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ABSTRACT

Asphalt-rubber was tested with conventional and non-conven-
tional methods to begin development of testing methods for
specification purposes and to find methods for studying the

reaction between asphalt and reclaimed crumb rubber.

A single asphalt-rubber formulation consisting of 75 percent
AR-1000 asphalt and 25 percent crumb rubber from automobile
tire treads (sized from No. 16 to No. 25) was used. Indepen-
dent variables were three levels of reaction temperature
[350, 375, and 400 F (177, 191, and 204 C)], and three levels

of reaction time (0.5, 1.0 and 2.0 hours).

Dependent variables included ring and ball softening point,
absolute viscosity by capillary viscometer at 140 F (60 C),
ductility and force-ductility at 39.2 F (4 C), elastic rebound,
and low temperature viscosity with the Schweyer rheometer at
39.2 F (4 C).

Force-ductility was the only single test that detected the
effect of reaction time and temperature. Variability of
results was several times greater than is experienced for
conventional asphalt cements and strongly suggests that conven-
tional asphalt tests and criteria should not be used to specify

this asphalt-rubber formulation.

Recommendations are made for new tests, modifications of con-
ventional tests and improved laboratory mixing and formulation
technigues. An additional experiment is discussed that will
use improved techniques to evaluate properties of other formu-
lations, compare properties of field and laboratory produced
mixtures, and to compare certain mixture properties with per-~

formance of experimental field test sections.
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PROJECT DESCRIPTION

This project had the following objectives:

A. To evaluate the problems encountered when asphalt-
rubber mixtures are tested with current asphalt
test methods and to determine what changes in
equipment and/or procedures would be necessary to

test these mixtures with present apparatus.

B. To develop new test methods to specifically
measure the unique viscoelastic properties of
asphalt-rubber mixtures, including the evaluation
of new apparatus commercially available which
show capabilities of testing asphalt-rubber

mixtures.

C. To develop asphalt-rubber performance specifications
for highway applications using procedures developed

in this study.

D. To develop reguirements as needed, to control those
manufacturing, transportation and application
procedures found to be critical to the final

properties of the asphalt-rubber mixture.

Considerable success was realized for items A and B.
Items C and D were not as successful but a good deal
of useful information was generated. Each item will be
considered individually and will be discussed in detail

later in the report.

A series of laboratory experiments were conducted to

find the effect of production variables on properties



of asphalt-rubber. Scope of the work limited the pro-
duction variables to a single asphalt type, a single
rubber type and gradation, three levels of reaction

temperature, and three levels of reaction time.

1.3.1 Material properties measured as part of the study

include:

e Ring and Ball Softening Point

® Absolute Viscosity

® Ductility

® TForce-Ductility

® FElastic Rebound

@ Rheologic properties (apparent viscosity and shear

rate sensitivity) by the Schweyer Rheometer.

This study measured properties outlined above as part
of a full factorial experiment with three levels of
independent variables (time and temperature). The
reason for using these independent variables was two-
fold. First, of the four major production variables of
asphalt type, rubber type, reaction temperature and
reaction time; the latter two are considered to be the
most probable to be subjected to uncontrolled variabil-
ity due to job conditions. Secondly, the scope of the
project was not large enough to consider the many
possible combinations of asphalt and rubber types that
are available. This was of special importance in view

of the uncertainty of the validity of conventional



asphalt tests and procedures when used for asphalt-
rubber mixtures. Furthermore, field experience has
shown that both temperature and holding time affect the
asphalt-rubber reactions and, subjectively at least,
affect properties and performance of the material.

These effects include breakdown of rubber with consequent
reduction of viscosity and the addition of excessive oil
fractions to the base asphalt. This results in reduced
adhesion and durability. This study examined the sensi-
tivity of several tests to detect changes in material
properties resulting from variations in reaction time

and temperature.



2.0 ASPHALT-RUBBER REACTIONS AND MECHANISMS

2.1 The reaction between asphalt and rubber has been studied
and reported by Green and Tolonen (13). A generaliza-

tion of the process, while far from being fully under-
stood, is a combined chemical and physical reaction

that produces a two phase composite material.

2.1.1 The original asphalt-rubber as developed by McDonald
(5) used approximately 75 percent of relatively low
viscosity (AR-1000) asphalt cement and 25 percent
reclaimed rubber. Source of the rubber was re-
claimed tread from conventional automobile tires
that was pulverized and graded to a single size (No. 16
to No. 25 sieve). Rubber and asphalt are reacted in a..
single batch operation before incorporation into con-
struction work. For this process, the finished mate-
rial consists of readily visable rubber particles in

a bituminous binder.

2.1.2 More recently, asphalt-rubber systems have been
developed that use different types and sizes of
rubber, different reclaiming methods that utilize
the full tire carcass, different base bituminous
materials, and certain additives. This study
considered the system briefly described in the pre-
vious section. Properties of asphalt-rubber systems
more recently developed are considered in another
study that is presently being conducted by the

Arizona Department of Transportation.

2.2 Physically, during the reaction, rubber particles in
hot asphalt swell to two to three times their original

volume (5). These swollen particles cause an enormous



increase in mass viscosity of the system as compared to
conventional asphalt or to unswollen rubber and asphalt

early in the reaction process.

While not fully proven, it is hypothesized that rubber
and asphalt participate in an exchange of components
(13). Automobile rubber contains vulcanized rubber

and significant amounts of extender oils that can be
characterized by the Rostler parameters (1l4). The
quantity of these oils is, of course, dependent on

the particular rubber formulation and the extent of
weathering of the rubber before reclaiming or recycling.
New, unused tiresgs will contain more o0il fractions than
tires that have extended exposure to the service

environment.

Asphalt also contains components with more or less
the same Rostler characteristics as the extender oils
of rubber. It is, therefore, hypothesized that under
the influence of elevated temperature and/or time,
that components can react or be exchanged from
rubber to asphalt or vice versa. Laboratory studies
have shown that an original chunky appearing asphalt-
rubber with high mass viscosity will, with heat and
time, degenerate to the point where rubber particles
- become "dissolved" and a more homogeneous material
with a substantially reduced mass viscositv is pro-

duced.

This aspect has some connotations for field perfor-
mance inasmuch as asphalts with certain component com-
binations could, perhaps, have some of the peptizing
fractions unbalanced because of reacting with rubber

components with consequent asphaltene precipitation



with reduced system durability. Needless to say, a
good deal more work needs to be done on fundamental
aspects of asphalt-rubber chemistry in order to
produce a balanced composition with predictable

performance.

Parameters (independent variables) for this study were
selected to include levels that reflect service ex-
tremes of reaction temperature.and holding times.
Response tests were selected for the purposes of deter-
mining the effect of reaction time and temperature on
physical properties as well as to examine test vari-

ability and sensitivity to these changes.



3.

3.

0

1

.1.

.1.

MATERIALS

Rubber

Rubber utilized in this study was processed by Atlos
Rubber Reclaiming, (Los Angeles, California). The
material consisted of ground (crumb) rubber produced
by mechanically grinding passenger car tread. No
additional processing or depolymerization was used on
the ground rubber product to alter material properties
prior to mixing with asphalt. However, the introduc-
tion of no more than 4 percent calcium carbonate
powder to the crumb rubber prior to packaging is
permitted to prevent the rubber particles from stick-
ing together during shipment. The Atlos designation
for the crumb rubber product is TP044 which is a
ground rubber produced as described above having a

gradation conforming to the limits shown below:

Sieve Percent Passing
No. 16 95-100
No. 25 0-10

Texture and shape of the individual rubber particles
appears smooth and cylindrical when viewed without
magnification. However, with magnification, the
notion of smooth cylindrical shapes vanishes. With
magnification, an irregular surface texture appears
with particles that are longer than they are wide.
Processes used during reclaiming are responsible for
texture. Magnification also reveals what appears to
be particles of calcium carbonate used during

packaging.



3.2

3.2.1

3.3

3.3.1

Asphalt

AR-1000 viscosity graded asphalt cement was used to
produce the asphalt-rubber mixtures. Asphalt was
supplied by Sahuaro Petroleum and Asphalt Company,

Phoenix, Arizona.

Physical properties of asphalt were measured in
accordance with the test procedures described by The
Asphalt Institute in the Pacific Coast Division
(PCD-7) Specifications. All tests in the character-
ization process were performed at the beginning of
the study and also at the end. These results can be

compared by referring to the tabulated results in

Table 3-1. The characterization process was conducted -

twice to identify any asphalt property changes which

may have occurred during storage.

Laboratory Preparation

Rubber was delivered to the ETL laboratory in six (6),
fifty (50) pound paper bags. All the rubber was
thoroughly mixed prior to storing in 30 gallon poly-
ethylene drums. Additional mixing of the rubber
immediately prior to making each asphalt-rubber batch
was conducted to insure that a representative sample

was obtained.

