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Part One

The Nature of the Thin Film Oven Test



Authorization

The Iowa Highway Research Board at its May 1966 meeting approved
Project HR-124 entitled, "Development of a Laboratory Durability Test
for Asphalts.' Upon approval of the Iowa Highway Commission and allocation
of funds, a contract for the‘execution of the work on the project was
awarded to the Engineering Research Institute of Towa State University:
with the daté for coﬁpletion of the work set for May 31, 1967. This
study under the same title was deéignated Project 624-5 of the Engineering
Research Institute.

This report recovers the work completed up to May 31, 1967. This
work encompassed sgudies in the initial two phases of aﬁ overall study

in the development of a durability test for péving asphalts.



] .Summary -

Fruitful research on durability of paving asphalts may come from

two approachesf
@® Thé improvement of the asphalt for durability.
® The development of relatively rapid .laboratory tests which will

enable the design engineer to select or to specify an asphalt based .

on quality and to make a correct estimate of the service life of

a selected gsphalt when used in a specific paving mixture.

Research Project HR-124, '"Development of a Laboratdry Durability
Test for Asphalts,' sponsored By the Iowa Highway Research Board is in
the second category and was intended to be the initial stage of,aﬁ ovérall
study in the development of a durability test for paving asphalts.

The original proposed study involves work iﬁ the following phases:

A. The identification and ascertainment of predominant factors
causing hardening during mixing, laying and in road service, their
mechanisms and theif effects,

B; Development of an accelerated laboratory test that will
simulate changes in asphalt (including hardening and other colloidal-
chemical changes) both during mixing and in road service,

C. Correlation of hardening and other changes in asphalt during
the developed 1aBoratory durability test and changes in Asphalt in
pavement, and

D. Establishment of durability critcéria for paving asphalts by
means of cstablished laboratory durability tests on original asphalt.

Research Project HR-124 encompassed work in the first two phases

and has been completed. A new proposal has been submitted to the ITowa



Highway Research Board to undertake the third and fourth phases of the

durability test study so that information obtained from HR-124 and from
-~ the extension of HR-124 can be applied to asphalt pavieg design and
unality coﬁtrol.

This is a progrees rebort on the work accomplished in HR-124. Tor
clarity, the Report is presented in two parts. Part One is a critical
examination of the BPR Thin Film Oven Test (TFOT). This includes the
review of the background from which the test was developed; the study
of the factors that affect the test, including film thickness, heating
teﬁperature,.heating atmosphere, and duration; the investigation of
the evaluation that may be derived from the test and the significance
and potential of the test as related to quality control and laboratory
durability test for asbhalts. Part Two is a report on the development
of a laboratory durability test. This includes a review of the sfate—
of-the-art in the durability of paving asphalts and the actual development
of the test. |

The major conclusions drawn from the study in HR-124 are:

@ The approach of the proposed durability test is considered sound
and the procedure reproducible.

@ The procedure is capable of accelerating the hardening of asphalt
in a relatively short period of time.

@®Differences exist among asphalts in hardening auring the pressﬁre—
oxidation procedure. Therefore the procedure can distinguish between
asphalts that are susceptible to hardening and those that are not.

® The hardening in the pressure-oxidation process is a hyperbolic

function of time. This is in agreement with actual asphalt hardening
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found in secrvice. It suggests that a definite correlation can be
established between fileld hardening and the proposed laboratory
durability test.

® Continued study into the next phase of the durability test investi-
gation is necessary and warranted so that information obtained can

be put into useful and applied form in asphalt paving design and

quality control.




Introduction

Investigations have shown that asphalts produced from different
crude sources and methods of production can have various degrees of
durability under equivalent conditions of construction, fraffic, and
climate. Investigations have also demonstrated Ehat the present speci-
fications for paving asphalts do not exclude the possibility of the
use of poor durébility asphalts. A need exists in the paving industry
to develop test methods and specifications to enable the effective
exclusion of the use of nondurable asphalts and a reasonable prediction
of the useful life of asphalts used.

All bituminous paving materials are affected by heat, weather,
.traffic, and time. The combined effécts result in a hardening of the
~asphalt and less desirable adhesion and rheological characteristics.

The ability of én asphalt to resist these changes due to the heat and
oxidation is defined as its durability.

It is agreed that the most important single factor causing asphalt
to crack and disintegrate is asphalt hardening. Theref&re the degree
and rate of hardening of asphalt under specific weathering and traffic
conditions is indicative of the relative durability of the asphait.

The hardening that occurs in asphalt takes place in two steps:
hardening during short periods of time in a mixer at high temperatures
and higher rates, and hardening over long periods of time in pavement
at relatively lower temperatures and lower, decreasing rates. There
is evidence that the hardening mechanisms in these two stages are quite.
different. Heat and oxidation are believed to be the predominant facéors in
the miging process and essentially the hardening during pavement service

is causcd by oxidation.




Hardening during hot mixing can reduce the useful life of asphalt
by as much as ten ycars; Obviously the degree and nature of hardening
in asphalt during this relatively short time should be one of the most
important factors to be considered in.selection of the'asphalt, in
construction control,fénd in developing durability tests for paving
asphalts.

Considerable study has been given to the development of tests and
techniques for evaluating the hardening properties of asphalt as related
to asphalt durability gnd quality control. One approach to the problem
is various forms of oven heating tests. Among all oven heating tests,
the Bureau of Publié Roads Thin Film Oven Test (TFOT) is now recognized
as one of the most valuable in predicting the hardening of asphalt
during mixing, in measuring the potential durability of ésphalt in
pavement, and in quality control. The tést was first proposed by Lewis
and Welborn in 1940 and has been adopted as an ASTM tentatiye standard
in 19631’2. The proposed requirement of minimum retained penetration
has been included by majority of specifications for paving asphalts.
However, the test itself has lacked systematic study since the first
few papers by the Bureau of Public Roadsl~4. Owing to the increasing
acceptance of the TFOT and its potential in asphalt durabilit& evaluation;
a close examination of the test is highly desirable.

This study examines the nature of the test; the factors affecting
the test including film thickness, temperature, heating duration, and
heating medium; the evaluation that can be derived froﬁ the test such
as hardening, chemical changes, and volatility; and the significance,
value, and potential of the TFOT as related to quality controi and

laboratory durability test.



The properties of the asphalts used in this study are given in

Table 1. The results of the study are presented separately under the

following headings:

Background

Effect of Temperature in the TFOT
-Effect of Film Thickness in the TFOT

Effect of Heating Time in the TFOT

Effect of Heating Medium

TFOT and the Volatility of Asgphalt
TFOT and the Hardening of Asphalt

TFOT and the Ductility of Asphalt

Applications of the TFOT

Conclusions

Table 1. Characteristics of original asphalts.

|
Flash Fire Viscosity Soltening
. Penetreiat ion Spuclflc polot polnt 77 °F point Percent Percent (1|
'Code 771/100/5 gravity °F) °r) (Megapoiges) (°r) Asphaltenes Oxyygen Co. & Plant "%
. |
A 59 1.035 620 710 3.60 125.0 -- -- a
!
B 75 1.033 615 695 2.50 119.0 -- -- P
L 88 1.012 575 665 2.10° 1L6.5 18.8 0.79 b i
2 88 1.001 650 710 1.90 116.5 4.4 0.48 ¢
'
7 90 1,016 650 715 1.25 112.5 16.6 0.81 d '
9 30 1.035 595 680 2.10 116.5 9.1 0.73 @
0 90 0.998 650 725. 1.70 116.0 12.9 0.63 a :
c 112 1.028 610 680 0.80 112.0 -~ -~ a ;
!
! 134 1.024 595 660 0.53 106.5 15.3 U, 04 a
D 238 1.020 590 650 0.16 101.0 -- -- iy
L
(“)Amcrtcun 0il Co., Hugar Creek, Mo. ’
(b)AmurLcnn Potrofina Co., Mt. Pleasant, Texas.
o), - . :
Mobilofl Co., Augusta, Kausas.
Wineialr Refinlng Co., Harford, Tll. '
(c)'rexm:u 01l Co., Caspier, Wyo.




~_ Background

The importance of heat stability or resistance of paving asphalt
was recognized early in the history Qf asphalt paving technology.

It was reported that in 1897 Allen Dow suggested two methods for
determining asphalt hardening when heated to high temperaturess. One
of the methods involved heating 20 g of asphalt in a 2-0z glass retort
at 400 OF for 30 hours and determining weight and penetration loss.A
Specifications based on this test required a maximum loss on heating of
8 percént and minimum retained penetration of 75 percent. .This was
probably the original loss on heating test. Prior to 1911, there were
a number of other heat tests proposed; all were used to determine weight
loss and penetration drop. Clifford Richardson6, in his.book,

The Modern Asphalt Pavement, gave the name of the test as "Loss on

Heating.' The heating time was arbitrarily set at 7 hours and the
temperature at 325 OF and 400 °F. A sample weight of 20 g was used
in a crystallizing dish 2-% in. in diam, making a film of 0.788 cm or
0.31 in. The major concern of the test was the volatile loss.

In 1911, Hubbérd and Reeve prepared a bulletin on methods ﬁsed
by the Office of Public Roads, for the examination of bituminous road
materials7. The bulletin included a 'volatilization test', the object
being the deterﬁination of the wéight loss the material underwent when
200 g in a standardized 6-cm=diam tin box (making a film of 0.71 cm
or 0.28 in.) were subjected to a temperature of 163 ©C for 5 hours.
Changes in the character of the material due to. such heating were also
to be ascertained. The changes were meant to be in general appearance

and in hardening using a float or penetration test. The volatilization



test was made on practically all bitumens except tars and was also
occasionally made at 400 ©F for 5 hours. The same year, ASIM issued a
method for the determination of the loss on heating of oil and asphaltic
compounds. A ZO—g sample was placed in a flat bottom gin, 6 cm in diam,
and heated for five hours at 325 °F. 1In 1916 the loss on heating test
was made on ASTM Standard Test Method D6~11. The size of the sample

was increased to 50 g and the 3-o0z tin in use today was specified, making
a film of 13/16 in. The present ASTM designation for this test is D6-64.
The basic conditions of the test ASTM D6-16 are still the same.

Many attempts were made to éxplain the field behavidr of asphalts
in terms of results 6btained from the standard loss on heating tests.
Anderson et _al. developed a ''resistance to ﬁardening” value based on
.the penetrations of residues of the standard loss on heating test after

5 and 10 hourss.' The "resistance to hardening' value is equal to

5(3—1—_——1) +5
Yl - Y2
in which Y1 = log penetration after 5 hours at.325 OF.
Y, = log penetration after 10 hours at 325 °F.

They set a resistance to hardening value of 55 as the dividing line
between satisfactéry and unsatisfactory materials. Resistance value
could also be interpreted as the hours it would take to harden the
asphalt in the standard loss on heating test at 325 OF to a penetration
of 10.

Clark studied the volatility of asphalts by the standard loss on
heating test?’lo. He concluded that fhe hardening of asphalt during
mixing, as measured by loss in penetration, was proportional to the

volatility of the asphalts as measured by the standard loss on heating.




Nevertheless, the value of the standard loss on heating test in
predicting the hardening of asphalt was questioned by many technologistslifls.
It is now generally agreed that, because of the depth of the sample in
a standard loss on heating test, the conditions are not sufficient severe
to evaluate and differentiate the hardening properties of asphalts.

With the advent of vacuum distilled asphalts, the value of the test in
characterizing the early steam-refined petroleum asphalts was also lost.

The fifst thin film'equsure test oﬁ.asphalt was probably developed
by Hubbard and Reeve in 191316. In a paper entitled, '"The Effect of
Exposuré on Bitﬁmens" they described the exposure of eight bituminqu
materials in films of 1/8 in. to the action of natural light, air, and
solar heat. Their conclusion was that the hardening of bitumen upon
exposure was not due to loss by volatilization of the light constituents
alone. The data indicated that the increase in asphaltenes due to
oxidation were also responsible for the hardening. Natural exposure
tests in films of 1/8 in. were also made on liquid asphaltsl7_20.

Realizing the inadequacy of the standard loss on heating test in
providing more information én the quality of asphalts, the Bureau of
Public Roads investigated oven heating tests of asphalt in films thinner
than the 7/8-in. layer of the old ioss test. This work was firét re-
ported by Lewis and Wolbornzz. ‘This report -represented the results of
tests on eighty 50-60 and 85-100 pen. (penetration) asphalts made on
the residues from the standard loss on heating tests as well as residues
from the thin film oven tests. Sixteen 50~60 pen. grade asphalts were

used to study the effects of heating time from 2 to 10 hours and film

thicknesses of 1/8, 1/16, and 1/32 in. The properties of eight residues




from the TFOT were compared with thosec éf the same asphalts recovered
from Ottawa sand and sheet asphalt mixtures used in the Shattuck mixing
testsza. In addition test sections of sheet asphalt were constructed
using one of the 50-60 pen. asphalts. Samples were taken-immedigtely
after the hot mix was laid and compacted. Pénetration, ductility, and
softening point of the reocvered asphalt were compared with those of
theAresidue from the TFOT on the original asphalt. The most significant
conclusions from this study wefe:

@ The standard loss on heating test does not furnish adequate in-
formation concerning the probable behavior of asphalts for use in
hot-mix paving.

® The changes that occur during the TFOT for 5 hours with 1/8-in.
films in asphalts of the 50-60 grade are comparable to the chénges
that may be expected in bitumen recovered from mixtures prepared
in paving plants.

® The ability of asphalts to retain their original characteristics
after the 5-hour, 1/8-in.-film oven tests offers a means of
evaluating their relative durability.

A second paper in 1946 by Lewis and Halstead reported the results
of TFOT on asphhlts of 60-70, 100-120, and 120-150 penetration grade524
The data in this report generally supported the earlier findings for
the 50-60 and 85-100 grades. Requiremeqts of percent weight loss,

retained ductility and penetration on their film oven test (1/8-in.

film heated 5 hours at 325 OF) for all gradés of asphalts were suggested.

