp. 9.8 8.4 6.6 5.3 3.6
Stabilit 1st Comp. (T-247) 37 37 35 34 34
Sp. Gr. @ 2nd Comp. 2.39 2.41 2.43 2.45 2.46
Percent Voids @ 2nd Comp. 6.3 4.9 3.0 2.2 0.4
Stability (@ 2nd Comp. 45 45 44 45 37
Max. Sp. Gr. (T-209) 2,551 2,553 | 2.506 | 2.486 | 2.470
Index Ret. Str. (T-165) Chevron AC-20 47% 55% 79%
Index Ret. Str. (T-165)
Index Ret. Str. (T-165)
Job Mix Formula; r=209
aon Asphah Conten: TM306 10 Comp Ossgn verm Byt
1" Wearing course— 6.2 2.480 2.45 1.5 4.5
¥a 100 Base course— 6.2 2.480 2.45 1.5 4.5
Vs 98 Shoulder course— 6.2 2.480 2.45 1.5 4.3
% 80 PMBB—
Ya 62 Asphalt:
10 33 Brand— Chevron Mix Piacement Temp.— 280°F
40 17 Grade— _ AC-20
200 5.1 Additive—
Comments:
Const.
FHWA
Req. Engr.
Res. Engr.
Dist. Engr.
Region 1
Files
Engrnes: of Materish
T3e 0087 (1101)
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

e LABORATORY RECORD __Page 2 of 2
"""""'r PROJECT TO PREDICT MOISTURE DAMAGE i
TO ASPHALT PAVEMENT 87 1344
PACECT JOATA 4L ).
DMSO Study Part [I - Baker Rock None
[~ foowmy AT, B 108
CO0NBS-5167
COMTRACTOR A PAOJECT MOL {80 MM 8.
v greer— Py ey oA TL AdFonTED
12-19-86
TN 70 VT
For Mix Design Lab. No. - 87-1343 sce page
BOURCE OF bia TERAL One
Baker Rock #34-80-1
TO B UeED

Class C a/c without lime

Recoasended Asphalt Coanteat - 6.2 4
_Slu.lg_m-. 6 7 8
—Asphalt Percentage 4.5 5.5 6.5
—Asphalt Film Thickness Dry Suff Thick
—Bulk Specific Gravity 2.31 2.33 2,37
~lincondirioned Resilient
— Hodulus (Mo 1) x_103 330 324 ‘279

% /130, 52.6 /|29.6 52.0/[03.4

Strain (x 1075 40 )/load (ha 3] S1L8

~Yacuum Saturated Begilient
Modulus (Mg II) x 10° 269 271 269

Straio (x 10_5 in.)/Load (1bs.) 52‘6/10?.8 52.3/]0?.9 51.5/103.3

Freeze-Thaw Resilient

Hodulus (M, II1) x 103 49 142 217
Strafn (x 10°° in.)/Load (1bs.) 54.4/20.6 51.0/56.3 ss.;/ss.s
Mg Ratio 1 (Mg II/Mg 1) 0.82 0.84 0.96
Hg Ractio 2 (Mp III/Mp 1) 0.15 0.44 0.77
Comments

A minimum of 6.3% asphalt is required for frceze-thaw protection

: NOTE: Meterial reprocsenied by Bis eompic $00s, $60¢ Ret comply with
Prapect coogieslonn,