AR~-1000 asphalt was pumped directly from the Sahuaro
Asphalt storage tank into a 55-gallon drum, filling it
to approximately 90 percent capacity. Retrieval of
asphalt for testing was accomplished, without apply-
ing heat, by pumping compressed air into the drum

forcing the AR-1000 out the opened drain spout.



Retrieval of the asphalt using compressed air required
several hours due to the relative high viscosity of
the AR-1000 at 77 F. Therefore, several six liter
quantities were obtained in this way and frozen and
stored at approximately 0 F (~-18 C). The asphalt
needed for each asphalt-rubber batch was then obtained
by pulverizing frozen AR-1000 with a chisel in the six
liter can and removing the necessary gquantity of

fractured material required for mixing with rubber.

10



Table 3-1

ASPHALT CHARACTERIZATION

AR-1000 May, 1978 AR-1000 Aug., 1978

Test AR-1000 RTFO 1000 AR=-1000 RFTO 1000
Pen 134 86 138 94
(Std)

Abs. Vis., P 613 1280 642 1166
(140 F, 30 cm)

Kin. Vis., cst 159 230 155 215
(275 F)

Duct., cm 150+ - 134+ 134+
(std) '

Solub, % 99.6 99.8 99.7 99.2
(TCE)

Softening 104 113 - -
Pt., F

Specific Gravity - 1.0155 — —

11



SPECIMEN PREPARATION

Specimen testing and preparation were based on complete
randomization of all elements of the factorial

including replications.

In order to facilitate testing, mixing, and fabrication,
it was decided to mix batches of sufficient asphalt-
rubber to provide material for an entire replication of
all tests. After the mixture was prepared, it was

frozen at 0 F (-18 c) and remained frozen until testing.

Statistical analysis of force-ductility, absolute
viscosity, and ring and ball softening point showed
no significant effects of freezing for periods of

up to 14 days.

Mixing was accomplished in an open 3000 ml. stainless
steel beaker with a three bladed propeller (3 inch,

45° pitch) turning at a constant speed of approximately
750 rpm. Mixer motor speed was controlled by a power-
stat to maintain a constant voltage. Heat was applied
by a Meeker burner and was controlled by a gas flow-
meter. Temperature was monitored by an armored
immersion thermometer. A view of the mixer is shown

in Figure 1.
Mixing procedure was as follows:

Weigh 750 grams of asphalt into the beaker. Preweigh

250 grams of rubber.

Heat asphalt with thermometer placed % inch from

bottom and % inch from side of beaker.

12



.4.3

4.4

.4.5

.4.6

4.7

.4.8

.4.9

Manually agitate asphalt to prevent local overheating.

Begin stirring with propeller as soon as possible.

Maintain constant propeller speed by adjusting voltage

to 115 volts with Powerstat.

When temperature is 25F below prescribed mixing
temperature, lower gas flow and stabilize without
overshoot. A maximum of five minutes is allowed to

stabilize mixing temperature.

When temperature has stabilized, add rubber to hot
asphalt. Rubber is at room temperature and 1s added

within five seconds.

The mixture temperature will drop to approximately
50F (28.8C) below prescribed mixing temperature.
This will occur in approximately five minutes. When
temperature begins to rise, increase gas flow and
propeller speed. In approximately 30 minutes, the
temperature will stabilize at the prescribed mixing
temperature. At this point, begin timing for

prescribed holding time.

Begin manually scraping asphalt-rubber from sides of
beaker, continue scraping for prescribed holding

time.

At conclusion of holding period, remove burner and
propeller and transfer mixture with heated spoon to

five 8-ounce penetration tins.
Allow tins to cool for 60 minutes, mark with cell
and replication designation and place in freezer

at 0 F (-18 C).

13



5.0 EXPERIMENT DESIGN

5.1 The experiment was designed as a completely randomized
full factorial with two replications. Analysis of
data was by conventional two way analysis of variance
and by the Newman-Keuls multiple range test when
independent variables were found to be statistically

significant (15).

5.2 Fixed factor model for analysis is as follows:

Yijk = u + Ti + Hj + (TH)ij f e(ij)k

Where:

Yijk = Riiponse of material to the iE—kl temperature and
j— holding time.

U = Effect on response of the overall mean.

Ti = Effect on response of the iEE temperature (fixed).

Hj = Effect on response of the jEE holding time (fixed).

(TH)ij = Eiﬁect on response oftﬁhe interaction of the

i—— temperature and j— holding time.
E(ij)k = Experimental error (random).

5.3 Levels of independent variables:

5.3.1 Temperature at three levels of 350, 375 and 400F (177,
191, and 204C).

14



Holding times at three levels of 0.5, 1.0 and 2.0

hours.

Factorial layout and cell designations are shown in
Table 5-1.

Table 5-1
FACTORIAL AND CELL DESIGNATIONS

TEMPERATURE (Ti)

i=1 i=2 i=3

350 375 400

3=1 1,1 2,1 3,1
0.5

EM])S 3=2 1,2 2,2 3,2
3 1.0

j=3 1,3 2,3 3,3
2.0

Dépendent (response) variables are briefly described in
Section 1.3.1.

Additional information on the test and modifications to
standard test methods is included in the specific
section dealing with the particular property measured.

N

15



RING AND BALL SOFTENING POINT

Testing was performed in accordance with ASTM D36-76
(part 15).

Considerable difficulty was encountered in performing
the test because of the nonhomogeneous nature of the
asphalt rubber mixture and the relatively small size
of the specimen used for the test. Testing of con-
ventional asphalt cement results in the ball and
asphalt sinking to the bottom plate. Asphalt rubber,
on the other hand, forms a structural "basket" that
usually breaks in the side allowing the ball to fall
from the mixture. Figure 2 shows the completion of

a typical test.

Preliminary testing showed that for cases where the ball

did not fall through the side, softening points were
essentially the same as for the more usual occurrence

of a side break in the structural basket.

Data obtained for softening point testing are shown in
Table A-1 (Appendix A).

Overall mean for all data is 158F (70C). Softening
point for unaged asphalt is 104F (40C) and for the
asphalt after aging in the rolling thin film
circulating oven is 113F (45C).

ASTM D36 states that values obtained for each ball

should not vary by more than 1C (1.8F). The precision

statement requires replicate tests (average of left
and right specimens constitutes a single test) should

not vary by more than 1C (1.8F).

16



6.4.4

6.4.5

The top data matrix of Table A-1 (all data) shows
that three runs (350F, 0.5 hr., replicate 2), (400F,
0.5 hr., replicate 1) and (400F, 2.0 hr., replicate

1) exceed the limitation of 1.8F between sides.

Table A-4 is data using the mean of left and right
sides as a single test. All data exceed the precision
requirement of ASTM D36.

In view of the relatively low variability "between
sides" (or "within tests"), the caﬁse for the large
variability between tests can be attributed to
material nonhomogeniety, sample size, sample prep-

aration (ring filling), or some combination.

6.5 Analysis of Variance (ANOVA) for all data (right and

left sides not averaged) is shown in Tables A-2 and A-3.

Table A-3 shows that no factors of the model (tempera-

ture, holding time or interaction) are significant

in affecting softening point of asphalt-rubber mixtures.

6.5.1.1

When the mean of left and right sides are used as a
single test, the same conclusion of the significant
factors is drawn. Analysis of these data are in
Tables A-4 through A-6. Plots of softening point
versus holding time for each reaction temperature
are shown on Figure A-1. This plot shows means but

not wvariability.

Some discussion regarding Table A-6 F values is
warranted inasmuch as in all cases, calculated F
values are less than unity. It is generally
accepted that several circumstances can cause

low calculated F values. Some possibilities are:

17



A. Some uncontrolled factor may have affected the

mean sguare error term.

B. Proper experimental randomization may not have

been employed.

C. Insufficient number of measurements may not
establish normality as was assumed for use

of the model and calculations.

D. The assumption of homogeneous variance has

been violated.

6.5.1.2 In reviewing the above possibilities, the following

may point to improved future testing and evaluations:

A. Temperature and time factors were held constant
(see Section 4, "Specimen Preparation"). It
is quite possible that nonhomogeneity of material
and relatively small specimen size (D36 rings)

may be the uncontrolled factor responsible.

B. Since the experiment was completely randomized,
operator bias, learning curve effects, or

equipment bias are probably not causes.

C. Insufficient measurements may be a cause. If
additional work is undertaken, increased repli-
cations, rejection of data that does not comply
with D36 precision requirements, and modifying
the apparatus may improve precision and reli-

ability of the test.
D. The assumption of homogeneous variance was not

18



6.6

violated in the analysis. Table A-5 shows
results of the Foster and Burr g test for
homogeniety of variance as described by
Anderson and McLean (15). This check and
appropriate transformation of data, if
necessary, were standard analysis procedure

for this study.