Winniford25 studied the reproducibility of the standard loss on

heating test (ASTM D 6) and TFOT as affected by oven design such as the



levelness of the rotating shelves and the rate of air circulation in
the ovens and as affected by testing procedures such as the position of the
thermometer, the sample size, type of container, and the manner the
penetragion on residue is determined. The TFOT proved £o be a more
sensitive measure of the changes in weight and penetration occurring
in the ovens than was tﬁe standard loss on heéting test for paving
asphalts.

The TFOT was modified by Vallerga et al. to study the effect of
heat, infrared and ultraviolet lights on the aging of asphalt826. The
major modification was that the rotating-shelf was tilted at a 15 degreé
angle to horizontal resulting in thinner films.

The ﬁost recent studies including the TFOT were the reports on a
general étudy of propertiés of asphalts produced in the U. S. for
highway construction which were reported in 19592'7 and 196028.

Table 2 shows the evolution of the various oven tests proposedb

and the present standards.



Table 2. Parameters in various oven hedting tests.

(a)

) s6.0 m1

2 oz glass retort was used

Film _
Wt. of ~Thickness Temp Time
Name Sample - (in.) (°F) (hours)

Dow (1897) 20 (a) 400° 30
Richardson (1905) 20 : 0.31 325 '7
Richardson (1905) 20 - 0.31 400 7
Hubbard & Reeve (1911) 20 : 6.28 325 5
Hubbgrd & Reeve (1911) 20 0.28 - 400 5
CASTM (1911) 20 0.28 325 5
ASTM D6-16 (1916) 50 0.83 325 5
Lewis & Welborn (1940) 50 0.13 325 5
Germany (DIN 1995) 100 | 0.31 325 5
British tIP 45/58) 50 0.83 325 5
ASTM D6-64 50 0.83 325 5
ASTM D 1754-63T ) 0.13 325 5
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Effects of Temperature

Both the physical and chemical properties of asphalt undergo charges

~due to time and exposure to heat and oxygen. In general, these changes

are detrimental to its function as b;nder and waterproofing agent.
Since in most applications of asphalt heating is almost an essential
step, thg effects of heat in air has beeﬁ related to asphalt quality,
The resistance of asphalt to change due to heating is considered one
of the most important qualities of asphalt and has been the basis for
all oven heating tests for asphalt.

Since the TFOT is basically a heating test and since almost all
effects that cause changes in asphalt are influenced by temperatgre;
this factor waé studied. Five 85-100 pen. asphalts and one 120-150
pen. asphalt were used in the study. A standard TFOT was ruﬁ on all
asphalts at temperatures from 150 ©F to 400 °F. To stﬁdy the influence
of oxygen, samples of 1/8-in. films were also heated in oxygen and 27
in. mercury of vacuum for five hours at all temperatures. Physical
changes in asphalts were determined by penetration, softening point, and
abéoiute viscosity at 77 ©°F. Chemical changes as indicated by asphaltenes
content changes and oxygen content changes were also determined. The
results obtained at various temperatures are given in Tables 3 and 4.
Figure 1 shows the effect of>temperature in a TFOT on the viscosity
change. Tigure 2 shows the influence of heating in a TFOT3(1/8-ip.
£ilm, 5 houfs) in l-atm oxygen, l-atm air, énd 27-1in. mercury vacuum
on log penctration. Typical curves showing the effects of temperature
on softening point are presented in Fig. 3. The following can be

observed:
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Table 3. LRffccts of temperature.
Temperature Peﬁetration .S.P. Viscosity Asphaltenes
A.C. °r Medium .100/5/77 (°F) 77 OF (megapoises) (%)
1 '225 0, 66 : 128.0' 4.60 22.5
Air 81 122.5 2,40 20.5
Vac 87 119.0 2.10 119.0
325 o, 32 150.5 18.6 28.7
- Air 48 131.5 7.50 22.7
Vac 72 120.5 2.80 19.4
400 0, 16 168.0 25.5 33.8
Air 20 163.0 22.5 26.5
Vac 60 128.5 5.50 20.0
2 225 0, 68 123.0 3.75 18.8
Air 77 120.0 3.25 16.0
Vac 87 116.5 2.10 14.7
325 0, 34 146.5 11.7 244
Air 54 133.0 5.64 18.1
Vac 79 119.5 2.80 15.6
400 0, 19 191.5 2407 30.5
Air 25 158.5 22,5 27.4
Vac 72 131.0 6.20 18.5
7 150 0, 78 115.0 1.58 17.0
Air 83 . 115.5 1.36 16.7
Vac 89 114.0 1.28 16.5
225 0, 74 117.5 2.45 19.3
Air 81 116.5 1.85 17.3
Vac 88 114.5 1.35 16.7




(Table 3. Cont.)
Temperature Penetfation S.P. Viscosity Asphaltenes
A.C. (°F) Medium 100/5/77 °r) 77 OF (megapoises) (%)
325 0, 34 144.5 23.0 24.8
Air 55 127.0 4.65 18.8
Vac 78 117.5 . 1.72 17.1
400 o, -~ - -- -28.0
Air 24 150.5 32.5 23.3
Vac 68 122.5 2.25 19.1
9 150 o, 78 117.5 2.10 19.8
Air 79 117.5 2.00 '19.2
Vac 87 116.5 1.95 19.1
225 0,. 59 120.5 4.15 20.8
Air. 73 119.0 2.40 19.6
Vac 81 117.5 2.05 19.5
325 0, 33 147.5 17.0 25.9
Air 55 124.0 5.50 21.4
Vac 75 119.5 2.45 20.2
400 0, 14 188.0 -- 35.2
| Air 21 | 158.5 66.0 27.6
Vac 62 121.5 3.21 . 19.8
10 150 0, 79 119.5 2.45 13.3
Alr 83 117.5 1.95 12.8
Vac 86 116.5 1.73 12.9
225 0, 65 125.5 3.05 14.8
Air 74 122.0 - 2.45 13.7
Vac 80 120.0 2.36 13.0
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(Table 3. Cont.)
: Temperature Penetration S.P. Viscosity Asphaltenes
A.C. (°F) Medium, 100/5/77 (°F) 77 OF (megapoises) (%)
325 0, 29 144.5 26.5 25.1
Air 55 130.0 6.45 16.0
Vac 74 121.5 3.90 . 13.3
400 0, 20 159.5 520 26.2
Air 29 151.0 31.5 22.6
Vac 65 122.5 4.75 13.8
11 150 o, 120 108.5 0.64 16.0
Air - ,'123 108.0 0.56 15.7
Vac 128 108.0 0.54 15.2
225 0, 95 111.5 1.10 17.6
Air 110 110.5 0.71 16.4
Vac 123 109.0 0.55 16.2
325 0, b4 128.5 10.0 23.2
Air 76 117.0 2.35 19.0
Vac 114 110.5 0.71 16.5
400 o, .27 - - -
Air 32 143.5 23.5 27.1
Vac 98 112.5 0,98. 17.6
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Table 4, Chemical changes vs TFOT.

Original Temp . Original Treéted
A.C. Penetration. (°F) Medium Asphaltenes % O2 Asphaltenes 7% O2
1 88 -- - 18.8 0.79 - --

225 0, | | 22.0 1.11

Air o 20.9 1.06

" Vac ' 19.0 0.90

325" 0, | 28.7 1.85

Air 25.2 1.45

Vac . 19.4 1.12

400 0,  33.8 1.90

Air 30.6 1.48

Vac | 20.0 1.08

325 co, | | 22.1 - 1.02

2 88 -- -- 14 .4 0.48 = -- --

225 0, 18.8 0.86

Air ' 18.0 0.73

Vac 147 0.68

325 0, 24.1 1.16

Alrx . 22.5 | 1,64

Vac 15.6 0.94

400 0, 30.5 1.66

Air | 27.4 1.22

Vac 18.5 1.01

325 N, 17.5 0.71

Cco 17.5 0.64
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(Table 4. Cont.)

Original Temp .Original - Treated

A.C. Penetrat;on (°F) Medium Asphaltenes % O2 Asphaltenes % O2
9 90 A -—‘ -~ 19.1 0.73 -- -

225 0, k - 20.8 0.77

‘Adr : 19.3  0.69

Vac 19.5 0;70

325 O2 25.9 1.00

Air _ 23.4 0.81

Vac 20.2 0.75

400 0, | 35.2 1.40

Air 27.6 0.95

Vac | 19.8 0.85

325 N2 S 21.3 0.86

CO2 _ 21.3 0.80

10 90 ;- -- 12.9 0.63 -= -

150 oé 13.3 0.62

Air 12.8 0.63

Vac 12.9 0.68

225 0, 14.8 1.01

Air 13.7 0.74

Vac : | 13.0 0.75

325 QZ 25.0 1.19

Air ©16.8 1.05

Vac 13.3 0.91
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(Table 4. Cpnt.)

Original Temp Original : - Treated

A.C. Penetration (°F) Medium A:phaltenes % 02 Asphaltenes % O2
400 0, | 26.2  1.10

Alr _ 24.6 1.10

Vac 13.8 6.91

325 N, : | - 14.5 1.00

co, 14.2 1.09

11 134 ~- -- 15.3 0.64 -- -

150 0, 16.0 0.93

Air 15.7 ~ 0.87

Vac 15.2 0.77

225 0, 17.6 1.13

Air | 16.4 0.82

Vac 16.2 0.75

325 0, - ' 23.2 . 1.48

Air | | 20.6 0.86

Vac 16.5 0.85

400 0, ‘ 24.0 0.82

Air 27.1 1.22

Vac 17.6 0.83




' Viscosity at 7T7°F, megapoises
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Fig. 1. Log viscosity vs temperature.
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Fig. 2. Log penetration vs temperature.




Softening point, RéB-°F
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77 150 225 325 40077 150 225 325 40077 150 225 325 400

_... Temperature~-°F

Fig. 3. Softening point vs temperature.

.Hardening and rate of hafdening increase with increasing temperatdre.
However, the hardening due to temperature alone as éhown for
samples heated in vacuum is not pronounced even under relatively
severe TFOT conditions, especially at lower temperatures. In most
cases heating in a vacuum at 400 °F causes hard‘ening only roughly
jequivalent to heating in oxygen at 225 °F. Relations between volatility
and hardening will be discussed later in the report.

@®When heating asphalts in the presence of air or oxygen, the effects
of temperature on hardening are drastically compounded due to
oxidation (A and O curves). This demonstrates bthe profound oxidation

factor in the hardening of asphalt.




® A marked increase in hardening during TFOT (A curves) as indicated
by viscosity and penetration changes occurs from 250 °F upwards.

Some asphalts, e.g. Asphalts 1 and 11, the rate of hardening

decreased somewhat after 350°F when héated in presence of oxygen.

This suggests: (a) Reaction of different asphalts to heat in

presence of oxygen may vary considerably, and (b) The beha&ior of

asphalt in the presence of oxygen and the mechanisms of hardening
below and above 350°F may differ.

The influence of oxygen on the effect of temperature on hardening
during TFOT is further'démonstrated by Figs. 4 and 5. Figure 4 is a
plot of penetration change against log partial pressure of oxygen
in the oven at various temperatures for Asphalts 9 and 10. Figure 5
shows the effect of oxygen on viscosity change at various temperatures
. for Asphalts 1, 2, 7, and 10. At least two facts are clearly indicgted
by these curves: (a) The effect of oxygen is more pronounced at high
temperaﬁuresthan at low temperatures, and (b) The effect of oxygen
in asphalt hardening is more obvious'at low oxygen partial pressures
than at high ox&gen partial pressures. The influence of oxygen on the
asphaltene formation is shown in Fig. 6. This again demonstrates that
the asphaltene increase in asphalt during TFOT is a function of oxygen
partial pressure as well as temperature.

The effect of temperatﬁre on the chemical properties of asphalts
during TFOT is indicated by an increase in asphaltene and bercent oxygen
in the residue. The relations between the asphaltene change and temperature
of heating is shown in Fig. 7. The relation between the oxygen content

of treated asphalt and heating temperature is shown in Fig. 8. The
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contributions of both oxygen and temperature in bringing about changes

in asphalt during TFOT was again very evident.
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Effects of Film Thickness

The major difference between tﬁe standard Loss on Heating Test
(LOH) and the Thin Film Oven Test (TFOT) is the film thicknéss. Fiim
thickness has been recognized as one of the most important facfofs in
influencing aéphalt hardening not ‘only in OVeﬁ'heating tests, various
microfilm durability tests.of-asphalt, but also in the field application
of asphalt, | |

Film thickness as a factor was studied on Asphalts 9, 10, and 11.
Asphalts in films from 1/64 in. (0.4 mm) to l-% in. (38.5 mm) were
heated in standard‘ovén at 325 OF for 5 hours. Metal containers with
surface area of 23.8 sq cm (3 oz cans) to 153.9 sq cm (TFOT pans) were
used. Changes in asphalt after heating in various £ilm thicknesses
were determined bf gliding plate microviscometer; R&B softening point
test, and percent asphaltenezg. Tﬁe film thickness, exposed surface
area of sample, volume of asphalt'ﬁsed, specific surface and resulted

, . . o -
viscosity at 77 OF (rate of shear of 5 X 10 "sec 1), softening point,

‘and percent asphaltenes for the asphalts studied are given in Tables

5,,6, and 7. Relations between film thickness and viscosity.of the
residue is shown in Fig. 9. Effects of film thickness on softening
point of residuc is shown in Fig. lO._‘Asphaitene content change due
to change in film thickness in TFOT is shown in Fig. ll. "For comparison
the plot of sbftening point versus log specific surface is given in
Fig._12. The following conclusions have been made:

@® Hardening and chemical change in.asphalt during TFOT is a fungtion

of film thickness.
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. Table 5. Effects of film thickness, A.C. No. 9

Surface

Film Specliic Viscosity Softening ;
Thickuess area Volume surface 77 OF point Agphaltenes
(in.) (m)  (em?) emd)  (m/p) - (poises) ©r) )
1 38.1 38.5 146.6 0.26 2.35 x 10° - 19.0
1 25.4 . 38.5 97.8 0.39 2.50 x 10° 115.5 (9.1
13/16 211 23.8 50.0 0.48 2.70 x 10° - 19.1
34 19.1  38.5 73.3 0.53 2.55 x 10° - --
RRVE: 12.7 38.5 48.9 0.79 2.85 x 10° - -
1/4 6.4 18.5 2.4 L.58 3,00 x 10° 121.0 -
174 6.4 153.9 97.8 .58 3,20 x 10° 118.5 9.3
3/16 4.8 38,5 18.4 2.10 3.65 x 10° 119.5 -
3/16 4.8 153.9 73.4 2.10 3.90 x 10° 119.5 19.4 f
1/8 3.2 38.5 12.2 3.15 5.40 x 10° 123.0 - %
1/8 3.2 153.9 50.0 3.15 5.10 x 10° 122.5 20.0 E
1/16 1.6 153.9 24.4 6.31 1.73 x 10’ 132.5 23.2 ;
BRVE?) 0.8  153.9 12.2 12.62 4.00 x 107 -- 28.0 |
h__;lléé_ 0.4 153.9 6.1 25.24_ 250 x 10° 30,6 |

®No appreciable change took placé in the asphalt during

5 hours at

325 OF in films of more than about 1/4 in. thicknesses indicated

by all properties determined.