g of Mwran
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

Page 2 of 2

LABORATORY RECORD

gl Rer———
"—"""’ PROJECT TO PREDICT MOISTURE DAMAGE R
TO ASPHALT PAVEHENT 87 1335
ROECT JOATA BeellT 0.
M50 Study Part 1
HECEARAY < HCoUNTY . ACCT. U JOB
C0008S5-5167
COMTRASTOR JF A PROSCT MO, T MO,
PROJECT MANMAGER [0y, —Ona. LBaT \TE PSCEVED T AEFOATED
[ 12-19-86
TLET MO CHANOE
For Mix Design Lab. No. - B7-1343 see page
BOURGCE OF MATEMAL one
Baker Rock #34-80-1
TO B LUBED
Recommended Mgl\alt Content = 6.2 X Class "C" AC with lime
_Sample No., 9 10 11
_Asphalt Percentage 4.5 5.5 6.5
_Asphalt Filw Thickness Dry Suff Thick
Bulk Specific Gravity 2.28 2.35 2.39
_lnconditioned Resilient
Hodulus (Mp 1) x 10° 324 378 338
Strain (x 108 40, /1osd (1he 3| 53.3 /IM 51.2 /147.6 | 54.1 /13?-*
Yacuum Saturated Regilisnt
Modulus (Mp II) x 10 253 342 311
Strats (x 10 fn.)/Load (1bs.)] 0.5 / 99.2 | s0.s/131.2 51.8/120.0
Freeze~Thaw Resilient
Hodulus (Mg III) x 1l:|3 69 165 279
Stratn (x 10 4n.)/Load (1bs.)| s4.4/29.0 | s2.6 /66.2 | s1.5/ 108.2
Mg Ratfo 1 (Mg Il/Mg 1) 0.78 0.90 0.92
_Hg Ratio 2 (Mo TII/HMp I) 0.21 0.44 0.82

Commeats

6.2 % minimum asphalt content is

required for frecze-thaw protection

{i{i{re
ﬁi{iix 5

(1]
.E-
Z
-
-
[]

NOTE: Moterial reprosentad by this campie ¢oee, doss asl somply with
apecifications.
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

Project—

DMSO Study Part II

-+ PRELIMINARY BITUMINOUS MIXTURE DESIGN
Highway Division
Materials Section

Conlractor:

Prime— -

Paving— -

Contract No.— -

Laboratory No.
Data Sheet No.
Prefix

87 1348

None

C00087-5167

Amount Charge
Date Received
Date Reported

§551.00

12-19-86

2-20-87

Mix Type Class— C a/c

Fed. Aid

No'_ -

| Engineer:

Region— -

Resident— =

AGGREGATE GRADATION: Source—  Meacham Quarry #30-15-5

Type— Quarry

i

- % |4

= 0

Combined
Dry Sieve

T

% Comb.

32

68

1°

Ya 100

100

100

100

Ve 94

95

98

98

£

41

43

100 - 100

80

80

8 | 88

88

62

62

Ya

10

S |45

.7 46.3

32

33

40

3 |122.8 24

16

16

200 (Dry)

(=0 Lol (5} (= Y
Cal (=) BX R BN

6.

3

4.5

5.2

200 (Wi

1.0

8.8

No. Ave.

Asphalt Film

hait Brand/Gr:

TEST DATA: Aspha d/Grade—
Percent Asphalt (total mix)

Cheyron AC-20 86-18563

Additive—

val

5.0

S.5 6.0

6.5

Dry-Suf.

Suff u

Juff-Thid

tk

| Sp. Gr. @ 2nd Comp.
Percent Voids @ 2nd Comp.
Stability @ 2nd Comp.

=g

2.32

LB

2.34

Sp. Gr. @ 1st Comp. (T-246) _
| Percent Voids @ 1st Comp.

o fui 12
=]

8.4

6.8

Stability @ 1st Comp. (T-247)

e [

25

23

=l

2,42

= .

4.4

2.8

o =28 N0 (] 7o)

2
5
2

2.44 2.46
1
31 2
2

Max. Sp. Gr. (T-209)

e
o4
L
Kot

2,532

2.510

Index Ret.

tr. (T-165)

Che

vron AC-20

oo
~1 b ka
o

B9%

Index Ret. Str. (T-165)

Index Ret. Str. (T-165)

Job Mix Formula:

Aggregale
Gragalion

Asphal Content:

1=

Wearing course—

T=209

306

§

§
i

6.2

2.483

e

100

Base course—

6.2

2.483

8 (o
ol ol =

Ve

98

Shoulder course— 6.2

2.483

W

80

PMBB—

Va

62

Asphalt:

10

33

Brand—

Chevron

40

Grade— AC-20

Mix Placemant Temp.—

280°F

| 200

S.2

Additive—

Comments:

Const.
FHWA

Req. Engr.
Res. Engr.
Dist. Engr.
Region Geo.