Conclusions

This experiment suggests that asphalt-rubber provides
a substantially higher softening point material than
does the conventional base asphalt. The mean value
of softening point of 158F (70C) approaches maximum

service temperatures for many Arizona pavements.

Variability of asphalt-rubber, as probably should be
expected, is greater than conventional asphalt cement.
If softening point is going to be used, additional
work should be done to reduce or at least evaluate and
set reasonable limits on variability. Steps that
should be taken include increased replication testing,
modification of ring and ball geometry to accommodate
rubber particles, or the development of a flow index

test procedure as suggested by L. C. Krchma (18).

The experiment did not detect any differences in
softening point due to reaction temperature or
reaction time. If the assumption (based on field
experience) that time and temperature have an effect
is considered, it can be concluded that the conven-
tional test is not sufficiently sensitive or that

softening point is, in fact, not affected.

19



6.6.3.1 Additional work and experimentation could resolve
the question. However, in view of the usefulness
of softening point for paving purposes, the

expenditure probably cannot be justified.

20



7.2,

ABS

OLUTE VISCOSITY AT 140F (60C)

The

standard method of ASTM D2171-66 (Part 15) was

modified as outlined by Green and Tolonen (13).

Modifications of the procedure include:

Use of a large bore capillary viscometer (Asphalt

Institute No. 400) to accommodate rubber particles.

Reduction of applied vacuum from the standard
30 cm. Hg. to 10 cm. to produce acceptable flow

times.

Use of reduced vacuum required a correction of tube

constants that are provided by the manufacturer. The
correction is based on the following:
k= 8
(H~-h)
Where:
K = Instrument constant in poises/sec. per cm. Hg.

My

fum
Il

\Y

multiplied by the constant, M

= Multiplier constant for vacuum head of test

(or calibration).
Applied vacuum head (cm. Hg.).

Average liquid head (cm. Hg.). Provided by

manufacturer.

iscosity is, of course, flow time in seconds, t,

g

21



7.3 Vi

As an example for the tube no. 12-X522, (bulb B):

M, = K (H-h) = 18.30 (Mfgrs. data)

H

30 cm. Hg.
h = 0.24 (Mfgrs. data)

My 18.30

K= 1m0y = (3o-0.24) ~ 0-6149

For 10 em. Hg., the multiplier constant, M is:

HI

Mo = K (H~h) = 0.6149 (10-0.24) = 6.00

A series of tests were undertaken using asphalt
cement at the two levels of vacuum. Analysis
showed no significant difference in viscosity due
to the vacuum head, hence the concept of multiplier
correction was considered valid and was used for

viscosity experiments with asphalt-rubber.

scometer tubes were loaded by means of a syringe

consisting of a glass tube with a wood plunger. The

syringe tube outside diameter is such that it loosely

fi

of

7.3.1

7.3.1.1

7.3.1.2

ts inside the viscometer tube and the wood plunger,

course, snugly fits inside the syringe tube.

Procedure for filling the viscometer tube is as

follows:

Asphalt-rubber is heated to 275F (135C) on a
hotplate.

Viscometer, viscometer clamp stand, syringe tube,

and plunger are preheated in an oven to 275F.
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7.3.1.3 When the asphalt-rubber mixture reaches 275F, the

syringe is loaded by suction from the wood plunger.

7.3.1.4 Transfer from the syringe to the viscometer is by
the plunger forcing material from the syringe
tube while the tube is being withdrawn from the
viscometer. This operation takes place in the

hood at room temperature.

7.3.1.5 Immediately after filling, the viscometer is placed
in the 140F bath. After 60 minutes in the bath,
temperature equilibrium is assumed and the test is

conducted.

7.4 Data for viscosity tests are shown in Table B-1l. Entries .-
(poises) shown are averages of six timing marks for each

viscometer section for each replication.

7.4.1 Overall mean for all data is 146,267 poises. Vig-
cosity of unaged base asphalt is 613 poises and is
1280 poises for the asphalt after aging in the

rolling thin film circulating oven.

7.4.2 ASTM D2171 does not specify a precision for values
obtained between different sets of timing marks for
a single tube but experience indicates that variability
not exceeding 5 to 10 percent should be expected for
conventional asphalt cement. The mean difference for
this experiment is about 25 percent. This increased
variability of asphalt-rubber is about the same as

was observed in softening point testing.

7.4.2.1 D2171 repeatability precision statement requires

that two values must agree to within 7 percent
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7.4.2.2

7.4.3.1

7.4.3.2

of their mean. If data of Table B~1l is used to com-
pute a test value based on the mean of the two
readings from a single tube, none of the data will
comply with the repeatability requirement for

asphalt cements.

One source of this variability could be that a

clean meniscus does not form at the surface as is the
case for asphalt cement. This is shown on Figure 3.
Timing between marks is difficult because the shape
of the surface plane does not remain constant between
marks. Another source of variability is, undoubtedly,
related to material nonhomogeniety resulting from
methods that were used to charge asphalt-rubber

into the viscometer.

Logarithmic transformation of data was necessary to
comply with the homogeniety of variance requirement
for analysis of variance. Transformed data are shown
in Table B-3. The analysis is shown in Table B-5.
Analysis of variance shows holding time to be signifi-
cant at the 0.05 but not at the 0.01 level. Tempera-

ture and interaction were not significant.

A Newman-Kuels test for multiple contrasts was con-
ducted in an attempt to determine which reaction
time (s) were responsible for an optimum (or pessimum)
viscosity, but this analysis (Table B-7) shows no

significant differences.

Figure B-1 is a plot of holding time versus trans-
formed viscosity and Figure B-2 is a plot of mixing
temperature versus transformed viscosity. Both

plots are of mean cell values and do not, for
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clarity, show variability. Both of these plots
suggest that holding time may have an effect and

that viscosity may maximize at about one hour.

Another analysis was made using transformed data
where the replicate measurement is the mean viscosity
based on the two timing marks of a single tube.

These data are shown in Table B-8. Analysis of
variance is shown in Table B-10. For this analysis
no factor contributes significantly to a viscosity
effect.

7.4.4.1 This result is probably a reflection of the varia-

bility of the test as well as some masking of
information as a result of the logarithmic transfor—ll
mation and averaging process. This conclusion is
additionally reinforced when it is remembered that
the analysis of all data showed time significance
at the 0.05 level but not at the 0.01.

7.5 Conclusions

7.5.1

Asphalt rubber exhibits viscosities at 140F (60C)
approximately two orders of magnitude greater than

the base asphalt used for the mixture.

Variability of asphalt rubber greatly exceeds that of
conventional asphalt cement. Sources of variability

are of concern because of the effect of mass viscosity
on production and application. Viscosity affects
mixing, pumping, nozzle size and application tempera-
ture. Theory and experience shows that viscosity is
an indicator of the extent of reaction between asphalt

and reclaimed rubber.
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7.5.2.1

7.5.2.1.1

Sources of variability in viscosity measurement

using capillary viscometers includes:

Nonuniformity of material (asphalt and rubber
separation in the tube) due to the method of

loading or charging the viscometer.

Uneven surface of the meniscus.

Extremely long flow times between timing marks.

Flow times in this study were on the order of
30 minutes whereas the standard method for
asphalt cement (D2171) suggests times much

shorter.

Shear rates that are not constant along the
length of the tube. See Section 7.6.

Laboratory experience obtained as part of this
study indicates capillary viscometry with tube
sizes used (The Asphalt Institute No. 400) are
not adequate for asphalt-rubber from either a

precision nor a time economy point of view.

There are several alternative systems that should

be considered for further study. These include:

Vacuum capillary viscometers with bore sizes
considerably larger than those used for this
study. A No. 16 sieve size rubber particle
will have a length of up to 3.5 mm. If the
rule of bore diameter of 3 times the particle
size to prevent interference is accepted, a
minimum bore size of about 11 mm. (0.4 in.)

will be necessary.
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e Falling coaxial viscometers of the type de-

scribed by Frobel, Jimenez, and Cluff (10).

e Rotating vane viscometers are a possibility.
If properly calibrated, these devices could
be incorporated into the laboratory mixer and

could monitor the rate of reaction.

7.5.3 This experiment did not adequately detect a difference
in viscosity of finished materials due to mixing
temperature but did suggest that holding (reaction)
time may have an effect. This experiment shows that
viscosity, as measured in this part of the study, is
more sensitive to the effect of holding time than is
softening point, but is not more sensitive to the

effect of mixing (reaction) temperature.

7.5.3.1 At this point of the study, the question of material
changes due to reaction time and temperature are
unresolved. Based on the variability of measured
values and on field experience, a reasonable con-
clusion is that test sensitivity deserves additional

study and that other properties should be considered.

7.6 Discussion

7.6.1 Since the test was intended to be run using as near
"conventional" techniques as possible, corrections
were not made to account for shear rates that were not
0.05 sec._i. This correction, or the lack of it,

could, of course, affect results.