However, asphalts in films less

than 1/4 in. to 1/8 in., significant chaﬁges occurred both in

consistency as measured by absolute viscosity and softening pdint,

and in chemical changes as indicated by the increase in percent

asphaltenes.

®In
vs
or

is

both log viscosity vs log film thickness (Fig. 13) and asphaltene

- log £ilm thickness, Fig..l4, plots, there appear to be a critical

transitional film thickness.

Below and above these points there .

a linear relation between log viscosity and log film thickness,

and percent asphaltene and log film thickness over the range studied.

e ke amtinen ¢
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Table 6. Effects of film thickness, A.C. No. 10. B

'L, ’
oftim Surlace Specific Vigcosity Softening :
Thickness arga Vo lume surface 77 OF point Asphaltenes
(in.) (mm)  (em®) (emd)  (em®/g)  (poises) ©r) %)
Doy 38.1 38.5 146.6 0.26 1.85 x 10° -- ' 13.0
1 25.4 38.5 97.8 0.19 2.40 ¥ 10° 116.0 13.1
Cbie 21 23.8- 50..0 0.48 255 x 100 - N
T 19.1 38.5 73.3 0,53 2.50 x 10° - 3.3
. 1/2 12.7 8.5 48,9 0.79 2.50 x 10° - 13.4
f
1/4 6.4 38.5 244 1.58 1.%0 x 10° 124,0 14.0
L/4 6.4 153.9 97.8 L.58 2.80 x 10° 122.5 13.6
116 4.8 8.5 18.4 2.10 450 x 10° 125.5 16.6
316 4.8 151.9 73.4 2.10 4.40 x 10° 125.0 . 15.2
1/8 3.2 38.5 12.2 1,15 5.70 x 10° 127.5 18.6
1/8 3.2 153.9 50.0 3.5 5.30 X 10® 128.0 16.7 :
1/16 1.6 153.9 24.4 6.31 1.55 x 107 136.0 19.1
1/32 0.8  153.9 12.2 12.62  3.15 x 100 153.0 22.6
/64 0.6 153.9 - mme 6.1 25,24 5.70 X 107 o m o e . 2640 é
® The change in slope of the straight lines could indicate changé in the

mechanisms causing hardening and increase in asphaltene content. It is
suggested that in asphalt films thicker than the '"transitional thickness"
volatilization and heat aré.major effects, while in films thinner than
the "transitional thickness" oxidation and heat assume more significant
importance.

Note that the straight line portions of Asphalt 9 intersect at a

film thickness of 4 mm on both viscosity-film thickness and asphaltene

content-film thickness plots; for Asphalt 10 these points occurred at
7 mm and at 5 mm, while for Asphalt 11 they were 7 mm and 4 mm. It is
interesting to note that, accordihg to Blokker and Van Hoorn30, hardening

of asphalt due to oxidation in the dark may occur down to depths of 3 mm

or more by measurement of the rate of oxygen absorption and to depths
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L/

L.2.20 %X

.?able.7. Effects of film thickness A.C. No. 11 o i

j —
Film Surface Spect fic Viscosity Softening

Thickness “FOQ Vo}u e _sur&uuo 77 °oF point Asphaltoence

- (ny) (mm) (em®) (em™) (em®/p) (poises) (°F) (k)

: ;
1 25.4 38.5 97.8 0.39 5.30 x 10° 108.5  16.2

C13/16 21,1 23.8 50.0 0.48 6.20 x 10° -- 165
34 19. 1 18.5 73.3 0.53 7.80 x 10° - 16.9 |
1/2 12.7 38.5 48.9 0.79 8.20 x 10° - 17.2
1/4 6.4 38.5 26,4 1.58 1.00 x 10° 112.5 18.0

; 1/4 6.4  153.9 97.8 1.58 8.70 x 10° 112.0 17.5

? 1/16 4.8 38.5 18.4 2.10 1.26 x 10° 114.0 17.9
3/16 4.8 153.9 73.4 2.10 1.06 x 10° 113.5 8.0
1/8 3.2 18.5 12.2 3.15 2.23 x t0° 116.0 19.4

1/8 3.2 153.9 50.0 3.15 2.15 x 10° 116.0 18.9
1/16 1.6 153.9 24,4 6.31 3.45 x 10° - 21.4 |

ERVEY 0.8  153.9 12.2 12.62 9.80 x 10° 138.5 23,4

s 0.4 153.9 6.1 25.24 107 - 26.1 |

depths of about 5 mm by theoretical calculation on the depth of oxygen

_ penetration.

@ Since slopes of the straight line portions of the viscosity~film

thickness plots for various asphalts are not necessarily the same

(possibly due to the differences in the reactivity of asphalts

towards oxygen and in the volatiles available in the asphalt) and

since the consistency change is not a linear function of film

thickness throughout the entire range of film thickness, it is

not difficult to understand the poor correlation between hardening

during LOH and TFOT,

@ The effects of the sample volume on TFOT results were studied by

heating asphalts in 1/8-in. film at 325 OF for 5 hours in volumes

of 7.6 ml to 51.8 ml. The viscosity of residues was determined
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at 77 9°F. Results on two asﬁhalts are given in Table 8. It was
concluded that, within the range studied, the volume of sample has
no cffect on TFOT results as long as other conditions remain
constant. Data on 1/& in..and 3/16 in. films on all three asbhalts

also support this conclusion.
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Table 8. Effects of volume on TFOT.
Film :
thickness Volume of Viscosity at 77 °F
A.C. (in.) sample (ml) (megapoises)

10 1/8 7.6 5.85

1/8 8.1 6.60

| 1/8 12.2 5.76
‘ 1/8 12.3 6.30
1/8 25.0 6.60

1/8 26.0 6.05

1/8 '50.0 6.15

1/8 51.8 6.30

11 1/8 8.1 2.25

1/8 12.2 2,23

1/8 25.0 2.20

1/8 50.0 2,15
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Effects of Heating Time

The effect of heating time on the TFOT (1/8-in. film, 325 OF) was
studied by Lewis andlwelbérnBl, on sixteen 50-60 pen. asphalts up.to
10 hours. To obtain more definite information concerning the behavior
of 85—100‘ben. and 120—150>pen. asphalts in the TFOT with respect to
time and in terms of absolute viscosity and chemical changes, Asphalts
9,.10, and 11 were heated at 325 OF in 1/8-in. films for periods up to
25 hours.. Penetration, sdftening point, absolute Viscosity.at 77 ©F,
and peréeht asphaltene were determined on residues after various periods
of heating, Results of the tests are given in Table 9. The effect
of heating time on penetration is shown in Fig. 13. Also shown in>Fig°
13 is the plot of percent penetration loss with time. FigureilS shows
the increase in viscosity with time for all three asphalts. Hardening
takes place at decreasing rate with time of heating. When hardening is
evaluated in terms of penetration ratio, a linear relationship was found
between penetration ratio and time of heating, Fig. 14. A stfaight
line relationship was alsé found between softening point of the residue
and the time of'heating,'as shown in Fig. 16, The'TFOf is relatively
insensitive to variation in time of heating at 5 hours. A variation
of 15 minutes would vary the penetration on TFOT residue by less than
2 percent. The increase in asphaltene content in asphalt with timé of

heating was expected and is shown in Fig. 17.




Table 9.

Effect of heating time, 1/8-in. film, 325°F.
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Effects of Heating Medium

When the oven heating test for asphalt ﬁas first developed, the.
major concern was the weight loss during the test. The purpose of the
test was obviously the evaluation of the volatility of asphalt and thus
was named by many as the Volatilization Test and by the ASTM as the Loss
on Heating Test.v

While it seems to be the concensus of opinion that the TFOT is an
evaluation of the combined effects of volatilization, oxidation, and heat
on asphalt, the nature or the relative importance of each factor in the
test has not been agreed and clearly defined.

To evaluate the relative effects of volatility, oxidation, and heat
on the TFOT, asphalts were exposed fo 27-in, vacuum,. air, éxygen,
nifrogen, and éarbon dioxide for 5 houré in 128-in. films at 325 OF.
Peﬁetration, softening point, viscosity at 77 °F, and percent asphaltenes
were determiﬁed on the residues. Results on these tests are presented
in Table 10. Percent loss in penetration during heating at 325 ©OF in
1/8-in. films in various atmospheres are sﬁown graphically in Fig. 18,
The following can be noted: |

QOxygehn is the most important element causing hardening during the

TFOT. When the availability of oxygen decreased from heating in

oxygen to heating in vacuum, hardening also decreased.

®Nonoxidative hardening exists during the TFOT since hardening occurs

Qhen asphalt is heated in absence or limited amount of oxygen.

@® Comparing the average penetration 1635 of 40 percent when ésphalt

was heated in air and the 15 percent loss in vacuum, it can be




Table 10. Effects of heating medium in TFOT, 325°F, 5 hours, 1/8-in, film.
Penetrat oo SolTening, Viscosity 7/ °OF Pereent
A, No. Mol i tm o0/n/ 07 paint () (meprapoises) Asphaltenes
[ Oriyinal 48 Fhe.s 2.10 18 .4
N,y bt Al 1721.0 7.50 19,1
¢o,, 1 oatm 70 NI 280 9.5
20 i ovae /7 [V 2,80 19.5
Alv, 1 atm Y 131 0h /.50 i
():{‘ Toatm R FOO. Y 18.6 8.7
2 Original HY oL Y 1,90 .4
NZ' I atm 7t 1225 2. 640 16.1
(2()2 b oatm 2 121.0 2,07 1.0
27 in vac 79 119.9 2.80 {5.6
Air, | atm 54 133.0 5. 64 18.1
()2, 1 atm 34 1465 11.70 24.4
7 Origyinal 90 112.5 1.25 16.6
- N‘Z.' I oatm 67 11BN 2.80 6.7
(I()y, 1 atm 67 121.5 2. 30 19.9
27 in vace 8 I7.n b7 17.1
Afr, 1 oatm "% 12:7.0 Ao06h 14,8
()2 , ontm 34 1445 23.0 24.8
9 ()1'i;"|'_nzll 90 116.9 2.10 19.1
N,. I atm 67 121.5 2.9% 18.9
co,, , 1 atm 5153 120.0 2.80 19.0
27 in vace 75 P19, 5 .45 20.2
0,, I atm RR] 7.5 17.0 L9
Aly, 1 atm hh 124,0 .50 L4
|
i 10 Oriplnal 90 11/7.0 1,70 1.9
N?. 1 alm 094 128,15 'a.‘m 13,9
(f“,!, I oatm 00 [ I 5. 80 14,2
27 in vav 74 12000 b, 90 13,3
Alr, 1 atm "N 10,0 0,44 16.0
()2 b oatm 29 144, '.1 hoh 'H5.010
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Fig. 18. Effect of héaling medium in penetratidn loss.

concluded thaf, at 325 °F, only about 40 percent of hardening in
terms of penetration loss can‘be'attribufed to héat (polymerization)
and Volatilizatlon, the rest belng due to essentially ox1dat10n..

@® The minor role volatLllty plays in the TFOT hardenlng can be ob-

served from the facts that: (a) The weight loss in asphalt heated

in vacuum was greater than weight loss in asphalt heated
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in either air or oxygen, however, asphalt hardened much less
"when heated in vacﬁum; and (b) when asphalt was heated in absence
of oxygen, hardening occurred where little or no weight loss due

to volatilization was observed.
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Thin Film Oven Test vs Volatility of Asphalt

Many factors contribute to changes in asphalt during handling and
under service conditions. Traxler31 sﬁggested 15 of them. The more
important ones include oxidation, volatilization, polymerization, and
age hardening. When cpn;idering ér evaluating these factors in relation
to asphalt quality or durability it should be remembered that: (a)

Some factors are more important in influencing asphalt durability in one
phase of asphalt use than in others, (b) One or more of the factors

may function simultaneously, and (c) Almost all the effects are affected
by time and heat. |

Volatilization can be defined here as the evaporation of volatiles
or lighter constituents from asphalﬁ. Exposed surface area, temperature,
pressure, and heating time can all Have effects on the procesé., The
degree and rate of volatilization of any asphalt depends upon the
compoéition of asphalt, the nature and quantity of its volatiles, and to
a certain extent on its source and refining procedure.

Volatile evaporation from asphalt cements produced by a modern
refining process at road service temperatures is unlikely or not in
the order of any significance. However, when hot asphalt 1s mixed
with hot aggregate and spread in thin films, as in the mixing process
of an asphaltic concrete, the conditions are very favorable tO-loés
of volatiies. Many invesﬁigator§32—34 believe that during mixing
process volatilization is one of the major causes for hardening of
asphalt. Hardening of asphalt due to evaporation of volétiles has

been included in the study of durability of paving asphalts.




Qualitative detection of existence of volatiles in asphalt can be
determined by the Flash and Fire Point Test. To assess quantitétively
how much har&ening during hot mixing of asphalt is due exclusively to
volatilization, or the relative importance of volatilization in asphalt
hardening is difficult, if not impossible. This'is due to the closely
associated mechanisms of volatilization; oxidation, and polymerization.
One way to evaluate the hardening of asphalt due to volatilization is
by heating asphalt in inert atmosphere. In this approach while oxidation
is eliminated still only a portion of the aéphalt.hardening may be

attributed to the loss of volatiles since heat is involved. Another
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approach to the problem has been various forms of oven heating or volatilization

tests, especially Loss on Heating (LOH) and Thin Film Oven Test (TFOT).