Files

Engereer of Msioruis

TH-1887 (11-01)
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

R S~ LABORATORY RECORD Page 2 of 2
S —— N
“"""1 PROJECT TO PREDICT MOISTURE DAMAGE st
TO ASPHALT PAVEMENT 87 1349
— [OATA Sl (T 0
DMSO Study Part II None
AT fcousery fe2r acCT_oua 208
C00087-5167
COMTRACTOR A PROMCT MO, PO (TN MO
PROUECT MAMADEN IAOY —ORaL UseT 04 1E MECLIVED jOATE AEPOATED
12-19-86
TEET MO, st W_
For Hix Design Lab. No. = T
AT : on
Meacham Quarry #30-15-5
of vesD
Recomsended Asphalt Conteat - 6.2 I Class C a/c
_Sample Mo, 1 12 13
_Asphalt Percentage 4.5 5.5 0.5
—Asphalt Fils Thickness Dry suff Suff-Thick
—Bulk Specific Graviry 2,30 2,37 2.39
—lincondirioned Reailient
— Hodulus (M T) x 10° 136 327 %3

Stratn (x 1078 $0.)/10ad (1ne 3] 50.5 /525 §g.s/122.s s1.0/ 99,9
Modulus (Mg II) x mgi 278 247

245
Straia (x 10'6 in.)/load (1bs.)| s1.0 /95.2 $D.7/ 105.4 51.5/92.9

Freeze~Thaw Resilient
Hodulus (M, I11) x 10° 170 243 247

trata (x 10" fn.)/Load (1bs.)| 50.7/ 65.7 | s3.1/96.3 | 53.3/u6.1
Strata (x 10°° 4 ) ( / / /

Hg Ratio 1 (Mp II/Hp I) 1.80 0.85 0.92
Hg Ratio 2 (Hy I11/8; 1) . 1.25 0.74 0.92

Coasents

i NOTE: Motoriel roprosented by Tis sample doss, d00e Ast comply with
Prepast Mdonager spocificetiens.
Corwoctar
Ragun Enginpnr
PRogin Aserumas Gposintny
Moty - Partend
Mutotels - Gugee
Glenn Boyle

T 3em a-eq st ot b
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

“ -+ PRELIMINARY BITUMINOUS MIXTURE DESIGN
Highway Division
Materials Section

Project— DMSO Study Part II

Caontraclor: Prime—

87 1346
None
C00087-5167
$551.00
12-19-86
2-20-87

Laboratory No
Data Sheet No
Prefix
Amount Charge
Date Received
Date Reported

Mix Type Class— C a/c

Fed. Aid No.—

Paving— Contract No.—

Enginear: Region— Resident—

AGGREGATE GRADATION: Source—  MP60 Mid Top #35-14-5

Type— Quarry

o | % % |k 0

e

Combined Agg Grad
Dy Sieve Exiracted

% Comb. 32 68

1"

¥

100 100

Ve

98 98

i 100 100

80 80

Va 88 88

62 62

10 45.7 46.

32 33

40 22.8 24

16 16

200 (Dry) 6.3

4.5 2.7

200 (Wet 8.8

No. Ave.