7.6.1.1 A study is presently underway, in conjunction with

development of another mixing technique, that will
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evaluate shear rate effects of asphalt-rubber in
capillary viscometers. A separate report of these

findings will be prepared and presented in the
near future.
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8.0 DU

CTILITY AT 39.2F (4.0C)

8.1 Ductility values were determined according to ASTM

D1

13-77 at a testing speed of 1 cm. per min.

8.2 Data obtained for ductility are shown in Table C-1.

8.2.2.1

8.2.2.2

Overall mean for all data is 17.0 cm. Ductility for
the unaged asphalt used for the mixture was 100+cm.

and for the asphalt after aging in the rolling thin
film circulating oven, the measured value is 100+cm.

It should be noted that when aged base asphalt cement
is tested at 5 cm. per min. that ductility values

drop significantly. Unaged asphalts retain the 100+cm.
values. Beaker aged asphalts showed values from 2 cm.
to 41 cm. and rolling thin f£ilm oven residues produce

ductilities of about 6 cm.

Logarithmic transformation of data was necessary to
comply with the homogeneity of variance requirement
for analysis of variance. Transformed data are shown

in Table C-3. The analysis is shown in Table C-5.

For the case of all data, mixing temperature is
highly significant; holding time and the interaction

are not significant.

Newman-Keuls test for multiple contrasts were run
on the mean of all data with mixing temperature as
the single factor. This analysis (Table C-8) shows
ductility for a mixing temperature of 400F is
significantly greater than 350F but not greater
than 375F and ductility for a mixing temperature

of 375F is significantly greater than 350F. Stated
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another way, ductility of materials mixed at 350F
are lower than those mixed at 375 or 400F and there
is no significant difference between 375 and 400F.
This effect is shown graphically on Figures C-1 and
C~2 where transformed ductility is plotted versus

temperature and holding times.

8.2.3 Another analysis was made using the mean of three
ductility measurements as a single test or replicate.

These data are shown in Table C-9.

8.2.3.1 Analysis of these data is shown in Table C-11.
Results are essentially the same as were found when
all data were used in the analysis, with some infor-
mation being masked by the averaging process. For
this case, temperature is significant at the 0.05
level but not at the 0.01.

8.3 Effect of Temperature on Ductility

8.3.1 A report by Jimenez (19) shows that asphalt—rﬁbber
ductility is relatively unaffected by temperatures in
the range of 77-33F (25-0.6C) as compared to the well
known pronounced effect of temperature on the ductility
of straight asphalt cement. Jimenez shows ductility of
straight asphalt cement (tested at 5 cm. per min.) at
55F (13C) to be 150+cm. and a value of 0 cm. at 33F
(0.6C) whereas asphalt-rubber exhibited a constant
ductility value of approximately 24 cm. for the
temperature of 77, 55 and 35F (25, 13 and 0.6C).

8.3.2 To further consider this property, a small experiment
was designed to produce asphalt-rubber using the same
mixing times and temperatures as the previous experi-

ment and to test for ductility at 1 cm. per min. at 77F
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8.3.2.1

8.3.2.2

8.3.2.3

(25C) .

The data are shown in Table D-1.

Overall mean for all tests was 16 cm. (Overall

mean for 39.2F was 17 cm.)

Since the experiment was not replicated, two-way
analysis of variance could not be used to analyze
main effects and interactions. A one-way analysis
was made using each combination of time and temper-
ature as a single treatment.

in Table D-2.

This analysis is shown
Analysis of the data shows there is
no significant difference due to treatment, hence
77F ductilities are statistically the same regard-

less of reaction temperature and time combinations.

An analysis was made to compare ductility at 77F
with ductility at 39.2F. Data from Tables C-1 and

D-1 were compared with a t-test of means.

39.2F 77F
b 916.0 380.5
X 16.96 15.85
s 2.25 2.87
n 54 24
_ 8.24 _ _
Fo= 5.06 1.63 (Fo-os, 537 23 1.88)
. o? =g
39a2 77
g2 - [(54-1)(2.25)% + (24-1)(2.87)"] _
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8.4

S - (6.02) (6.02) _
X. x2 = £2 + 52 = 0.36
_16.96 - 15.85 _
t = 0 €02 = 1.84
= 1.99

097577 76

Since the calculated t value-of 1.84

is less than the critical wvalue, it is

concluded that there is no significant

difference between ductilities at 77 and

39.2F.

Conclusions

Ductility of asphalt-rubber at 39.2F (4C)
rates of 1 cm. per minute is considerably
aged or unaged asphalt (AR-1000) that was

pare the asphalt-rubber mixture.

Ductility of asphalt-rubber at 39.2F (4C)

rates of 1 cm. per minute is considerably

at test
less than

used to pre-

at test

more than

the ductility of thin film circulating oven aged

base asphalt if the base asphalt is tested at 5 cm.

per minute.

The ductility test is sensitive to the effects of

mixing temperature but not sensitive to the effect of

reaction (holding) time nor to the interaction between

holding time and temperature.

Ductility of asphalt-rubber is essentially constant

for the temperature range of 77-39.2F (25-
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9.2

9.2.1 Data for the experiment are shown in Table E-1.

FORCE-DUCTILITY

This test is a modification of the standard ASTM D113
inasmuch as a force ring is added to the briquet clip
in somewhat the same fashion as described by Anderson
and Wiley (16). Reason for using this device was to
increase the amount of data generated during ductility
testing. Strength as well as a measure of energy (by
area under the force-elongations curve) to deform or
fail the specimen are easily obtained. Furthermore,
it has been suggested that, by modifying the cross-
section and longitudinal geometry of the specimen to
provide a constant cross—section, the method can be

used to evaluate creep compliance of asphalt-rubber.

.1 For this study, deformation of a proving ring was

measured with a LVDT. LVDT movement was recorded on
a timed strip chart. Figures 4 and 5 show the

force~ductility set up used for this study.

Maximum Ductility Load at 39.2F (4C), lcm. per minute.

shown are in Newtons (1 1bf = 4.448222N).

9.2.1.1 Data were transformed by x' = vB - ¥B-x to provide

homogeneity of variance required for analysis of

variance. Analysis is shown in Table E-4.

9.2.1.2 Analysis of these data show that holding time is

significant at the 0.05 level but not at the 0.01
level. The interaction term is highly significant
which can also be seen by the intersecting or

crossing curves of Figure E-1 and E-2.
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9.2.2 Since data from other tests is not available, varia-

bility comparisons cannot be made.
9.2.3 Conclusions

9.2.3.1 Of all tests and experiments described thus far
maximum ductility load (and, as will be shown later,
force-ductility) are the only methods that are
sensitive enough to detect the interaction between
reaction time and reaction temperature. This may
be important in the production of asphalt-rubber
if it can be shown that lower temperature combined
with longer holding times will produce the same
material as the reverse combination of higher

temperature and shorter holding time.
9.3 Force-Ductility Energy

9.3.1 Energy is calculated as the area under the curve of
elongation versus force expressed in Newton-Metres

(N-M) . Data for the experiment is shown in Table F-1.

9.3.1.1 Analysis of these data show (as did maximum ductility
load) that reaction time and the interaction between
reaction time and temperature to be highly signi-

ficant.
9.3.2 Conclusions

9.3.2.1 Force-ductility energy is probably more sensitive
to the effect of holding time than is the maximum
ductility load because energy is significant at
the 0.01 level whereas maximum load is not. The

test also suggests that one hour may be the
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9.3.2.2

optimum mixing time, at least 375 and 400F (191

and 204C) as can be seen on Figures F~-1 and F-2.

Based on experience gained during this study, the
force-ductility test appears to show promise as

an analytical tool and perhaps as a specification
test if a correlation can be generated between
force-ductility parameters and asphalt-rubber

field performance. Furthermore, energy calculations
based on area under the load-deformation curve can
be related to toughness in much the same manner used
for the analysis of metals. This will provide a
means of comparing different asphalt-rubber formu-
lations, particularly if performance can be

correlated with this property.

35



10.0 Schweyer Rheometer

10.1 The recently available Schweyer rheometer is described
as a constant stress rheometer (17) that produces a
rheogram of apparant viscosity (na) versus shear rate
(vy). A schematic of the device is shown on Figure 10-1

and overviews are shown on Figures 6, 7 and 8.

Gas Cvinomr
—
_ Eﬁ/l}
SaPLE IN ,/ LGS
S & AN 5T}EN'G-ET'ER

- FETAL
Bock

Nor To scaLe
Figure 10-1

Schweyer Rheometer Schematic

10.2 Principal of operation is that a sample of material is

forced through a precision capillary by means of a
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constant load. Load is applied to the specimen by

means of a plunger and downward movement of the plunger

is monitored by a LVDT.