There are many questions in relation to the value and interpretation

of LOH and TFOT results and volatility of asphalt. Among these more

basic ones are:

® Does
® Docs
@® What
®What
@® What

loss

weight loss correspond to hardening or viscosity change?
LOH or TFOT weight loss reflect total amount of volatiles?
are the relationships between standard LOH test and TFOT?
are the mechanisms of weight change-during.oven tests?

are the effects of temperature and oxidation on welght

during oven tests?

In attempting to answer some of these questions, 10 asphalt

cements were studied, ranging from 50-60 to 200-300 pen grades. Weight

losses, penetration, viscosity at 77 OF, softening point, and asphaltene

content were determined both on standard LOH tests and on TFOT.A In

addition, weight change histories of all asphalts both under LOH




(13/16-in. film, 325 ©F) and TFOT (1/8-Sn. film, 325 OF) conditions
were recorded until up to 480 -hours or until a definite weight gain

was obtained. Also weight

' and consistency changes during
“

: TFOT in air, in oxygen, in
Sample WI:500q .

Film thickness : Lin . .
27-in. mercury vacuum and

1818} 10

a0 . .
in nitrogen (or carbon

60 dioxide) at temperatures of

150, 225, 325, and 400 °F

weight zcin — mg

10

were determined. Weight
20
change and percent hardening

of the 10 asphalts during

20 standard LOH tests are tabulated

0 in Table 11. The same in-
formation on TFO tests is
80}

shown in Table 12. Weight

" change histories of asphalts

weight loss - mg

100

during TFOT and LOH were

170 plotted graphically against

time in Fig. 19 and Fig. 20,

140

respectively.

Fig. 19. Weight change during TFOT.
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Louan ’ Vigaosity

Origlinnl Max {mum Hoursg . :
Ariginal visvosity walght at during  Penctration Poreent Lo, Poryont,
punet ation ar 77 °F loss max |,num LOH LOIL Percent  havdening  wmegapoises hardenung
Asphalt (Po) (magapoises) (ng) Loss [¢3) Pl retalned Po/ Pl (NZ) N/ No
A 59 3.60 7 10 0.01 .50 85 L18 4,50 124
B /A 2.50 7 4 0.0l 66 B8 L4 3. ‘3.5 134
! 84 2.10 1273 557 0,10 n 38 EA 2,90 138
2 88 1,90 35 25 0,04 8y . .‘M 106 2.'5’; L2
7 0 1,25 15 8 0.03 A0 89 12 2,10 Log
P 90 2,10 7 5 0.01 4 71 79 127 ' 2,70 12y
(43} ) 90 - L.70 Mb ABOb 0.03 >80 39 L2 2,55 1.50
[ 112 0.80 ) L76P' /480b 0.04 B8 .79 128 1.67 209
1L L34 0.53 L Cb 0.00 L10 .82 . 122 0.69 L30
n 238 0.L6 21.0b 5801’ 0.03 203 86 1.7 0.25 150
"]'-:topputl at 39 liours.
h';mppml at /080. hours.
- Table 11. Weilght change vs consistency change during LOH tesfs .
Hours Welight
Original Maximum at change Viscosity
Original viscosity weight maximum during Penetration Percent Percent TFOT, Percent
penetration at 77 °F Loss welght  TFOT _TFOT retained hardening megapoises hardening
Asphalt (Po) (megapoisgs) (mg) loss . (%) Pt Pt/Po Po/Pl (Ne) Nt/No
A 59 3.60 0 -- +0.08 36 6l L64 11.0 306
B 75 2,50 1 2 +0.09 48 64 160 5.45 218
L 8;3 2.10 1402 28" ~0.08 56 57 176 7.50 357
2 Sé 1.90 13 7 -0.02 55 63 160 4.90 258
7 90 1.25 8 4 -0.00° 56 62 161 3.10 248
9 90 2.10 2 2 +0.03 55 61 l64 5.10 243
1o %0 1.0 10 2 0L 55 51 164 6.15 161
C 112 0,80 10 7 -0,01 65 58 172 2.75 344
11 134 0.5) 1. 2 0,10 79 59 170 2,15 4lo
" 28 0.16 22 5 0.04 13l 55 182 0.5% I
"uu\pped at 28 hours,
Table 12. .Weight change vs cons istendy change dur ing TFOT .
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Weight Loss During Oven Tests

From Figs. 19 and 20, it is sccn that, under both Loss on Heating
(LOH) and Thin Film Oven (TFO) tests conditions, the majority of asphalts
studied showed initial weight loss and, after continued heating in the
oven at 325 OF, showed weight gain. Most of the asphalts eventually
showed net weight gain. The time when weight gain occurs varied for
different asphalts,.depending mainly on the difference in amount and
nature of volatiles in asphalt. It is noted that this generally oécurred
earlier in TFO tests than in LOH tests, because of the thinner film, more
available surface area and thus more favorable conditions for wéight

gain through oxidation. For TFO tests, the points of inflection occurred

“between 4 to 8 hours and for the LOH tests, 5 to 20 hours. Asphalt 1

showed continuous weight loss during the TFOT beyond 28 hours. Asphalts
10, C and D showed net weight loss up to 480 hours during the LOH test. |
Based upon the preceding observation a hypothesis on weight change
during the LOH and TFO tests is proposed and is represented graphically
in Fig. 21. It is suggested that, during the oven test at.325 OF, two
major factors (opposing each other) contribute to weight changes of

asphalt. Oxidation constitutes weight gain and is shown by line 0G.

The rate of weight gain is influenced essentially by oxidation susceptibility

or reactivity (or chemical makeup) of asphalt, coefficient of diffusion
of asphalt, and available surface area. Loss of volatiles results in
wéight loss and is shown by line OLO'. Weight loss continués until
time O', when all available volatiles (at prevailing temperature and
pressure) are evaporated. The rate of weight loss depends upon the

nature and amount of volatiles. The net weight change at any time during
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Fig. 21. Hypothetical weight change with time during oven heating tests.

an oven test is therefore the difference between the two factors and is
represented by OL'0"G' in lower diagram of Fig. 2l-a. ©Eight of the ten
asphalts studied during TFO tests and seven of the asphalts dqring TFO
tests and seven of the asphalts during LOH tests followed this pattern.
Some asphalts, especially lower pénetration asphalt cements such
as Asphalt A, have a weight gain larger than weigﬁt loss due presumably
to more oxygen up-take or small amount of Vélatiles. Then there will
be net weight at all heating times, shown in Fig. 21-b. On the other
hand, for some asphalts with mere 325 °F volatiles as compared with
wolght galn due to oxidation, a welght gain will be observed for some

time during the oven heating tests. This is indicated by Fig. 2l-c.
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Weight Change During LOH and TFOT

From Figs. 19 and 20 and from the suggested mechanism of weight
change duriﬁg oven heating tests, the following conclusions
have been drawn with respect to weighﬁ change dufing LOH and TFO tests:

O Referring to Fig. 21-a, it is obvious that during either LOH or TFO
test; if point 0" (change from‘nct weight - loss to net weight gain) occurs
within 5 hours, a welght gain will be noted, and 1F 0" occurs after 5
hours, a welght loss will be noted. Since asphalts can behave either
way, a definite wéight loss during cither LOH or TFO test 18 not to be
expected,

@ Maximum weight losé does not necessarily occur at 5 hours heating
as in the case of LOH and TFOT, and weight_chénge versus time is not
linear. However, if there is a weight loss indicated in LOH of TFOT,
this loss does reflect the potential Volétility or maximum weight loss
can be expected for this aépbalf at this tenmperature. This is illustfatéd
in Table 13.

® There 18 no simple relétionship between weight loss in LOH and weight
loss in TFOT. 1If any relationship exists it is'only in broad and qualita-

tive terms.

Weight Loss and Hardening During Oven Tests

Opinion differs among asphalt paving technologists on the significance

ol weight loss and its relationship to hardening during either LOH or
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Table 13. Rank of asphalts according to.weight.loss and hardening-
: during the LOH and TFOT. :

_ ' } Thin Film Oven Test (TFOT)
Loss on Heating (LOH) Percent

‘ Percent weight

| Maximum welght Maximum loss

| weight  loss Hardening weight (gain) Hardening

j loss 5 hours penetration viscosity loss 5 hours penetration viscosity

‘ 11 11 ’ 2 2 | 2 7 (9) ‘B B

A A 10 A A c () 2 9
B B 7 9 9 2 (B) ? 7
9 9 B 11 11 D (1D 10 2
7 7 1 B B 1 (10) A A

10 2 D 1 1 9 | D

D 10 A D D 11 C
2 C 11 10 10 C 1
C D 9 7 7 1 10
1 1 c C C D 11

TFOT. One 1ine>;£ tﬁought.is that increase in hardening is roughly ig
direct proportion to the volatility, as measured by the increase in loss
for LOH or TFOT. Other technologists find no relation between weight
loss and hardening during heating. |
For comparison, the.lo asphalts studied are listed in Table 13 in»
order of increasing maximum loss, weight loss (or gain) at 5 hours,
hardening by retained penetration, and hardening by viscosity ratio,

for both LOH and TFOT. The following observation can be made:



‘No exact c”orfelation betv»;eén weight 1oés and t;hé ﬁardening ‘d'drring
LbH or during TFOT. However, when the weight change is excessive, either
loss or gain, it could indicate a high degree of hardening.

®Relationships between hardening during LOH and during TFOT are
plbtted in Figs. 22 and 23, The degree of hardening dufing LOH-doés
not necessarily reflect hardening during TFOT. The correlation coéfficient
is 0.3742 for hardening measured by penetration, and 0.2233 for hardening
measured by viscosity ratio.

@ The relationship between hardening as measured by retained penetration
and by viscosity ratio is shown in TFig. 24. Hardening dﬁring the
TFOT showed better correlation than that during the LOH.
| Since hardening during oven heating tests is resulted from a
combinétion of mechanisms including oxidation, loss of volatiles and
polymerization, and only loss of volatiles contributes to Weight loss,
it is reasonable not to expect a simple relationship between weight
loss and hardening under normal LOH QrTFOT tests.,

Té eliminate to some degree the weight gain factor due to oxidation,’
.asphalts were heated in a vacuum of 27-in. mercury under TFOT conditions
(1/8-in. film, 5 hours) at temperatures from 150 °F to 400 °F. Weight
loss and viscosity of residue at 77 °F were determined and are shown in
Table 14. The percent weight loss appears to be related to a viscosity
change when oxidation is eliminated. The same relationship was noted

between penetration and weight loss during the TFOT in vacuum. " Even

under this condition, it is doubtful that the hardening observed is

due entirely to volatilization, because temperature is involved,
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The Effect of Temperature on Weight Loss

The éffects of temperature on weight loss during TFOT were investipgated

by heating asphalts in.1/8-in. films for..5 hours at temperatures from

150°°F to 400 °F and in oxygen, air, and a vacuum. Percent weight loss

of six asphalts at various temperatures is tabulated in Table 14 and is

plotted in Fig. 25. The following observations are made:

....Percent retained penetration




Table 14. Percent weight change vs temperature and medium during TFOT.

A.C. ‘Medium 225 OF 325 OF 400 OF
1 402 +0.10 -0.12 ~1.40
Air -0.005 -0.08 -1.60
Vac -0.08 -0.80 -1.60
N, -- -1.06 -
2 0, +0.14 +0.32 =0.37
Air +0.07 -0.03 -0.13
Vac -0.04 -0.19 -0.48
N, - -0.06 -
co, -- -0.13 -
7 0, +0.10 +0.20 -0.56
Air +0.05 +0 -0.48
Vac _-0.05 -0.12 -0.76
N, -~ +0.04 -
9 0, +0.14 +0.30 -0.76
Air +0.02 +0.03 -2.03
Vac ~0.05 -0.32 -1.30
N, -- -0.10 --
co, -- -0.06 -
10 0, 40.10 +0.30 -0.20
Air 40.06 +0.14 -0.25
Vac -0.18 -0.30 -0.46
N, - -0.03 --
co, - -0.14 --
11 0, +0.18 +0.,30 -0.80"
Alr +0.08 +0.10 +0.26
Vac x -0.04 -0.14 -0.28
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@ The effects of temperature alone on the weight loss is that
the increased temperature will increase thé rate and degree of evaporation
and thus weight loss during TFOT.

“. However, if oxygen is available and oxidation occurs at the
same time, as in the case of heating in air and in oxygen, the weight
change is no longer a simple function of temperature and wiil depend on
the relative‘weigﬁt change due to oxidation and to evaporation at
various temperatures. All the asphalts studied showed a weight gain up

to 325 °F. The weight gain caused by oxidation is about a linear function

of temperature up 325 OF, At 400 °F (204 ©°C) all asphalts heated in




oxygen showéd a losé in weight, indicating a change in mechanism. The
net loss‘in weight at 400 OF gseems to be in line with Pfeiffef's
postulation that at high temperatures the oxidation reaction réSults

in formation of water insﬁead 6f combining of_oxygen-in.thé bitumen35.

The loss in weight at this temperature céuld then be partially interpreted
as the formation of water through dehydrogenatibn and loss of water due

to evaporation.

General Conclusions on Weight Loss During Oven Heating‘Tests

The following conclusions have’beenvmade concerning the weight

changc during LOH and TFOT:

@ Observed welght loss during LOH and TFOT is the result of a combina-
tion of several mechanisms and cannot be expected for all asphalts.

@Veight loss during LOH and TFOT can 5e related to volatility of
_asphalt only in very general terms and isvsignificant only when it is
substantial.

@Veight .loss during LOH and TFOT does not relate to hardening due
to yolatility in simple form., |

@No relationship was found between weight 1§sses during LOH and

during TFOT.



Hardening During TFOT
All ‘asphalts hafdeﬁ in the presence of heat and oxygen, as in the
case of the TFOT. The degree of hardenihg in asphalt during the TFOT
approaches that occurring during hot mixing. The hardening and chemical
changes durihg the TFOT for the 85-100 pen. asphalts studied are shown

in Table 15 and summarized as follows:

@ Asphalts harden during TFOT at different rates and degrees'as

indicated by reduction in penetration, increase in softening point and

viscosity at all tempgratureé..