TEST DATA: Asphalt Brand/Grade— _ Chevron AC-20 86-18563

Additive—

Percent Asphalt (total mix) 4.5

5.0 5.5 6.0 | 6.5

Asphalt_Film Dry

Suff Suff-Thigk Thick

Dry-Suff

Sp. Gr. @ 1st Comp. (T-246) 2.18

2.20 2.22 2.24 2.26

Percent Voids @ 1st Comp. 10.5

9.1 a3 5.6 4.4

Stability @ 1st Comp. (T-247) 32

35 31 29 29

Sp. Gr. @ 2nd Comp. 2.28

2.30 2.32 2.34 2.34

Percent Voids @ 2nd Camp. 6.4

4.9 3.1 1.7 1.0

Stability @ 2nd Comp. 45

45 46 43 30

Max. Sp. Gr. (T-209) 2.43

2.419 | 2.595 | 2.380 | 2.364

Index Ret. Str. (T-165) Chevron AC-20 56%

66% 75%

Index Ret. Str. (T-165)

Index Ret. Str._ (T-165)

Job Mix Formula:

Aggregate _;_;Gg_

Gradation &l Content:

Sp Gr @ Design Vouds

100% Comp

o Wearing course— 2.364

2,34

Base course— 2.364

2.34

bow Lo i

2.364

Shoulder course— &,

]
C:Oc:n§
PPN PNy

2.4

Ya
Va
s ] PMBB—

2 Asphalt:

10 Brand— Chevron

Mix Placement Temp —

40 Grade— AC-20

Additive—

| 200

Comments:

Const.
FHWA

Req. Engr.
Res. Engr.
Dist. Engr.
Region Geo.

Files

Engeasr ol bateres

7341887 (11.91)
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APPENDIX D: ASPHALT PROPERTIES AND MIX DESIGN DATA

LABORATORY RECORD

Page 2 of 2

gl Sp—
"—'"""l PROJECT TO PREDICT HOISTURE DAMAGE T
TO ASPHALT PAVEHENT K7 1347
FROECT TA S+ET WO,
DM50 Study Part 11 - Mid Top None
PO Y FOOUMTY P, ACCT. BUS 00
COU0BT-5167
CONTRACTOR I A PROSECT MO, ) T .
TROSCT ot (RGY,—ORa. et TX AECEARO0 (CATE AroaTED
EZ-IQ-B&
. )y
For Mix Design Lab. No. - 87-1346 see gauc
BOURCE OF Ml TEPAL on
+ Mid Top Quarry #35-14-5
TO o UD
Recommended ughalt Content = 6.5 1 Class C a/c
Samole Mo, 14 15 16
—Asphalt Percentage 23 i i
Asghalt P{lm Thickness L2 Sl IBAcH
Salk Shaciere posess 2.20 2.23
~loconditioned Resilient
— Modulus Ot 1) x 10° 9 St 334
Seratn (x 1078 1o V/losd (1ne 3] S1-2 A148.4 | s1.0 /134.2952.6 /1418
Yacuum Saturated Besilient
Modulus (M 11) x 10° 354 345 280
Stratn (x 10°° fn.)/Load (1bs.)| 52-0 /146 | s1.0/137.2] s2.8/1s52.7
Freeze~-Thaw Resilient
Hodulus (Mo III) x 103 223 265
Strain (x 10"6 in.)/Load (lbs.) 53.31/?9.0 SI.Sthﬂ.Q 53.6 /’IOB.!
Mp Ratio 1 (Mg II/Mp 1) 0.97 1.02 1:07
_Mg Ratio 2 (Mo I11/M, 1) 0.55 0.66 0.75

Commeats

6.0% minimum asphalt content is required for freeze-thaw protection

NOTE: Moteriel reprosentad by thin sample doss, $000 Ast comply with
specificetions.
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APPENDIX E: RESILIENT MODULUS AND FATIGUE LIFE TEST DATA
This appendix contains the asphalt properties and the mix design data
for the asphalt concrete specimens utilized in the investigation described

in Section 4.0-Results and Discussion.
TABLE E.1. Resilient Modulus Test Data for Conditioned Specimens.