10.2.1

10.2.2

10.2.3

10.2.3.1

10.2.3.2

10.2.3.3

10.2.3.4

10.2.3.5

A timed strip chart is produced that records plunger
movement as a function of time. The corrected plunger
movement is equated to specimen flow through the
capillary tube. Figure 10-2 shows a typical output

curve.

Movement of the plunger begins as nonlinear with time
until equilibrium (constant) flow is established when
the curve becomes linear. Velocity measurements are

made on the linear portion of the curve.

Calculations are straightforward and simple.
Pressure on the loading ram is read directly from a
gage on front of the instrument. Pressure is sup-
plied by pressurized gaseous nitrogen and can be
controlled to suit test conditions and material

characteristics.

Gage pressure (P) is multiplied by a machine constant

(M) to calculate force applied to the specimen.

Force is then multiplied by a shear stress tube

constant (K%) to calculate shear stress (T1).
Hence: T = (P x M) (K%)
Velocity (V) is read from the linear portion of the

recorded curve of movement versus time.
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10.2.3.6 Shear rate (?) is calculated by multiplying velo-

city by a shear rate tube constant (KT).

10.2.3.7 Hence: ¥ = VKV

10.2.3.8 Apparent viscosity (na) is given as:

no o= shear stress _ T
a shear rate ¥

and is expressed in Pascal-seconds (Pa.s)

10.2.3.9 After the test load is removed and the specimen
returns to rest equilibrium, a different load is
applied and a new apparent viscosity is calculated
for the new shear stress and shear rate.

10.2.3.10 Several runs are made and a rheogram is developed
that is a plot of log of apparent viscosity (log na)
versus log of shear rate (log y) where each point
on the curve represents one run. These points form
a straight line amenable to linear regression
analysis and, theoretically, allow calculation of
apparent viscosity for any shear rate. In this
study, viscosities are reported for shear rates of
0.05 and 1.0 sec. '.

10.2.3.11 A typical rheogram and data used to generate it are
shown on Figure 10-3.

10.3 Straight lines on a log scale are presented by the power
law equation:

or for the rheogram:
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SCHWEYER RHEOMETER

IDENTIFICATION 22R
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Figure 10-3

Rheogram
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10.3.1

1003.2

10.3.3

10.4

= 'a(Y)b

where b is the slope of the straight line of the log
plot.

Materials with horizontal rheogram plots (b = 0)

are Newtonian fluids (20) and hence, are not shear
susceptible. That is, apparent viscosity is constant
over a randge of shear rates.

Materials with slopes down to the right (b < 0) are
termed pseudoplastic. These materials are shear
susceptible inasmuch as viscosity decreases when shear
rate increases. Paint that becomes "thinner" during

stirring is an example.

Materials with slopes up to the right (b > 0) are
termed dilatant. Shear susceptibility of these
materials is exhibited by increased viscosity with
increased shear rate. Certain flocculating agents
produce dilatant fluids. This property may be of
interest in the asphalt-rubber field since observations
have been reported that performance in runway touch-
down areas (high shear) is better than in areas where
traffic is relatively slow moving. If the observa-
tions are valid, this performance is the opposite of
what would be expected from pseudoplastic, and

probably, Newtonian materials.

Shear susceptibility, then, is a function of the slope
of the rheogram. Newtonian materials have zero slope,
pseudoplastic materials have negative slopes, and

dilatant materials have positive slopes. The rheogram

is described by a characteristic apparent viscosity at
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a given shear rate (say 0.05 sec.!) and the power law

parameters a and b (slope).

10.4.1 Shear susceptibility in this study is reported by the
parameter c¢ as described by Schweyer (17). The shear
susceptibility index is defined as:

c =1+ slope =1+ b

10.4.1.1 Newtonian materials (b = 0) have a shear suscepti-

bility index of 1.

10.4.1.2 Pseudoplastic materials (b < 0) have shear suscepti-

bility indices of less than 1.

10.4.1.3 Dilatant materials have shear susceptibility

indices greater than 1.

10.5 Specimen tubes used for the constant stress rheometer
(Figure 8) consist of a specimen or flow tube of 9.47
mm. (approximately 3/8 in.) diameter. The capillary is
threaded onto the end of the flow tube and is much
smaller in diameter (down to less than 1 mm.) than the
flow tube. Selection of capillary size is based on
relative viscosity of the material under test conditions.
Thinner or low viscosity materials would, of course, use

smaller capillaries.

10.5.1 The pressurized ram or plunger forces the large plug
of material down the flow tube (50 mm.) and through
the capillary. The capillary controls flow rate and
hence shear rate and shear stress. There is some
question as to size effects on the capillary on

measured viscosity. It should be expected that, for
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10.6

10.6.1

a given material under constant environmental condi-
tions, different tubes would give the same viscosity
if capillary size effects were not present. In the
case of asphalt rubber, the guestion of particle
interference arises inasmuch as rubber particles could
clog a capillary opening smaller than the rubber
particle. If interference exists, measurements would
be confounded since, instead of representing asphalt
rubber mass viscosity, elasticity of rubber and/or
flow of asphalt around rubber particles could be the

response.

To investigate the size effect and to aid in selecting
a tube size for the study, a small experiment was con-
ducted on asphalt cement. The data are shown in Table
G-1. Rheograms of the two asphalts (stock and aged)
for three test temperatures are shown in Figures

G-1 through G-9. These figures show the strong possi-
bility of an effect due to capillary diameter on both
apparent viscosity and slope of the rheagram (which
indirectly indicates shear susceptibility). Discussions
with Dr. Scheweyer indicate that this is not necessarily
unexpected and that sensitivity to capillary size may,

indeed, be characteristic of a given material.

It is possible to use a single capillary for a given
combination of material and temperature but not neces-
sarily for all materials nor for a given material at
all temperatures. This is because ram movements are
excessively fast when relatively low viscosity mater-
ials are tested in large bore capillaries and con-
versely, ram pressures are not great enough to force
high viscosity materials through small capillaries

in reasonable amounts of time.



10.6.2 A series of tests were run on asphalt-rubber using
the E, F, and G tubes. Capillary diameter of these
tubes are 3.186, 4.650, and 9.700 mm. respectively.
The same parameters of mixing temperature and holding
time that were used in previous experiments were used
for this factorial. 1In addition, three tube sizes
were included. Data generated include a parameter
of the rheogram, shear susceptibility index (c), R?
(correlation coefficient of data), apparent viscosity

at a shear rate of 0.05 sec.-' (n J . Data of the

0.05
experiment are shown in appendix G.

10.6.2.1 The fixed factor model used for this analysis is:

.. = \ . + . ..+
Yljkl uo+ Tl + Cj + Hk (’I‘C)lk + (CH)lk
(TCH)ijk + E(ijk)l
where: h

- 2
Yijkl = response measured (a, c, R%, N, etc.)
u = Effect of the overall mean.
Ti = Effect of ith mixing temperature.
cj = Effect of jth capillary size.
Hj = Effect of nth reaction time.
(TC)ij = Interaction of temperature by capillary.
(TH)ik = Interaction of temperature by time.
(CH)ik = Interaction of capillary by time.
(TCH)ijk = Three way main effect interaction of
temperature, capillary and reaction
time.
E(ijk)l = Experimental error.

10.6.2.2 Analysis was made to determine the effect of capil-

lary size, mixing temperature, reaction time, and
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all interactions. For all cases, capillary size is
highly significant at the 0.01 level. Each param-

eter will be discussed below.

10.6.3 The a parameter of a linear system in cartesian
coordinates represents the intercept of the curve with
the y-axis when x equals 0. For the case of logarith-
mic or "power functions" as is found for rheograms
(n, =a+v”),
for linear functions on a log log plot. The b

the a parameter serves as a shift factor

parameter is, of course, the slope of the functions

on a log log plot.

10.6.3.1 Analysis of variance, 'see appendix G, shows the

following effects on the a parameter.

A. Capillary diameter (tube) is significant at the
0.01 level. The level of significance (or
effect) of capillary size is greater than that of

mixing temperature or reaction time.

B. Mixing temperature is significant at the 0.05
but not at the 0.01 level.

C. Reaction time is significant at the 0.05
level but not at the 0.01 level.

D. The only interaction term that is significant
is the three way interaction of the main
effects (temperature by capillary by holding
time). This term is significant at the 0.01
level and should be expected in view of the
strong effect of capillary size and the signi-

ficance of time and temperature.
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10.6.4 Shear susceptibility index (c) is defined as:
c= (1 + slope) = 1 + b
analysis of the effect of experimental factors on b
were not made because the same factors that affect the
slope (b) will be reflected in the shear susceptibility

index (c).

10.6.4.1 Analysis of variance, see appendix G-21, shows that
the only factor that affects the shear susceptibil-
ity index is capillary size. No other main effects
(temperature and time) have a significant effect.
The three way interaction is highly significant,
probably due to the strong influence of capillary
size.