® Chemical changes dufing _TFQT are indicated by increases in asphaltene
and percent oxygen as'weli as aﬁ.increase of percent oxygen in asphaltene.

o Hardening during the TFOT is accompanied by a decreaée in complex
flow "C" or deviation from Newtonian characteristics of the asphalt.

@ Hardening during the TFOT is accompanied.by an increase in shear
index ot shear susceptibility.

@ Hardening during TFOT i's. accompani.ed by reduction in Kinnaird's
"characterizing féctbr;" indicating existence of non-oxidative hardening

during the test. However, oxidation is considered the predominant

- factor (see the discussion on volatility and effect of heating medium

during TFOT).
' QD The temperatufe susceptibility of asphalt during TFOT remains
unchanged.

® Since it is the properties of ﬁsphélt in the finished pavement
that dictate the performance of the pavement and since the TFOT has
been able to duplicate changés in asphalt after mixing and laying,
the properties ofbthe TFOT residue shoqld be of prime concern not only

in gpecifying asphalts but also in durability study of asphait.



Table 15, Changes in 85-100 pen asphalts during the TFOT.

Percent
Viscosiiy Log temp. Comip Lex Shear oxvgen
g 77 °F 140 °F coef, of flow "c¢"C index Percent Percant” in
AC F) C.F (megapoises) (poises) wviscosity~® at 77 OfF at 77 ot asphzitenes® oxygen  asphaltenes
1-0 88 116.5 22 L2.10 1510 11.29 0.901  0.017 18.8 . 0.79 £.59
1-R 50 130.5 19 7.50 5320 11.29 _ 0.510 0.344 22.8 1.00 2.13
2-0 88 ~ 116.5 22 S 1.9 1740 11.43 0.781 | 0.176 . 14k 0.48 1.37
2-R -35 126.5 18 4.90 - 2940 11.43 0.55% 0.20% 17.9 0.72 ©1.73
7-0 9% 112.5 19 | 1.25 ' '1336 12.86 0.9686 0.035 16.6 0.81 114
7-R 56 126,516 - 3.10 2970 'i. 12.86 0.933 0.213 187 1.01 | 1.59
-9-0 % - 116.5 23 2,10 1550 12.86 l.poo A,o.osﬁ , 19;1 - 0.73 1.10
9-R 55 1235 14 | 5,10 7 _3660~ ' 12;86> £ 0.900 0.176 21.0 1.10 1.32
110-0 90 118.0 25 1.70 1860 1143 1.040 Q.loé 12.9 0,63 1.85
10-R 55 129.0

- 20 6.15 4720 11.43 1.000 0.141 15.9 : 1.13 2.18

0 — Original

'R — Residue from the TFOT.

~aCharacterizihg factor. Kinnaird, R. N., Jr. Proc. AAPT 27:155 (1958).

bTemperature susceptibility. - Slope of the log viscosity vs.log temperature plot.

c, e . : . P s .
. The slope of the log rate of shear vs log shearing stress plot. Traxler, R. N. Asphalt. Its Composition, Properties and Usss.

p. 53 (1961).

dThe slope of the log viscosity vs log rate of shear plot. “Hveem, F. N., Zube, E, and Skog, J. Proc. AAPT 32: 271 (1963).

°Csanyi, L. H. and Fung, H. P., Proc, AAPT 23:64 (1954).,
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i_ | -~ Thin Film Oven Test and Duectility

- 6 : .
} Since its introduction by Dow3 in 1903, the ductility test has

been the subject of frequent discussion and remains the most controversial

test in the specifications for paving asphalts. Some asphalt technologists§7—40

consider that the ductility test is a measure of cementitiousness or ad-
hesiveness, elasticity, mobility, cohesiveness or tensile strength of

\ .

| .

| asphalt and that these properties are essential qualities of asphalts.

41-43 o . . -
Others feel that the test, at least at standard testing conditions,
has little or doubtful meaning or is misleading.
Many research efforts have been directed toward the study of low

temperature duct:’ilityML“47

» the effects of rate of elongation and dyctility-
s . Y S

temperature or ductility-penetration relationship . . Findings from
these studies can be summarized as:

® There is an optimum tempefature or penetration at which each asphalt
has a maximum ductility and

® Low temperature ductility has more significance than ductility
measured at 77 OF,

Data on correlation between standard ductility (77 °F, 5 cm per

minute pull) of asphalt and its field performance have been lacking.
From the limited studies conducted over the years the following are
noted:

®Ductilitcy, especially tested at low tcmpcraturés, can be related
. . 49,50
to pavement cracking and

®Ductility of an asphalt after it is incorporated into the pavement

. . . . - . . . ' 51
is of prime importance in determining the quality of a bituminous structure” .




Thérefore, it appeérs that the ductility of residue from TFOT is more .
important than that of the original asphalt.

Halstead52 did an extensive study on the relationship-betweeﬁ
pavement performance and ductility—pénefration relations. There proved
to be a critical ductility-penetration curVe‘for asphalts below which
low ductility would be a potential cause of ppor-service. Above this
céuse ductiiity.wogld not be a siénifidanf factor. affecting pavement
durability. .The loss in ductility during tﬁe TFOT.could also be considered
to. represent the miniﬁum change expected in serviée; It'is noted that
tﬁe limiting values of ductility for the‘TFOT residues contained in
most asphalt speqificatibns were derived.from these'concepts.

The effects of temperature, atmospheté aﬁd heating time in TFOT
on ducéility were studied on Asphalts 2,‘10, and 11. Micrqductility
specimens were used .so that the differentiatibn‘among asphalts is
possible within the limitslof the ductiiity machine at 77 OF. Tests
were run at both 60 °F and 77'°F.v The effects of teﬁperatufe and oxygen
during TFOT on micro—ductility of Asphalts 2 and 10 are given in Table
16 and plotted in Fig. 26. Data on the effecﬁs of heating time are
presented in Tabie 17 and Fig. 27. |

The general effects of increasing temperature and oxidation in
reducing ductility is obvious. ' The ébility‘of a low temperature micro
specimen in differentiating Asphalts 2 and 10 was clearly démonstrated;
both asphalts have standard duétility,at 77 OF of l50cmi but. Asphalt
10 gave a microductility at 60 °F of 28 cm while Asphalt 2 had a miero-
ductility at 60 OF of.onLy 8 cm. Since thé effects of heating time

during TFOT is essentially a continuous hardening of asphalt, shown in Fig. 28,




Microductility — cm

30

n
(®)
|

No. 2 -

I I B N =
0777 B0 225 32 40077 150 225 325 400
"~ Temperature-°F -

“Fig. 26 Microdﬁctility’atf60°F'vS témperaturevénd medium.

it can also be plotféd in'térms of changé of ductility With'réspect
to change in penetration dué‘tq incréase'in heaﬁing time. Both figureg
re&éal the fact of maiimdm duétility. In'the>caSe‘of Asphalts 2 énd 10
they‘occurred‘at approximaﬁély;thé same consiétency. A'redﬁétioﬁ in
peﬁetration during TFOT is n¢t alwéys éccompanied by a reduction in
ducpilityﬁ 'The aata also‘éuggest the desirability of:-

.evaluatihg the ‘(Aluctili"ty property of a:sphalt 'in terms of duct‘il‘ity—

penetration relationéhip,




Table 16.

Effects of temperature
60 °F and 77 °F TFOT

‘and medium on microductility at

: , Microductility,
A.C. No. Temperature  Medium ~cm 60 OF 77 OF
2 -- -- 15.1 (original) 53.1
225 O2 5.1 --
Air 6.0 -
Vac 13.1 --
325 02 1.3 -
Air 3.0 25.3
Vac 5.5 -
'NQ' 4309 -
COZ : 14.8 --
400 0, - 0.7 -~
Air 1.3 --
Vac 5.1 -
10 - -- 27.3 (original) 61.8
150 0, 16.5 --
Air 25.6 -
Vac 28.5 --
225 0‘2 ‘400 -
Air 5.5 --
Vac 10.3 --
325 02, 1.3 -
Air 2.5 57.3
Vac 5.6 -
400 O2 0.5 --
Air 0.5 --
Vac 5.5 --
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Table 17, Microductility vs heating time, TFOT

A.C. No. 10 ' A.C. No. 11
A, C. Microductility Microductility
Time Penetration (cm) . Penetration (cm)
(hours) 77/100/5 60 OF 77 OF 60 °F 77 OF
0 90 27.3 61.8 - = 134, 46.3 56.1
2 70 10.3 -- - .
3 64 8.3  75.0 9 35.5  61.0
“ o 59 -- 63.0 - — e
5 55 2.5 57.3 79 21.2 64.8
7 - -- 44,1 - - -
10 44 2.0 19.3 S - - -
11 .- .- “- : 55 7.0 52.7
16 S - - 40 2.7 33.0
20 26 1.4 2.6 36 2.0 18.1
24 - : 0.5' o -- -- - -
25 - - - 29 1.5 49

@ specifying ductility of residue from TFOT in terms of absolute
minimum instead of percent original,  and
@testing ductility at low enough temperatures so that interpretation .
of the results can be made on ductility alone.
However, it is felt that further research is needed ﬁ.o stud};:
(a) the most informative conditions of a ductility test, (b) the
significance of ductility with respect to pavement behavior, (c) the

relationship between ductility and basic chemical and rheological



B8O

properties of asphalt, and
701 N o
: (d) the justified specifica-

sl

'~ tion limits for ductility
Noll.77°F - E for both original asphalts

S0}

and for residues from the
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Applications of the Thin Film Oven Test

In view of the recognized ability of the TFOT in duplicating the
changes, especially hardening, in asphalt during hot mixing and the
récognized importance of the ability of an asphalt to retain its
original comsistency and ductility, the TFOT and the requirements on
the retained penétration énd ductility of an asphalt after TFOT have
4been adopted by majority of specifications for paving asphalts.

In addition to the use of the paving industry in specifying asphalts
the TFOT has been used or proposed fpr use in various phases of asphalt
research, opération and quality control.

NevittSB, in his proposed specifications for paving asphalts,
stressed the importance of residual properties of asphalt and suggested
a Ten Hour Thin Film Oven Test (1/8 in; film, 325 OF and.lO hours) for
durability. control.

Way 22_21.54 correlated the TFOT with the limiting pengtration.
The limiting penetrations were calculated frém field data, considering
the hardening éf bitumen in the field is a hyperboiic function of time

and the penetration at infinite time as the limiting penetration. Figure

29 is a plot of limiting penetratidn against penetration of the TFOT
residue, where the percentage of the original penetration is used for
both ordinates.

. 55 . .

speer ¢t _al.””, in their study of pavement performance using
gsimulated traffic on a miniature test track, found that pavement
performance in terms of rut depth could be correlated with the TFOT

. _ 56 :

residue viscosity at pavement temperatures. Cowan™ suggested the use

of the TFOT residue viscosity to determine optimum compacting viscosity.
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the TFOT in evaluation of the effectivenss

vland'Zenewitz57

In evaluating the potential
of the TFOT as a durability
test for asphalt, Halstead -

made a com~

parison study of hardening

using the sliding plate

‘microviscometer between the

microfilm test durability test
(5 microfilm, 225 OF and two

hours) and the TFOT. Their

. results showed greater hardening
for the former test for

"asphalts with aging indices

greater than two.
. 58
Wurstner et al. used

of antioxidants for asphalts.

The Bituminous Research Laboratory, Iowa State University, uses

the TFOT as an initial treatment in a durability test.

The test in-

volves First treating asphalt under standard TFOT conditions and then

in oxygen at 150 °F and at high préssures.

A detailed description of the

developed durability test follows in Part Two of the report.




Conclusions

Major findings from the study of the nature of the Thin Film Oven
Test, in addition to the eétablished relationships between hardening,
wéight and chemical changes and tempefature, time, film thickness
vériables,-are:

@ The Thin Film Oven Test is \a measure of resistance of asphalt to
heat and oxidation.

®Weight loss during the TFOT is not related to hardening in simple
form, The volatility factor during the TFOT is significant only
qualitatively.

®No relation was found between weight loss during the LOH and TFOT.

® The ability of the TFOT in duplicating the changes that occur
during hot mixing makes it a valuable tool iﬁ laboratory durability
study of paving asphalts.

A detailed description of the developed durability test follows

in Part Two of this report.
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Part Two

Development of a Laboratory Durability Test

- for Asphalis



Introduction

All bituminous paving materials undergo changes ﬁith time and under
the action of heat, weafhef, and traffic, In general such changes are
detrimental to their function as binders.and water-proofing agents. |
Consequently, the degreé of resistance of a ﬁituminous binder to these
changes is usually referred to as its durability.

Dﬁrability of asphalt has beén studied by many investigators for
many years to find:

‘Mechanisms or céuses of asphalt deterioration.

@Methods for coﬁtrolling or preventing undue hardening .of asphglts.

@Tests to predict the behavior of an asphalt during mixing, laying,
and in pavement service.

It is generally agreed that the most important single factor causing
asphalt paving to crack and disinﬁegrate is asphalt hardening. Therefore,
the degree and rate of asphalt hardening is considered indicative of the
relative durability of asphalt. Many proposed durability tests center
around the evaluétion of asphalt's resiétance to hardening.

Almost all proposed durability tests involve a study of the following
two phases: (a) subject asphalt to certéin treatments which speed up
the hardening process, and (b) compare the degree or rate of hardening
of the treated asphalt witﬁ actual hardening that occurred in asphalt
dufing mixing process or in the road. Hardening occurring in the mixing
proceas and in the road is usually determined by recovering tﬁe asphalt
from the mix or pavement by the Abson method and comphring the penetration,

softening point, ductility, viscosity, and chemical compositional properties



of the recovered asphalt with those of the original asphalt. Major
differences among various proposed durability tests are the treatments
or the way the hardening of the asphalts is accelerated.

A majority of the treatments used to speed up the hardening of

asphalt in a durability test are heating of aSphalt at elevated temperatures,
either alone (in various thicknesses of films, temperature and duration) or in a
. 10-12 . ) 4

mixture . The more important ones in these groups are the Shattuck
mixing test, the standard loss on heating test, and the TFOT.