RESILIENT MODULUS (ksi)

SOURCE CONDITION _ #1 *#2 *3 *4 #5 _ AVERAGE OSTD.DEY. _ IRM
Baker with Dry 243 227 221 217 224 2265 10.1 1.00
1.0% Lime ¥/8 231 219 224 195 205 2148 14.5 0.95

F/T 1 246 209 211 170 196  206.6 215 0.91
F/T12 215 199 202 179 197 198.4 12.7 0.88
F/13 189 194 184 163 189 183.8 12.1 0.81
F/T4 163 173 163 179 186 172.7 10.0 0.76
AR 186 192 186 162 196 184.4 13.1 0.81

*7 *8 *9 *10 _*11

Baker Dry 221 236 230 219 243  229.6 10.1 1.00
¥/5 211 217 197 222 244  218.1 17.1 0.95
F/T1 217 226 199 199 196 207.5 13.0 0.90
F/T2 181 207 175 213 182 191.4 17.2 0.83
F/T3 163 193 161 154 176 169.5 15.6 0.74
F/T4 150 200 146 161 147 160.8 22.8 0.70

F/TS 144 173 134 153 142 149.2 15.0 0.65

*13 *14 *15 *l6 _*17

Mescham Dry 212 209 187 229 230 213.4 17.6 1.00
Y/S 210 214 189 206 222 208.0 12.3 0.97

F/T1 221 213 179 215 212 207.9 16.6 0.97

F/T2 210 201 180 229 235 2108 22.2 0.99

F/T3 202 195 179 199 215 197.9 12.9 0.93

F/T 4 192 183 168 210 233 197.2 25.3 0.92

F/TS 213 192 180 214 232 2059 ° 203 0.96

#19 *20 *21 #22 =23

Ochaco Dry 226 204 207 223 215 2271 28.3 1.00
v/S 205 184 214 218 2714  219.1 33.4 0.96
F/T1 244 213 217 218 236 225.6 13.4 0.99
F/T2 218 200 229 224 278 2298 28.9 1.01-
F/T3 216 202 206 197 2T 2186 30.2 0.96
F/T 4 211 197 184 214 222  205.7 15.5 0.91
F/TS 199 196 183 203 267 2094 33.1 0.92
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APPENDIX E: RESILIENT MODULUS AND FATIGUE LIFE TEST DATA

TABLE €.2. Resilient Modulus Test Data for Dry (Control) Specimens.

AGE OF #6 (Baker w/Lime) *12 (Baker) #18 (Meachem) %24 (Ochoco)
SPECIMEN Mr (ksi) % Change* Mr (ksi) % Change® Mr (ksi) ® Change® Mr (ksi) % Chenge®

2 deys 216 0 231 0 211 0 226 0
4 days 217 ! 228 -1 203 -4 226 0
6 days 226 S 230 0 209 -1 259 14
8 days 238 10 254 10 220 4 268 18
10days 236 9 289 12 246 17 282 24
12days 260 21 253 10 243 15 278 22
Alr Yolds
Content 5.6% 47% 4.4% 3.6%

(*) % Change =[ Mr - Mr(2 days)] / Mr(2 days)
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APPENDIX E: RESILIENT MODULUS AND FATIGUE LIFE TEST DATA
TABLE E.3. Fatigue Life Test Results

SOURCE/ INITIAL TENSILE FATIOUE PERCENT PERCENT
SPECIMEN TENSILE STRESS LIFE CHANGE OF FATIQUE
‘ STRAIN OF INITIAL LIFE

(repetitions TENSILE
(microstrain) (psi) to failure) STRAIN
Beker w/Lime

*6 102 9.7 100009 3% 568
%2 120 1.2 39343 'S0% 64%
| 160 14.4 14550 8% 29%
68% 73%

Boker
#10 93 6.9 73093 138 S1%
32% 78%
#q1 129 8.9 39348 27% 56%
51% 75%
*9 193 125 12035 6% 44%
44% 64%

Meacham
#{7 85 8.8 100479 S3% 79%
172% 95%
13 134 13.8 26852 30% 418
77% 788
84% 838
138% 92%
#15 206 19.1 13132 47% 60%
56% 80%

Ochoco
#20 . 84 8.4 141735 36% 49%
90% 92%
#19 123 11.8 40301 37% 58%
86% 88%
*21 201 18.5 13768 74% 91%
43% s
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