10.6.5 Correlation coefficient (R?) is defined as:

Sum of Squares Due to Regression
Sum of Squares About the Mean

R? =

This value is a measure of the "goodness to fit" of
the data to the calculated regression model (a and b
parameters). It can be interpreted as a measure of
the total variability that is explained by the model.
Values close to unity represent a good fit and values
approaching zero indicate a poor fit and hence,
probably the selection of an incorrect model to repre-
sent the data.

10.6.5.1 Analysis of variance, see appendix G-21, shows tube

size to be highly significant.

10.6.6 Viscosity at 0.05 reciprocal seconds (no 05)-

10.6.6.1 Values for this property are obtained from the

rheogram by plotting calculated values of apparent
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10.6.6.2

10.6.6.3

10.6.6.4

10.6.6.5

viscosity (na) versus shear (¥) on a logarithmic
scale. Since the shear rate of exactly 0.05 is
rarely obtained during the test, a best fit
straight line is drawn through the data and the
viscosity value is read from the curve or extrapo-

lated for a particular shear rate.

For this study, a least square regression (power
curve fit) was used to plot the curve and obtain
the viscosity for a given shear rate. It was this
regression that generated a,b, and R? that were

analyzed earlier.

In order to satisfy homogeneity of variance require-

ments, the data was transformed as follows:

N1 = log (N + 1.00 E + 07)
0«05 10 005

Where:

It

transformed viscosity.
0«05

N
0+05

measured viscosity.

E+07

gscientific notation for powers of 10.

Analysis of variance, see appendix G, of trans-
formed data shows capillary size to be highly signi-
ficant and that holding time is significant at the
0.05 level but not at the 0.01 level.

Data (see appendix G) show a range of values from
0.3134 E+07 (tube E, 375F, 0.5 hr.) to 94.05 E+07
(tube F, 375F, 9.5 hr.) Pascal-Seconds (Pa-S).

Since 1 Pa+«S is 10 Poises, the range is 3.134 E+07
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10.6.6.6

to 9.405 E+09 Poises. It should be noted that, at
32.9F, viscosity values are approaching the maximum
(or asymptotic) values of 10° to 10!° Poises that
are sometimes used to define the change of state of
fluids to solids.

Viscosity measurements on the base asphalt used for
the asphalt-rubber after the asphalt was heated to
375F for 1 hour show ranges of values from 5.0 E+07
to 95 E+07 Pa-+S. (All measurements and data are not
included in this report due to space limitations, but

are available upon request.)
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11.0

11.1

11.2

Elastic Rebound

Asphalt rubber mixtures were prepared at Engineers
Testing Laboratories and sent to Mr. R. L. Dunning
of Petroleum Sciences, Spokane, Washington for testing.
Testing was performed at 77F (25C) by the method des-
cribed by Green and Tolonen (13). The experiment was
not replicated, hence there is a single data point

for each temperature - holding time combination. Re-

bound data (in percent) are shown in Table 11-1.

Table 11-1
Elastic Rebound
Temperature
350 375 400
g
3 78.2 74.0 76.0
0]
5 1 81.6 81.8 95.6
&
2 8l.4 90.2 . 82.0

Since the data was not replicated, two way analysis

of variance was not performed.

11.2.1 Grouping the data by temperatures and performing one

11.2.2

11.2.3

way analysis of variance showed no significant effect

due to treatment (temperature).

Grouping the data by holding time and performing one
way analysis of variance showed no significant effect

due to treatment (holding time).

Elastic rebounds ranged from a high of 95.6 to a low
of 74.0 percent. Mean for the 9 data points is 82.3

percent and standard deviation is 6.77 percent.

49



12.0 Conclusions

12.1 Conclusions are, of course, based on results of tests
and experiments conducted during this study. Experiments
were designed to be completely randomized fixed model
factorials with two replications. Independent variables
were three levels of mixing temperature (350, 375, and
400F (176.7, 190.6, and 204.4C), and three levels of

reaction time (0.5, 1.0, and 2.0 hours).

12.1.1 Tests performed as part of this study can be classified
as either:
@ Modifications of standard or conventional asphalt
tests.
@ Non-standard tests.

12.1.2 Standard (modified) or conventional tests include:
® Ring and Ball Softening Point
@ Absolute Viscosity with a Capillary Viscometer.

e Ductility at Low Temperatures.

12.1.3 Non-Standard tests include:
@ Force-Ductility
® Apparent Viscosity by Schweyer Rheometer

@ Elastic Rebound by Sliding Plate Microviscometer.

12.2 A tabulation of results of testing and analysis of

variance is shown in Table 12-1.

12.3 1In general, conventional tests, with precision constraints

that are applied to asphalt testing, are not applicable

for testing asphalt-rubber without modification of both

the test method and the precision statement.
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Summary of Results

Table 12-1

Analysis of Variance Significance
Measurement : "
Temp Time Interaction
Softening Point
All Data No No No
Mean of Runs No No No
Absolute Viscosity (140F)
All Data No Yes No
Mean of Runs No No No
Ductility at 39.2F
All Data Yes No No
Mean of Runs Yes No No
Max. Ductility Load
All Data No Yes Yes
Force - Ductility _
All Data No Yes Yes
Schweyer Rheometer
a Yes Yes No
o] No No No
R2 No No No
No Yes No
005
Elastic Rebound No No -
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12.4

12.5

12.6

12.7

12.8

There appears to be a measurable effect of mixing temper-
ature and reaction time on properties measured by the

Force - Ductility test.

Force - Ductility (utilizing elongation at failure and
either maximum load at failure or area under the load
elongation curve) is the most sensitive to detection of
effects of time and temperature of all tests conducted
during this study.

The Schweyer Rheometer is effective and efficient for
determination of viscosity at low temperatures. There
is, as was expected, an effect due to capillary size
(tube effect) used for the test. Furthermore, there is
a strong possibility that measurements obtained with
the device can be used to calculate properties such as

stiffness and relaxation time.

Laboratory mixing procedures may not adequately simulate
field techniques and hence, laboratory prepared materials
may not be the same as those manufactured in the field.
This aspect will be discussed further in the following

section.

Without correlation of field performance to specific
properties measured in the laboratory, materials speci-
fications should be based on a combination of manufac-
turer's recommendations, experience with producing and
placing the material, and strict control of material
components and quantities used for production. This is
not to say that laboratory testing is not effective.
Tests considered during this study show promise, with
additional development, of providing both quality

control and behavior information.
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13.0 Discussion and Recommendations
13.1 Test Methods and Variability

13.1.1 As was briefly discussed previously, sources of vari-
ability of tests can most probably be attributed to
interference or sidewall effects caused by rubber
particles in the asphalt rubber mixture. These
effects are observed in all the tests of this study
with the possible exception of ductility. Ring and
ball softening point and absolute viscosity with

capillary viscometers are especially affected.

13.1.1.1 Two recommendations are offered for softening point
determinations if softening point is, indeed, '
a property that should be measured. The first is
to develop a larger ring and ball that would have
the same relative geometry and volume - geometry
ratios, that are used for the standard ASTM D36
test. Correlations would, of course, be necessary.
The second, is to further develop the flow index
concept of Krchma (18) that has good possibilities
of characterizing asphalt rubber flow or consistency
properties. This technique promises relatively

rapid and economical measurements.

13.1.1.2 With regards to capillary viscometry, there appears
to be two areas that can be considered. These are
increased bore size to the number 800 tube and re-
vised loading techniques and shear rate corrections.
Additional reduction in vacuum may be necessary to
produce acceptable flow times and shear rates and to
prevent vacuum separation of asphalt from rubber

particles. A modest experiment could be conducted
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13.1.1.3

to compare viscosity and variability of the

larger bore tube and the tube - vacuum combination
that was used for this study. Loading techniques
that have been considered (but not used in this
study in order to correlate data obtained in this
study with other viscosity measurements) include
vibration of the tube during loading and packing

with high pressure syringes.

There is no question that viscosity is an important
property from both production and application as

well as from research points of view. Viscosity is
affected by asphalt properties, rubber type and
particle size, proportions of asphalt and rubber
components and the extent of physico-chemical reac-
tion between rubber and asphalt. In addition, spray;
ability and consequent job quality and aggregate
adhesion are severely affected by viscosity. Hence,
it is strongly recommended that additional work be
conducted to develop reliable and sensitive methods
of measuring and evaluating mass viscosity of asphalt-
rubber systems at elevated temperatures [in the
region of field applications such as 350-400 F (177-
204 C)]. Measuring systems and techniques should be
developed that have both laboratory and field
capability or that can be reliably correlated. The
principle feature that has to be considered is to
provide for specimen size adequate to accommodate
rubber particles without particle to particle inter-
ference, and without sidewall or end effects. It
would be worthwhile to consider both coaxial cylinder
[as described by Jiminez (19)] and vane or rotational
viscometers. The possible use of the laboratory

mixer as a viscometer will be discussed below. It
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13.1.1.4

13.1.1.4.1

would seem advisable to devote a separate study to
consider several possibilities of viscosity
measurement of asphalt-rubber at elevated tempera-
tures to establish a standard method for specifica-
tion, production, and application quality control

purposes.