Many investigators believe that oxidation is a major factor causing
asphalt hardening. Procedures for evaluating the susceptibility of
asphalt to oxidation were developed by Thurston and KnowleslB, Anderson,

14 15 16 . .
Stross and Ellings™ ', and Ebberts ~. Van Oort studied the durability
of asphalts and showed by calculation that, under normal aging conditions,
oxygen diffuses into the asphalt films to a depth of only a few microns.
. S ) 1 .

However, experiments by Blokker and Van Hoorn 7 showed that the penetration
is much greater, on the order of 3 mm or more.

In recent years, cspecially after the introduction of the microfilm
viscometer, many investigators have used so-called microfilm durability

. . . 1 . : 16,18-20
techniques in which asphalt is aged in films of only 5 to 15 microns .
Hardening is measured by the viscosity ratio or aging index after the
film is exposed to heat and air.

Some investigators considered the abrasion resistance of a péving : -

mixture a good indicator of the hardening and durability of the binder.

The shot abrasion test was developed to measure the change in resistance

of a compacted sand~asphalt mix to a falling stream of steel shot after

21,22
prolonged cxposure in the infrared oven™ 777,




Traxler presenéed 15 effects that may cause changes in the chemical,
rheological, and adhesion properties of asphélt during handling and
under service éondition523. The effects 1isted include oxidatioh, photo-
okidation under direct sunlight and uﬁder reflécted light, volatilization,
photochemical action of direct and reflected lights, polymerization, age
hardening, exudation of oils, changes by nuclear energy, action of water,
adsorption of oils by a solid, adsorption of asplialtic components at a
solid surface, catalytic effects at the asphalt-stone interface, and
microbiological deterioration. He also suggested possiblg wéys of retarding
the various effects and methods of study on 5 of the 15 effects by
microfilm techniques.

In considéring the factérs that may affect the durability of asphalt,
it should be noted that: (a) while the quantitative measurement of the
individual factors in infiuencing the durability of asphalt is extremely
complex, if not impossible, it is fo be recognized that some.of these
effects are more important than others in various phases of use of asphalt;
(b) one or more of the effecﬁs may function at the same time; aﬁd (c)
all effects are influenced by fime, temperature, and.film thickness.

The durability of bitumen‘in.theory and practice was reviewed by
Blokker and Van Hoornl7. An accelerated test procedure for assessing
the aging characteristics of bitumens was investigatéd. The procedure
involved treating bitumen in thin films (5 to 200 microns) in oxygen of
20 atm at SOIOC (122 °F) and mecasuring relative viséosity. The same
approachvwas used by Martin24. The ﬁritish Road Research Laboratory2
has developed a pfessure—oxidation-test for road tars by exposing tar

films 7 mm thick to oxygen at 300 psi and 65 °C (149 °F) for 64 hours



and measuring the change in either Fraass brittle point or equiviscous
temperaturc {(c.v.t.).

In 1963, Hveem 95_35.26 reported the results of an extensive study
on the durability of asphalt by the shot-abrasion teét and the microfilm
viscometer technique. Weathering.was achieved by subjecting asphalt-saﬁd
mixtures to infrared radiation in a weathéring machine., A correlation
study showed that exposﬁre of 1000 hours in their weathering machine
was about equal to 5 years of_paﬁement service time for California
conditiops. For routine control testing purposes a new Rolliﬁg Thin
Film Oven Test (film thickness of 5 to 10 microns, exposed in oven at
325 °F for 75 minutes) was developed to predict chgnge in asphalt.during:
the miiing operation. To simulate weathering during sefvice life, 20-
micron films of residue from the Roliing Thin Film Oven Test were weathered
at 210 °F for a period of 24 hours and Viscosity'wasbdetefmined by
microviscometef. These conditions produced hardeniﬁg equivalent to that
of 1000 hours in the weathering machine at 140 OF or 5 years of service
life.

Practical and reliable information can be obtained from a laboratory
durability test only when the behavior of the asphalt in the durability test
can be correlated with pavement durability in the field. Correlations on the
TFOT are well established27_34. Correlations between field hardening
of asphalt and laboratory data were studied by Simpson, Griffin, and
Miles35, Traxler36, Gailéway37, and Heithaus and Johnson19 on microfilm
durability tests. Halstead and Zenewit238 studied the relation between
the TFOT and the microfilm durability test. Their results showed greater
hardening for the microfilm test for asphalts with aging indices greater

than two.



In spite of the great amount of time and effort that has béen put
into the study of the durability‘and d@rability test of aspﬁalt, the
paving industry still needs a logiéélly—concéived, wellédesigned,
universally accepted, and yet.relatively simpie and rapid laboratory
durability test for paviﬁg asphalt. This testAwould enable the design
engineer to select brlspecify an asphaltIBaséd on qdality and to make a
proper estimate of the sérviéé life of a selected_aéphalt;’

It is Believed that the true value o£ any laboratofy durability
that should be jﬁdged from: (a) How 1oéical.orvrealistic is the
-acceleration process in the laboratory compared with what actually occurs
in the field? (b) Hoﬁ well do the tests Qrvpréperties meésured iﬁdicate
the actual changes that causé deterioration of aéphélt? (c) How good
is the correlatioﬁ between laboratory and field data? |

Part Two of this progress report_deécriﬁés the proposed durability
test for asphalts, the approach from Whicﬁ the testlis developed, the
tests and procedures invblvéd;

The proposed durability test will simulate as reélisticaily and
completely as possible the two-stage hardening of asphalt during mixing
and tﬁe subsequent pavemeﬁt service life. The test makes use of, and
takes advantage of, the establiéhed BPR Thin Film Oven Test. Ig‘includes
first subjecting the aéﬁhalt to TFOT.and then.treating the reSiduelfrom
the TFOT in oxygen at high preésures.  The TFOT at 325 °F simulates the
changes that may occur in asphalt during mixing. The pressure oxidation
process at 150 OF simulates the changes that may occur in asphalt during
pavcmenﬁksurvice‘life.

The effeetiveness of the proposed test in accelerating the hardeﬁing

and other changes of asphalt, the ability of the test in differentiating



asphalts with respect to fesistance‘to chéﬁgeé (both physical aﬁd chemical),
and the effects of time‘and oxygeﬁ‘pressufe.are démonstrated by results
of the proposed durabili&y ﬁeSt on five 85-100 pen. and one 120515 pen.
vgrades of asphalt cemehﬁs. | | | |

This investigatién'is:the~initial phase of a long range ﬁfégram
at-Iéwa State Uniyefsify, in Ehé.de&elopmen;‘of alléboratoryldurability
test spoﬂsoréd by.the_Iéwa_Highway Reséérch Béar‘do "The second apd tﬁird
phases of the pfogram wili'Bé ;hg estéblishment,of‘field.correlatiOn and
the derivation of qualitf cfiterié for‘paving asphalts based on durability

studies,




Approach

In our study of ‘the durability of asphalt and in the development
of the test procedure, the following premises and concepts were formulated
and followedﬁ -

_‘The most iniport.a,nt. single fgctor causing asphalt pavement to. crack
and disintegrate ié the faiiure of the asphalﬁ aé é cementing and water-
proofing agent in an asphalp mixture due to asphalt hardening. 'Therefore
the cxtent and rate of aéphélt hardeniﬁg iéAindicative of the relative
durability of»asphélt.

@1lardening and chef pertinent ‘changes that may occur in -asphalt in
an ésphaltic concrete mix_take place in two.stgggé under two enfirely
differgnt environments or conditions: hardeningvduringlshdrt periods
of time in the mixer'at higher temperatureé éhd higher rates, and hardening
during longer periodé of time 6f.road service in pavement at relatively
lower tempefatures and lower rates. The hafdeniné mechaﬁiéms‘and effecté
in these two stages are believed quite different,:

® Among the factors causing asphalt hardening, the evaporation of
volatiles and high temperature oxidation predominate during the mixing
process., Oxidation at road service temperatures, esﬁecially in absence
of light, seems to predominate under seryiée conditions. .

® Any realistic durability test 'flor asphalt should consider the two
stages of hardening processes of asphalt in their logical order and

their differences in mechanisms and effects,

@® In cvaluating the quality or durability of asphalts, one is

concerned with not only. the characteristics of the original asphalt, but,




even more important, tﬁe tinder characteristics — tﬁe viscosity, the
tendency to harden, the susceptibiiity to oxidation, the colloidal
stability, etc., — of the asphalt'in the finished pavément.' This includes
study of the asphalt after the firét ttagerhardening and assures that

the properties of the binder foliowing constrﬁctidn.are satisfactory for
future bavément performance.

‘Hardvenin_g dur.ipg the mi}ting pro"cessv may’ be sirﬁulated and predictéd
in the laboratory by the BPR Thin Film OqunTgst.' Additional hardening
and other changes in the asphalt iﬁ'éerricé may.be_simulated by laboratory
pressure-oxidation tests at:road service temperature on résidué of the
TFOT. | |

OA definite corrvelation‘ may Be' establishea, at’ ieast_ on a local
basis, betweeﬁ field hardening and perfqrmaﬁce of asphaltlénd laboratory
accelerated hardening duriﬁg a 1ogi¢a11§ conceivédland realistic durability
test. The asphalt hardeniﬁg in the:field in terms of yearé could be
reasonably predictéd'in hours or days. |

It was with these concepts and considerations that-a durability
procedure was devised. The overali.program includes the’foiiowing
steps:

1. Determine the rheolbgical andvcolloidalschemical properties of the
original asphalts,

2. Run the BPR Thin Film Oven Tests and determine the characteristics
of asphalts on the residues of the TFOT. |

3. Treat the TFOT residues in oxygen at 150 °F under various pressures
for various leﬁgths of-time.

‘4, Determine asphalt characteristics on pressureroxidized TFOT residues.




5. Establish field service oorrelation.
6. ﬁstablish asphait quality or usefulnese*criteria intterms of
rheological or chemical properties, or both.

LIt is expectea'that tne_resnlté’obtained fromlthis;program mill
provide a more realrstic basis for‘quality control and durability pre-
diction. By comparing results of;testslon an asphalt from_the first four
steps and information'or'criteriaeestabliahed'from tne.last tmo steps,
the qualityvof‘the asphait'can be sneCifiedlor predictedo

The report and the first year etndy in-thie.project'are
concerned:with the feasibilit& and=sensitivity of ‘the laboratory test
procedures (in_the‘first fdur‘steoe); the establishment of a working
procedure, and the effects of pressure and duratlon on rheologlcal and
chemical propertles of the treated asphalts., A proposal to study the 1ast
two steps of the overall program on the development of the 1aboratory
durability test i.e., (a) correlatlon of the behav1or of asphalts during
the proposed durablllty test and performance in pavement and. (b) es-
tabllshment of durability criteria for pav1ng asphalts has been submitted

to the Board for consideration.




Procedures

Five 85-100 pen. grade.ahd'one.120—150 pen. grade asphalts cements

(A.C.) werc used in the.study. All except the 120-150 pen. A.C., which

was obtained from the American 0il Co. at Sugér Creek, Missouri; were

taken from various construction projects in Towa during the 1966 construction

season. The physical and chemical properties of the ésphalts are given

in Table 1.

Table 1. Properties of asphaits studied.

Softenlng Viscosity

Oxygen in

T Specifie Flash Fice. ~polnt, .77 "F. .Compl ex () Asphaltenes  Oxygen  asphaltenc
A.C. Penctration gravity point (°F) point (°F) . RSH °r)  (megapoises) [low "C" (%) (¢A) (€3]
1-0 88 1.012 575 665 116.5 2.10 0,901 18.8 0.79 0.99
1-R 50 1.015 - B 110.5 7.50 0.510 22.8 1.00 2.1%
2-0 88 1.001 650 710 1L6,5 1.90 - 0.781 14.4 0:48 .37
2-R 55 1.015 ——- - 126.5 4.90 0.553 17,9 0.72 L.73
7-0 90 1.016 650 . 715 112.5 1,25 0.966 16.6 0.81 .14
7-R 56 1.020 - - 126.5 3.10 0.933 18.7 1.01 1.59
9-0 90 1.035 595 680 116.5 2.10 1.000 19.1 0.73 110
9-R 55 1.038 —-- - 122.5 5.10 0.900 21.0 1.10 .32
10-0 90 0.998 650 725 118.0 1.70 1.040 12.9 0.63 1.85
10-R 55 1.010 .- --- 126.0 6,15 1.000 15.9 K )1y
[1-0 134 L.024 595 660 106.5 0.51 1.040 5. 0.64 1,58
1L-R 79 1.030 —-- ——- 2,15 1.040 14,9 0.97 .92

0 — origlnal asphalt

R - residue, TFOT

116.0

(a)

Traxler, R. N. '"Asphalt. Its Composition, Propertics, and Uses". Reinhold

Publishing Co.

The simulation of asphalt hardening in the first stage

N. Y. p. 53 (1961).

(during

mixing) was achieved by the BPR Thin Film Oven Test (ASTM D 1754-63T).

Propertics of the residues from the TFOT are also given in Table 1.
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The acceleration of théAhérdening‘of asphalt in the second stage
(during road service) was achieved by aging the residue from the TFOT
iﬁ reiatiﬁely thin films, aging the :eéidue in oxygen instead of air,
and increasing the oxygen pressure. |

Three series of pressure-oxidation tésts were iﬁvestigated. Two
series were run on residues of the TFbT and one series, for comparison
purposes, was conducted on éwo pefcent sand~asphalt mixtures. Commercial
pressure cadkers of cast aluminum, il in. diam and 11 in..height, were
used for one series of,pressure-oxidatibﬁ treatments on.fesidueé of tﬁe
TFOT. Samples of TF0T4residues.of 25,m1:were weighed into 4-in.¥diam
aluminum dishes (making films of 1/8 in.). Dishes wifh samples were
then placed in the préssuré céokers. After a leakage check, the cookers
were evacuated, filled with oxygen twice,.and finally filled to a pressure
(at room temperature) that would result in a pressure of 29 psig.at
150 °F. The cooker and contents werc put into the oven.at 150 oF.
Samples were treated in oxygen'at 29 psig for 24, 48, 96, and 240 hours.
Viscosity at 77 °F and raté of shear of 5 X 10-zséc—l, softening point
(R&B)?_compositionél analysis,_énd percent oxygen were.determined on the
trgated residues. Viscosity was determiﬁed by a Shell sliding-plate
microviscometer. Percent asphaltenes and oils were determined by the
selective solvent method proposed by Csényi'and Fung39 using Skelly F
as solvent. Percent oxygen was obtainéd by a.Colemén Model 36 Oxygen
Analyzer. Results from the first series of tests are given in Table 2,

The secqnd sariéévof pressure~oxidation treatments on TFOT residues
were run at a higher oxygen'pressure and the stainless steel oxidation

Stability Bombs (ASTM D 525) of 2-in. i.d. and 4-% in. height were used.
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Table 2. Properties of asphalts residues from TFOT aged in pressure
cooker at 29 psig (3 atm) and 150 °F, '

Viscosity 77 °F Complex Relative - Softening Asphaltenes Oxygen

A.C. Hours (megapoises) flow "C" wviscosity point (%) (%)
- 2.10 0.901 1.00 116.5 18.8 0.79
- 0 7.50 0.510 3.58 130.5 22.8 1.00
24 14.5 0.364 6.91 138.0 23.9 1.14

48 19.0. 0.213 9.05 141.5 25.3 1.20

72 22.0 0.287 10.48 143.0 25.7 1.25

- 0 1.90 0.781 - 1.00 116.5 4.4 0.48
R 0 4.90 0.554 2.58 126.5 17.9 0.72
24 7.50 0.384 3.95 135.5 20.7 1.18

48 9.60 0.384 5.05 137.5 21.4 1.37

72 11.50 0.306 6.06 139.5 21.2 1.46

7-0 0 1.25 0.966 1.00 112.5 16.6 0.81
7-R 0 3.10 0.933 2.48 126.5 18.7 1.01
24 10.0 0.649 8.00. 131.5 19.7 1.06

48 14.5 0.510 11.60 134.0 20.6 1.17

72 17.6 0.625 14.10 138.5 20.5 1.14

9- 0 2.10 1.000 1.00 116.5 19.0 0.73
- 5.10 0.900 2.43 122.5 21.0 1.10
24 8.90 0.577 4.24 128.5 22.3 1.12

48 14.0 0.577 6.67 131.0 23.1 1.23

96 18.5 0.601 8.82 1137.0 24,7 1.15

240 29.0 0.601 13.80 140.5 26.2 1.37

10-0 0 1,70 1.040 1.00 118.0 12.9 0.63
10-R 0 6.15 1.000 3.62 129.0 15.9 1.13
24 12.2 0.510 7.18 137.5 19.5 1.26

48 15.0 0.466 8.85 141.5 19.9 1.30

96 21.5 0.384 12.63 21.0 1.42

0 — original asphalt
R — residue from TFOT

146.5




Samples of TFOT residues of 4Im1 were treated in 1-5/8-in.-diam glass’
dishes (making films of 1/8 in.) in pressure bombs.at 132 psig of oxygen
in 150 °F water bath for periods of 24, 48, 96, and 240 houré. Changes
in asphalt in terms of viséosityvat 77 OF, asphaltenes, oxygen content
were determined and are given in Table 3. ‘Effects of pressure variétion
on viscosity and chemical properties of treated TFOT residues in 1/8-in.
films at 150 °F were'investigated up to 200 psig. Data on>the effects

of pressure variation on Asphalts 9, 10, and 11 are presented in Table 4.

Table 3. Properties of asphalts residues from TFOT aged in pressure
bombs at 132 psig (10 atm) and 150 °F.

-Viscosity ,

77 OF Complex Relative  Asphaltene  Oxygen

A.C. Hours (megapoises) flow "C" wviscosity 3 %)
1-0 0 2.10 0.901  1.00 - 18.8 0.79
1-R 0 7.50 0.510 3.58 22.8 1.00
24 15.0 0.445 7.15 24.9 1.16

48 18.2 0.325 8.68 26.4 1.25

72 23.0 0.325 10.95 26.8 -A 1.35

240 28.0 0.176 13.35 27.2 1.64

2-0 0 1.90 0.781 - 1.00 4.4 0.48
2-R 0 4.90 0.554 2.58 17.9 0.72
24 8.40 0.364 4,42 19.9 1.33

48 13.1 0.306 6.90 ' 20.7 1.48

72 14.2 0.268 7.49 21.7 .1.52

240 24.0 0.176 12.62 24,3 1.75

7-0 0 1.25 0.966 1.00 16.6 0.81

7-R 0 3.10 0.933 - 2.48 18.7 1.01
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Table 3. (Cont.)

Viééosity _ o _

77 OF Complex - Relative - Asphaltene Oxygen
A.C. Hours  (megapoises) ~flow e viscqgity N ¢9) %)
24 10.2 ',f'b.7oo  i|s;17 C 20.2 . 1.17
i 162 0.638 12.96 ,; ©21.0 . 1.30
72 206 - 0.58 . 16.50 21,6 . 1.38
w0 32.5 0424 26,00 23.6; 4 '_1.45
9-0 0 2.0 1.000 1.00 19.1 10.73
9-R 0 510 0.900 | 2.43 20 L0
TR 13.507'f_ 0.577 . 6.44 g 1o
4 'f1§.50~  Cous7r 929 23.5 . 1.3
96 2503 0.649 : 12;05' C26.7 0 L.46
240 34;0 - 0,601 "16,20;4 | 36.3 1,56,

10-0 o 1.70 - 41.640"5-,_ 1.00 "12;9, ©0.63
10-R 0 6.15 i;ooo' 362 159 1.13
2, 45 - 0.577 8.54 192 1.46
48, | _'18;O | 0.445 '10,60 1 20.6 1.62
9  23.5 . 0.325 . 13.80 Al’ 21.8. 1.78
240 1.0 0.231 18,20 . 23.3 1.82
11-0 0 . 0.5 1.060 .  1.00 15.3 °©  0.64
11-R 0 2.15  1.040 4,06 18,9 . 0.97
2 5.00 1070 o 9.44" . 20.8 1.10
48 6.45  0.900 - 12.15 . - 21.8  1.13
96 13.2 0.900 24,90 23,1 1.29

240 18.7 0.466-  35.30  24.7 1.43

0 — original asphalt

R — residuce Erom TFOT




Table /4.

Effects of pressure on presdure-oxygen tests,

Viscosity

_ . Vivec'oslity ‘ -~ Viscosity

77 F . Asphaltenes 77 F- Asphaltenes .11 F Asphaltenes
A.C. (megapoises) (%) . - (megapoises) () - (megapoises) (%)
Original 2.10 19,1 Lo '_Lz.é 0.53 15.3
Residue, TFOT 5.10 21.0 6.15 15.9 2.15 18.9
. 24 br 4.75 21.0 5.70 :515.9. 1.86 18.8
| atm, 24 hr 4.90 . 20.6 6.80 15.5° 1.85 18.9
L atm, 24 hr 8.50 210 7.20 163 - 1.95 18.6
1 atm, 24 hr 10.5 2004 10.0 16.9 2.50 18.9
10paig, 24 hr .LO.Be 21,6 10.5 164 2.65 19,7
0psig, 24 he L4 27.0 11.0 17,6 2.80 9.5
60psig, 24 hr 12.5 21,5 12.5 17,7 1,50 éd.7
90psig, 24 hr 13.0 23,0 16,0 18.0° -- --
106psig, 24 hr 13.5 22.7. -- - -- ,';
132psig, 24 hr 13.5 22,7 . 14.5 19.2 4.30 20.8
154psig, 24 hr 14.1 © 23,3 , 15.4 18.5 -- -
200psig, 24 hr 15.5 23,7 17.8 ‘ 6.90 22.0

The third series Qf'pressure-okidationjstudies1wefe made. on two

percent sand-asphalt mixtures.

350 °F and 300 °F respectively and mixed,

asphalt by weight of sand for three minutes in a Kltchen~a1d mixer.

After mixing uﬁder_closely controlled conditions,

Ottawa sand and asphalt wete heated to

Jin proportlons of two percent

mixtures of 800 g‘were

loosely spread. in eluminum:pans 9-in. in diam in thicknesses of about %

in. and treated in oxygen in the cooker at 29 psig for 24, 48,

hours at a temperéture of 150 °F;

Asphalts were recovered by the Abson

method (ASTM D 1850 65) using benzene as a solvent from both treated and

untreated sand-esphalt mixtures and tested_for Viscosity and chemical

analysis.,

The results are given in Table 5.



Table 5. .Properties'of asphalts téco?ered from pr
agphalt mixtures :

essure-oxygen treated sand-

_ Viscosity D o :

Asphalt Hours 77 F Complex Relative  Asphaltenes Oxygen
A.C (%) - aging (megapoises) E}ow,"c” viscosity %) (%)
1-0 0 0 . 2,10 U0.901 vll.poAi 18.8 0.79
ke 2 0. 8.80 - 0.754 420 23.4 1.42
24 o0 ﬁ‘_0;51o‘i <' f4;48 24.5 1.53
48 1A;Sov ?f0.364_  6,90 - 246 1.62
9 17.00  0.287 8.0 25.1 1.63
2-0 0 0 1.0 0 0.781 1.00 144 0.48
2-Re 2 0. s.éo 0.675 3.58 . 18.7 1.11
’v24: U 10.6 _,0;325_; 5.5 21.5 1.35
4. 10.9 - 0.287 5,74 2 145
96 115 0.268 6.05 21.7 1.50
7-0 0 0 Las 0.966 . i,ob 16.6 0.81
7-Re 2 0 7.00 1.040 5.60 7.0 0.95
24 8.80 0.839 - . 7.03 18.9 1.14
48 11.50 0.700 19,20 19.6 1,34
96 15.10 0.554 12.10 19.7 1.30

9-0 0 40“ - 2.10 10600'- - 1.00 19.1 0.73 .
9-Re 2 q‘ 540 10.933 2.57 20.1 1.08
24 9.10 ‘.0,906' 4.33 22.0° 1.26
48 11.5f" 0.781 ' .5.48 23.0 . 1.36

96 16.0 o.7oov1 7.63 23.5 164



A.C. (%) aging (megapoises) flow "C" viscosity - (%) ' %)

T

10-0 0 0 1.70 1.060 - 1.00 12,9 0.63
l0-Re 2 6 - “ .__10;6_1 fA'o;615 " 6.26 0 18.4 1,20
24.Af ”';-14;5“ .  ,0;601‘ 8,55 : 20.2 . 1.55
4 ;'15.6“ | -0{4243- 883 19.2 1.6l

96 - 16.5  0.404 - 9,70 20,9 1.70

-0 o o 0.3 1.040 . . 1.00 15.3 . 0.64
11-Re 2 0 | _ ..1~78' . L.040° - 3.36» o 19.5 1.07
24  1*‘f 3.60 -6;933;, . 6.80. 20.3 1.09
48 . 430 0,933 8.12  22.1 1.30
%6 '1  5,60 . | o;i54' © 10,56 233 1.51
0 — original asphalt o o

Re — recovered asphalt

17
Table 5. (Cont.)
. Viscosity.' fﬁ . :l' -
Asphalt Hours - - 77 F- - Complex Relative Asphaltenes Oxygen
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RcSults

Behavior of Asphalt‘During_the PregedreJOXidation Treatments

The VlSCOSlty changes durlng the pfoposed durablllty fest (the
TFOT plus pressure ox1dat10n) are shown ln Fig., 1 for samples treated
at 29 psig and in Flg. 2 for samples treated at 132 psig, both in fllms
of 1/8 in. and.at_a‘temperetpre of 15OH°F. The generalfnature of the
two sets of eufveé are simiiaf; i;e., (a)_effect Qf aging is reflected
by increase in viscosity;tand (bjlthe‘viscbsity change appearsAto'be a
hyperbolic function‘of>£ime of treatment, whieh‘is in~agreement with
field findingsao;aa. ”

Brown 95_31.40 have‘seggeeted_expréseing the hardeeing of.asphalts

in the field mathematically as fblloWs;

=T/(a +bT) . o R ED)
or T/AY. = a 4+ bT ;. . . - e . 2)
where AY = change in penetration (or eoftenihg point or ductility)

with time' T or the difference between the zero-life value
~ and the value for any subsequent year,

T= time,
a = constant, the intetcept of the Eq. (2) line on the ordinate,

b = Slope of the line Eq. (2);'

1

and - 1/b ‘the ultimate change (limiting value of change) of penetra-

tlon at infinite time.
From the limiting values‘of change (1/b) the limiting values of
properties can also be calculated. Both values could be used as

numerical measures for comparison of the relative performances of asphalts.
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80 |- o : S _A ‘ ,,‘[-Ox.yge'n'. pressure.: 29 psig
60l | ' - . Film thickness : 1/8 in.