Flow characteristics at lower temperatures appear
to be measurable with the Schweyer Rheometer,
although some modifications of the systems should
be considered. The first suggested modification is
to increase the frame stiffness of the instrument.
At low temperatures, relatively large loads are
necessary to force the specimen through the capil-
lary. Extension of the frame during this loading
is not constant and hence -a simple linear correc-
tion cannot be applied. Stiffening of the frame
would reduce variability of output and is a
straightforward operation. A second suggested
modification of capillary sizes available is
intended to reduce the effect of particle inter-

ference on measurements.

Asphalt-rubber mixtures contain agglomerations of
several particles held together with thin asphalt
films. These clusters in turn, can produce inter-
ference similar to that of simple large particles.
Measurements made with different capillary sizes
showed, as should be expected, an effect due to
capillary size. It should also be noted that
asphalt (without rubber) showed the same size
effect and the question is open as to the cause

of the phenomena. Without additional study, it

is difficult to estimate the tube size that
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13.1.1.5

would be required to eliminate, or at least to
stabilize, the effect of particle interference.
The largest tube size available for the instru-
ment used for this study is 9.47 mm. (approxi-
mately 3/8 inch). This capillary size does not
provide for the effect of clusters or agglomera-
tions of particles. It is recommended that larger
size tubes be developed, along with appropriate
constants, that can be accommodated by the exist-
ing instrument. The chamber of the instrument

can accept tubes with outside diameters of approx-
imately 3/4 inch. It may also be possible to
machine the chamber to accept even larger tubes

and to provide sleeves to hold the original tubes.

Force-ductility appears to show good possibilities
for measurement of low temperature properties of
asphalt-rubber and should receive additional develop-

ment. Porce-ductility was the only simple test used

. during this study that was sensitive to both mixing

13.1.1.5.1

temperature and holding (or reaction) time. In
addition, the test provides data and information

on tensile strength and can, as will be subsequently
discussed, provide creep compliance or stiffness
modulus information compatible with theoretical

elastic or viscoelastic models.

Recommendations for modification of the test method
and apparatus include changes of load read-out and
specimen geometry. Load cells with'improved pre-
cision over the force ring used for this study are
recommended along with compatible recording equip-
ment. These load cells have been installed as part

of another project. Standard ductility specimens,
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13.1.1.5.2

13.1.5.3

as were used in this study, have a constantly
decreasing cross section down to a minimum area of

1 cm.?

Preliminary tests show the feasibility of
modifying specimen geometry to provide a constant
cross section of 1 cm.? for a length of approximately

6 cm.

The test envisioned is neither constant Stress nor
constant strain that would be ideal but requireé
expensive equipment, preferably electrochydraulic
closed loop devices with process controllers. The
test wouldbe aconstant deformation rate as provided
by the ductility drive mechanism. ILoad versus time
is provided by the load cell and elongation versus
time is provided by recording head movement and the-
increase of gage length of the specimen. Strain can
be calculated on the basis of engineering strain
(¢') or true strain (e) for large deformations.

These strains are calculated as follows:

AL
e' = T,
e = 1n (l+€")

where AL = change of length
L = original gage length

Stress calculations can be based on original cross
sectional area or on reduced areas measured manually
by micrometer. A plot of strain versus time and
stress versus time can be used to generate the
logarithmic function curve of compliance or stiff-
ness versus time. Stiffness at short times (traffic
loads) and at long times (thermal effects) would

not be measured directly as part of the test but
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13.2

13.2.1

13.2.2

13.2.3

could be extrapolated, with sufficient precision
and accuracy, for initial use in theoretical
examinations of field behavior of asphalt rubber

membranes and interlayers.

Asphalt - Rubber Reactions

Green and Tolonen (13) have discussed physico -

chemical aspects of the asphalt rubber reaction in

some detail. Discussions presented here are background
for recommendations for testing and development programs
and to report observations made which the scanning

electron microscope (SEM).

It is generally agreed that rubber particles of the
type used for this study swell to two to three times
their original volume when fully reacted in hot
asphalt. It is further postulated that swelling is
the result of rubber particles imbibing or reacting
with certain components of the base asphalt. Heat is
necessary to liquify asphalt and contributes to the
rate of reaction. Laboratory testing has been
conducted that shows practically complete breakdown
(dissolving) . of rubber particles if the asphalt rubber
mixture is subjected to sufficient reaction time and
temperature. Rubber particles heated in air do not
show a tendency to swell or melt at times of up to
one hour at 400F (204C), hence the conclusion of a
physio-chemical reaction between rubber and asphalt

appears to be justified.

It has also been pointed out that there are different
types of rubber (synthetic types and natural) used for

different tires (truck tires versus conventional automo-
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13.2.4

13.2.5

13.2.6

bile tires and radial tires versus bias tires). In fact,
the rubber types may be different for tread rubber than

for sidewall material (21).

Tire rubber compounding involves the addition of ex-
tender oils to impart certain properties and character-
istics to rubber to better function for an intended
purpose. In addition, rubber compounding often uses
reclaimed tire rubber that has been treated with
petroleum products (chemically unsaturated resin oil
obtained in the refining of gasoline (22)). These
extender oils and reclaiming agents can be characterized
by the same techniques used to determine the fractional
composition of asphalt. In fact, some components of
asphalt maltenes are very similar to extender oils and
reclaiming agents when analyzed by the acid precipitation
method described by Rostler (14).

It follows, then, if asphalt and rubber react chemically,
that chemical composition or proportions of components of
either asphalt or rubber can affect properties and
probably performance of asphalt-rubber mixtures. This
study showed that mixing temperature and reaction time
have measurable effects on certain properties of these
mixtures. Only minimal control can be exercised over
reclaimed tires (sorting by type, separation of treads
and sidewalls, selection of grinding method, and particle
size). It is generally accepted that asphalts from

the same specification grade can vary chemically due to
different crude sources and with differeht refining
methods.

It is recommended that studies be initiated to con-

sider the effects of asphalt and rubber properties on
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characteristics of asphalt-rubber mixtures. Informa-
tidn on these procedures and on mixtures using a single
asphalt-rubber combination generated from this study
can serve as datum to develop subsequent studies. Pre=-
sently, research is being conducted that will considerx
several chemical and physical aspects of asphalt-rubber
mixtures. This study should be complemented by others
that vary'certain'components of asphalt (such as the
Rostler parameters) and use rubber of known composition.
These rubbers can be aged materials prepared from
stocks of known composition or perhaps special lots

of reclaimed tires can be processed through a con=-

ventional reclaiming plant for this study.

13.3 Test Specimen Preparation

13.3.1

13.3.2

13.3.3

As was discussed previously, laboratory specimens for
this study were prepared by heating asphalt in an open
beaker, introducing rubber and then mixing with a high
speed propeller. This technique was established by
Jimenez (19) in a previous study and, for consistency,

used in this project.

Measurements made after subjecting the asphalt (without
rubber) to the same mixing showed that about the same
amount of hardening takes place as occurs in the rolling
thin film circulating oven exposure. Laboratory mixing
obviously removes some of the more volatile components
of the asphalt. One aspect of this loss is that these

fractions are not available to react with the rubber.
Field preparation of the mixture, on the other hand,

is accomplished in a closed tank that is nearly full

and hence, in an atmosphere that has a greatly re-
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13.3.4

13.3.5

duced oxygen content compared to laboratory preparation.
Furthermore, the closed field system probably has

much less loss of volatiles than does the laboratory
method.

This brings up the question of similarity of proper-
ties of laboratory versus field mixed materials.

Field mixed materials were not feasible for use in

this study because of the obvious logistics diffi-
culties as well as the lack of control of mixing tem-
perature and holding times for field mixtures. The
companion study that is presently underway is consider-
ing two sub studies to provide insight into the

question.

@ [Field mixed materials were sampled and will be
subjected to the same tests that were performed
during this study.

® A mixing device has been developed by Arizona
Department of Transportation that shows promise
of retaining volatile components of asphalt

during the mixing operation.

An asphalt-rubber field experimental project is being
conducted by Arizona Department of Transportation
(Buckeye - Liberty Project S-371-924). This project
includes 9 test sections on a two-lane, heavily
trafficed highway. This project, along with con-
sidering several structural applications, had
included several combinations of asphalt and rubber
types along with the combinations of material used
for this project.
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13.3.5.1

13.3.5.2

13.3.6

All field produced asphalt rubbers were sampled
and frozen for future testing as part of an

ongoing study.

All tests made during this study will be conducted
on the field prepared materials and comparisons
will be made between properties and variability of
field and laboratory mixed materials. It is
conceeded that some confoﬁnding may occur because
neither the asphalt nor the rubber used for the
field study was from the same lot as was used for
the laboratory study. If necessary, however,
laboratory mixtures can be prepared from component
materials (asphalt, rubber, and additives) samples

obtained from the field project.

The ongoing project will use a laboratory mixing
device recently developed by the Arizona Department
of Transportation referred to as the "Arizona Torque
Fork", (ATF). This device has several features
that show promise for both research purposes and for

routine laboratory preparations of asphalt rubber

mixtures.

13.3.6.1

13.3.6.2

First, the device uses a controlled electrical
heating system that is considerably safer than the
open flame that was employed as part of this study.
Elimination of the open flame is of importance if
high volatility additives such as kerosene and cer-
tain extender oils are to be used in léboratory

preparations.

The mixing chamber of the device is covered (but

not sealed) and should significantly reduce the
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13.3.6.3

13.3.6.4

loss of volatile asphalt components during long

term mixing.

One of the most important features of the mixer is
the ability to simultaneously record temperature,
viscosity, and mixing time. Time is recorded on

the strip chart and temperature is sensed by a
resistance thermometer and recorded on the same
strip chart. Torque of the mixer motor is indi-
rectly measured by current flow required to maintain
constant speed and is also recorded on the same
strip chart. Viscosity can be determined from
torque by calibration with standard materials of

known viscosity.

Instantaneous measurement of viscosity during mixing
provides several research opportunities. First,

the effect of heat and time on base asphalt can be
determined much more conveniently with this device
than with conventional capillary viscometers.
Secondly, if viscosity is an indicator of the extent
of reaction between particular asphalt and rubber
combinations, the device can easily monitor the

rate and extent of these reactions for a large

number of material combinations.

13.3.7 Two experiments utilizing the ATF are recommended:

A comparison of field mixed asphalt rubber pro-
perties with those prepared in the laboratory.
This will be an effort to standardize laboratory

preparation methods and techniques.
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13.3.7.1

13.3.7.2

A study of the rate of reaction of various com-
binations of asphalt type, rubber type, and

additives.

The first study would be a combined field and
laboratory effort. Typical field projects using

two commercial asphalt-rubber producers would be
selected for study. Base materials (asphalt, rubber,
and additives) would be extensively sampled for
later laboratory study. Field production would

be monitored (by field viscosity) throughout

the production and application of the material.
Laboratory mixtures would be prepared with the open
beaker and ATF and be constantly monitored for vis-
cosity as a function of mixing time and temperature.
If correlations exist between field and laboratory
viscosities, standard laboratory preparation
procedures could be developed. If desirable, force-
ductility properties could be used as a property of
the prepared mixture for comparison of field and
laboratory prepared mixtures. Incidently, test
variability (repeatibility) information would also

be generated during the program.

The second study would be a laboratory effort de-
signed to measure the interaction of asphalt type,
rubber type, and additives on viscosity and force-
ductility parameters. Asphalts would be charac-
terized by the usual specification properties and
by the Rostler parameters. Rubber would be charac-
terized by size, origin (natural or devulcanized
content), and processing method. The experiment
would monitor viscosity during mixing with the

ATF for each combination of asphalt and rubber and
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13.4

13.4.1

13.4.2

would measure force ductility parameters of the

final product.

Correlations of Field Performance and Material Properties

to Establish Specification Criteria and Limits.

In order to develop specifications two areas must be

considered:

@ Material components, properties, and characteris-
tics necessary for a specific function or

application.

e Production and application procedures that provide
the desired quality of material to a particular

service environment.

These areas must be considered for either a prescrip-
tion or performance specification and must be supported

with standardized sampling and test methods.

Specifications for conventional asphalt materials and
applications have developed with years of scientific
and applied study and experience. Observations
relating field performance to materials properties
and application methods has resulted in the develop-
ment of specifications that use a combination of
several properties that are used to evaluate the

material and hence, to predict performance.

Asphalt-rubber, on the other hand, is a new material
that has some characteristics in common with conven-—
tional materials but is also quite different in many

respects. Furthermore, the material is being used
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13.4.3

13.5

13.5.1

for some structural purposes that are in themselves,
a departure from conventional paving techniques (for
example, stress absorbing membrane interlayer (SAMI)
and membranes for soil encapsulation). Field experi-
ence has shown that the material is capable of extra-
ordinary performance and has also shown that, in a
few isolated instances, that substandard performance
and failure can occur. Without doubt, a complete
specification could be developed with time, that
would be adequate for most construction purposes. It
seems reasonable, however, to recommend a systematic
experimental program that can more efficiently and
effectively develop a specification system than

would a conventional trial-and-error approach.

This study has shown that conventional asphalt testing
and technology will require modification, but can
probably be used for asphalt-rubber. Additional field-
laboratory studies, in somewhat the same format as the
Buckeye-Liberty Project, should be designed to further
consider both material components and the effect of
production techniques on performance. Components and
techniques could be selected in such a manner that
accelerated results would be available in a reasonable

time frame.

Scanning Electron Microscope (SEM) Study of Asphalt-
Rubber.

A limited study of asphalt-rubber and of the rubber was
conducted to provide some insight on the nature of the
material. A secondary objective was to consider the

possibility of reacted particles of rubber connecting
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or being welded together to form a continuous network

of rubber particles.

13.5.2 Review of unreacted rubber particles showed a grada-
tion of sizes and shapes. Some particles are elongated,
some are cubical and all have irregular fractured
faces. Examination of the asphalt rubber suggests a
system of rubber aggregate particles with an asphalt

binder.

13.5.3 An asphalt rubber mixture was extracted with cold
(room temperature) trichloroethylene with repeated
washings until the solvent was clear and light straw
colored. Subjective estimates were that 95 percent
or more of the binder was removed but that either some
binder remained because rubber particles were knitted
together to form a coherent rubber structure. Viewing
of SEM photomicrographs of this material shows some
weldment that is probably the asphalt binder and not

rubber to rubber adhesion.

13.5.4 Additional cold washing with trichloroethylene were
repeated until individual particles rather than the
coherent net were produced. Viewing of photomicro-
graphs of these particles showed no evidence of rubber
to rubber weldment. Since the possibility exists that
the solvent may have destroyed rubber to rubber
weldment, particles of rubber were soaked in the
solvent for 24 hours at room temperature, dried and
examined with the SEM. Large magnifications were used
to examine fractures within particles and contact
surfaces between particles. It was reasoned that
rounding or other evidence of chemical action of the

solvent would be apparent, at least subjectively. All
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13.5.5

13.5.6

edges were sharp with no apparent rounding due to

rubber solution by the solvent.

Based on these limited observations, there is no con-
clusive evidence that rubber to rubber weldment occurs

to produce a continuous rubber network.

This study, while probably not definitive for estab-
lishing the presence or absence of a connected rubber
network, did show the value of scanning electron
microscopy as a tool in asphalt rubber research and
evaluation. It is strongly recommended that the
method be employed for all future work for both analy-

sis and documentation of materials used.
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Figure 1
Mixing System

Figure 2
Ring and Ball Softening Point
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Figure 3
Absolute Viscosity

Figure 4
Force Ring and Specimen




Figure 5
Force-Ductility Set-up

Figure 6
Schweyer Rheometer
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Figure 7
Rheometer Load Piston
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Figure 8
Rheometer Tubes
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Apparent Viscosiéy, n_, Pa-sec. -

Apparent Viscosity, n_, Pa-sec.
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Tube F
Tube E
Tube D
i 1 1
10— 10"?
Shear Rate, y, sec?!
Figure G-2 - AR-1000 Unaged
Test Temperature, 30F
] T H
Tube D
Tube F
Tube E
1 1 1
1072 1072

Shear Rate, y, sec?!

Figure G-1 - AR-1000 Unaged
Test Temperature, 39,2F
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Pa-secC.
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Apparent Viscosity, n

Apparent Viscosity,

Pa-sec,
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Figure G-4 - AR-1000 Aged 1 Hr. @ 375F
Test Temperature, 30F

Tube E
Tube D
Tube C
) ) 1 1
10" 10~?2 10-2

Shear Rate, y, sec?!?

Figure G-3 - AR-1000 Aged 1 Hr, @ 3175F
Test Temperature, 60F
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, Pa-sec,

Apparent Viscosity, n

Pa-sec.
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Apparent Viscosity, n
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Figure G-6 - AR-1000 - Unaged
Test Temperature, 60F
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Tube F

Tube D
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Figure G-5 - AR-1000 Aged 1 Hr. € 375F
Test Temperature, 39.2F
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Apparent Viscosity, n

Apparent Viscosity, n_, Pa-sec.
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Figure G-8 - AR-1000 Unaged
Test Temperature = 39,2F

Tube B
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Figure G-7 - AR-1000 - Unaged
Test Temperature = 60F
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