' Temperature : 160°F

Viscosity at 77°F — megapoises

|<{ L { L1 1 '1"“1.'1."1‘ | N L

O R 20 40 60 80 100 O R 20 40 60 80 100
| -Hours in pressure cooker -

Fig..i:‘ Viscosity.;s time'éf égiﬁg"in pressure céoker.
Thus an.agphalt wifh ﬁ higﬁ value.bf‘limifing ghéngé 6f_p¢neﬁfation or é
Low vélﬁe'of iimiting’penetrafion could Be éonéidefed asuinfériof to
one with a low value Of'liﬁiﬁipg dhénge.bf'péﬁetpatién or a high valﬁe
of 1imiting penétratioﬁ;‘ - L |
Limiting viscositiés_(Viscqsiéy at}iﬁfinite'timé) for the six-

asphalts studied were calculacéd‘by applying Eq. (2) for viscosity change




Viscosity — megapoises

20

100
80}
60t _
‘ . 448
40} o /43_._5_-_4
N°| - 'v‘{_‘{
( N02 / e
20}
10+
8~ _ . Pressure of oxygen : 10 atm
6 |/ | ~_ Film' thickness : {78 in.
,I' . .. Temperature: ISQ'F' '
af- 11 S o
{1/
///
/I/
7]
f
| 1 S B I N | -
0 R 20 . 60 - 100 " 140 180 220 260

Hours in oxygen at 132 psig -150°F

Fig. 2. Viscosity vs time of aging in pressure bomb.
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Fig. 2. (Cont'd.) .- =
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Viscosity — megapoises

o 1 | I
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: Hours in oxygen bbmb_qi I‘321 psig - I50°F
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Fig. 2 (Cont.)
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during the pressure-oxidafion test at 132 psig.‘ They are indicated by
horizontal broken lines in Fig. 2. The plots of T/A Log viscosity vs
T are shown in Fig. 3. The concept of limiting value suggested by
Brown et al. is a useful too1 in‘compériﬂg berforﬁance.or potential
behavior of asphalfs. Howéver?'it can,Be mislgading.when_used as the
only index in'asphalt duthbility 6r_quality evaluation. The reason is.
that in reality, asphalt wiil'not 1a$t férevér, or to infinite time.
More likely than not, thé asphalt will‘reaéh'a.critical value of
penetratibn,,viécosity, duétility,'or other controlling property
and fail before it réaché§ the liﬁitihg value or reaches the infinite
time. Therefofe,'it is this critical value (or‘Values) of the con-
trolling property (6r>propertiés); and the time the asphalt in.Question
takes to reach this value is of the.utmosf.pfactical conéern. It is
possible that an Asphalf A.Showing a.higher limiting penetration than
an Asphalt B could reach avcfiticai pénetratipn, e.g. 20, quicker in
service life and.fail earlier-théﬁ B, and would prbperly be considered -
a poorer asphaltg

So it is suggested that.insteéd’of (ér in -addition to) limiting
valucs of penetration or Viscosity,.the time an asphalt would take to
reach a critical penctratiou, e.g. 20, or viscosity, say, 50 meagpoises
at 77 OF, be calculated from the hyperbolic Eq. (2) and‘used'és an
index to indicate ﬁhé rglative'durability of asphalt. Limiting viscosities
and times they would take to feéch an afbitrérily selected critical
viscosity éf 30 megapoises at 77 OF for the six asphalts during the

pressure-oxidation test at. 132 psig are given in Table 6.




T/4 (Log megapoises)

L L |

| | 1 _ ‘
40 80 120 - 160 200 240 2680
T - hours

Fig. 3, T/A log viscosity vs T.
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Table 6. Comparison between

two durability

_ criteria
Limiting . Time to
- viscosity harden to
at 77 °F .30 megapoises
A.C. (megapoises) (hours)
1. 375 250
2 44.8 310
7 | 53.7 160
9 . 55.4 140
10 ' 38.3 220
1 54.1 360

Note that A.C. 10, having a lower limiting viscosity, would be

considered a better asphalt than A.C. 11 by

the limiting value concept.

In reality, it may fail earlier than A.C. 1l because it will reach the

critical viscosity of 30 megapoises carlier.

When cowmparing resulls rom pressure-oxidation treatments betwecen

29 psig and 132 psig, the apparent diflference duc to oxidation pressure

i1s indicated by the lower viscosity increase

during 29 psig trcatment

at all durations. However, other differences not shown in the graphs

are found in the comparison of viscosities between surface and bottom

layers of asphalt treated under different pressures. Table 7 .shows
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resulls of viscoslty determinations on A.C. 9 for 29 psip and 132 psig

treatments, both at 150 OF. Assuming the viscoslty increase under these

conditions is due to oxidation, then data in Table 7 would seem to suggest:

@ Oxidation penetration progresses with time. The degree of difference

in hardening between surface and Bottom of the 1/8-in. asphalt films
diminishes with time.

.The~difference‘ in oxidation haxjdening between surflace and bottom
layers of the 1/8-in. film was higher for lower preséures Ehan for
higher pressures.

® Thus it is desirabie to treat asphalt from the TFOT at higiher pres-
sures and longer durations, not only to achieve a higher acceleration
rate but to eliminaté differenccs bétweenﬁéurféqe and bottom layers of

the treated asphalt filns.

Table 7. Viscosities of the treatédll/S in. film, A.C. 9

Vischity at 77 F (megépoises) (5 X 10-2 sec-l)

Time ‘ 29 psig 132 psig
(hours) Surface Bottom Surface Bottom
24 8.9 5.8 13.5 11.5
48 ' 14.0 - 12.0 >19.5 , 18.5
96 18.5 13.5 25.3 25.3
240 29.0 " 28.0 34.0 34.0

Other significant observétions that can be made from Table 2 and
Fig. 2 are:
® The general shape of the 'hypcrbolic.‘ curves during the pressure-
oxldation trcatment at 132 psig uﬁd 150 °F can be defined with reasonable

accuracy within 200 to 300 hours.
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@ The treatment (132 psig and 150 ©F) can accelerate the hardening

process to an average of seven times that of the inginal asphalt in terms
of absolute viscosity at 77 °F in 24 hours, without,deviating much from
the field hardéning‘mechénism._ This value is equivalent to about one
year hardening in the field under Iowa conditionsaa. Higher acceleration
factors can be obtained:by inc?easiﬁg fhe oxygen preésure and time of
oxidation;

® The effect of the preséure-oxidation treatment during the proposed
durability test is shown by decrease in the degree of complex flow "c"46.
Thié is also in agreement with the field findingql. |

The change ih shear susceptibility or shear index of the asphalts

during the proposed durability test at 132 psig is shown in Fig. 4.
The shear index is the tangent of the angle of log shear rate vs log
Qiscosity plot. The béhavior'of asphalts in the proposed test procedure
appears to be in agreement»with'behavior of asphalts in Hveem's weathering
machine and in the fie1d26.

@® The viscosity ratio or relative viscosity (ratio between trecated
or aged and originai viscosities) was plotted against ﬁime in Fig. 5.
It will be noted fhat A.C, 11 hafdened most by reIétive viscosity.
However, if viewed from the abéolﬁte viscosity curves, it can be shown
that, either by extrapolation or by calculétion, A.c. 10 would reach
a critical viécosity Gf, say, 30 mcgapéiscs at 77 °F fifst and could be
considered as the least durqblc. Thus a question arises regarding the
adequacy of using relative viscosity alone as the index of hafdening
for durability study purposeé.

@ From the slopes of the curves in Fig. 5, the relative hardening

during TFOT or during mixing may or may not reflect relative hardening




0.9

0.7t

0.6}

~ Shear index - 77°F

0 l | 1 1 1 | | L '
0 R 20 60 100 140 180 220 260

Hours in pressure bomb at 132 psig -150°F

Fig. 4. Shear index vs time aging.
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Oxygen pressure : 132 psig No. 1|

Film thickness: 1/8 in.

32~ Temperature : 150°F

28

24

n
Q

Relative viscosity

L 1 L | L |
0 R 20 60 00 140 "180 220 260

Hours in oxygen bomb-at 132 psig-ISOF

Tig. 5. Relative viscosity vs time of aging.




during pressure-oxidation or in service aging. This illustrates the

' necessity of a durability test procedure to simulate not only the changes
in asphalt during handling but also changes during subsequent service
life. |

Asﬁhaltene confent changes in asphalt during pressure-oxidation
teéts are shown in Figs. 6 and 7. Tﬁe increaée in asphaltenes decreased
with time. Effects of aging were also indicated by the decrease in

0ils and increase in percent oxygen in treated asphalts.

Effects of Pressure Variation on Pressure-Oxidation Treatment

The effects of bxygen pressure during the pressure~oxidation test
on viscbsity‘and asphaltene content.changes for Asphalts 9, 10 and 11
‘are given in Table 4. Data in Table 4 were obtained from TFOT residue,
treated in the pressure bomb for 24 hours at-lSO OF and in films of 1/8
in. Viscosity is plotted against oxygen gage pressure in Fig. 8. Per-
cent asphaltene in asphalt vs oxygen gage pfessure ié shown in Fig. 9.
In both caseé there appear to be linear relationships betweeﬁ property
changes and oxygen pressure. The effect of 6xygen on asphalt hardening
is onious when comparing viscosities between asphalt treated in a
vacuum or nitrogen and treated in air or oxygen. However, the increase
in viscosity is not very sensitive to an increase in oxygen pressure.
An increase in oxygen pressure from 1 atm to 20 atm could increase the
viscosity by only two to five times fdr tﬁe three asphalts studied.
The effect of oxygen pressure on formation of asphaltenes during the
test is more nearly uniform for the asphalts studied, about 1.5 to 2.0

percent over an increase of oxygen pressure from 1 atm to 10 atm.



Percent asphaltene -

- Oxygen pressufe : 29 psig
~ Film thickness : 1/8 in.
Temperature : IS5S0°F

R 20 60 100 140 = 180 220 260
| ~ Hours aging in pressure cooker |

Fig. 6. Asphaltene vs time of aging.
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Percent asphaltene
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Oxygen pressure : 132 psig
Film f_hickn'ess: 178 in.
Temperature : 150%F

L | N | ] N

20 60 100 140 180 . 220
Hours in oxygen bomb at 132 psig - I50°F

Fig. 7.. Asphaltene content vs time of aging.
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Viscosity at 77°F - megapoises
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Fig. 8, Effect of OoXygemn pressure on viscosity.
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Fig. 9. Effect of oxygen pressure on asphaltene content.

Nevertheless, an increase of oxygen pressure to 20 atm should accelerate

the hardening process by a factor of about 1-1/2.

Behavior of Asphalts in Sand-Asphalt Mixtures

During Pressure -Oxidation Treatments

The properties of.asphalts recovered from the pressure-oxidétion
treated sand asphalt mixtures are given in Table 5 and shown in Figé.
10 and 11. Due to the relatively high mixing temperature (350 9F) and
low asphalt content (2 percent) used in the mixing process, the viscosity
and asphaltene content incrcases during mixing were higher than those
from the TFOT in a majority of the asphalts. However, fhe increase in
viscosity and asphaltene content were relatively low compared to
treated TFOT residues during the pressure-oxidation hardening process,

in spite of the thin films. The relative change and shape of the curves
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asphalt vs time of aging.

Percenf"dsphaﬁene

10 L

A N SN DI RN UUN P
26 40 60 B0 100 120 140 160 180

O Re
" Hours of aging at 29 psig-1SOF

Fig. 11.

time of aging.

for the pressure-oxidation treatment were similar to those of the

treated TFOT residues. Another difference found between treated

sand~-asphalt and TFOT residues was the marked percent oxygen increase

in the asphalts recovered from the treated sand-asphalt mixtures.

It was decided that the use of TFOT residue during the second

phasc treatment in the proposed durability test is superior to the use

of'sand-asphalt mixture because:

Percent asphaltene of
recovered asphalts vs

i
i
i
:

i
'
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@® The TFOT procedure is simple and.rapid,

.tess manipulation and fewer variables in the -process contribute to
better reproducibility, and

@ More asphé;lt cén easily be obtained from thé TFOT for more informative

testings.

qugétability

The repeatability aﬁd reproduciﬁility of the TFOT weré studied
and reported elsewhere46’47. The reproducibility of the pressure-
oxidation test. at 150 ©F and 132 psig oxygeﬁ pressure was determined
by making repeat treatments uﬁder identical gonditions of temperature,
pressure, film thickness, and duration on oﬁe residue from TFOT on
A.C. 9 and one TFOT residue from A.C. 11. Repeatability was
measured by viscosit&.with a sliding plate microviscométer at 77 OF
and at a fate shear of 5 X 10_2 sec_l. The resuits of six treatmenﬁs
on each asphalt are given in Table 8. | |

It is concluded that the pressure-oxidation test is reproducible.
The variability or accuracy of the proposed durability test procedufe

is controlled by the variability and reproducibility of the TFOT and

viscosity determinations.
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Table 8. Viscosity at 77°F on TFOT
residues treated in oxygen
bombs at 132 psig, 150 F and
in films of 1/8 in. for 24

hr.
CBomb - A.C. 9  A.C. 11
A 12.8 4,95
A | 13.5 4.50
A 13.5 5.00
Av bomb A 13.3 | 4,82
B 13.3 _ 5.00
B 13.3 5.00
B 13.0 - 5.20
Av bomb B 13.2 5.07
Grand average 13.2 4.15
Standard deviation 0.283 0.233

Maximum deviation .
from mean (%) 3.0 9.1

Average deviation
from mean (%) 1.8 2.9




Conclusions

The work described in this report may be considered both a progress

report and a testing of ideas and philosophy, or a testing of the

feasibility and logicality of the proposed durability test. The most

significant conclusions are:

@ The pressure-oxidation procedure is sound and reproducible. The
procedure is simple and the conditions can be easily controlled.

® The BPR Thin Film Oven Test is superior to the sand-asphalt
mixture recovéry method in simuléting the first stage hardening in
asphalt. The reasons are that (é) it is simple, rapid, and well es-
tablished; (b) the facilities are inexpensive; (c) with fewer variables
the results have better'reproducibility; and (d) more aéphalt can eésily
be obtained for testing, not only for Viscosity, but for chemical
changes, ductility, brittleness, etc.

The availability of material fpr testing, in addition to viscosity
measurement, is important until a test or property of asphalt is found
that can completely and reliably represent or define the deterioration
of asphalt.

@® The procedure can accelerate the hardéning process to an average of
geven times of the original asphalt in terms of absoiute viscosity at
77 °F in 24 hours, without deviating much from the hardening mechanism,
This value equals about one ye#r hardening in the field under Iowa
conditions. Higher accéleration factors can be obtained by increasing
the oxygen pressure and time of oxidation. The exact 1aboratory'accelera-
tion equivalency factors or curves must be established through field

correlatiorn.
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@®Differences exist among asphalts in the rate‘and degree of
hardening during the‘pressure—oxidation procedure. Therefore the pro-
cedure can distingﬁish between asphalts that are susceptible to hardening
and those ﬁhat are not.

- @The viscosity increase or hard'e‘ning in the pressufe-oxidatiqn
test is a hyperbolic function of time. This is in agreement with
actualvasphaltAhardening in'service40-44. It-is believed thét a
definite correlation cén be estabiished, at least on a local basis,
between field hardéning and performance‘of asphalt, and the prbposed'
laboratory durability test.

| QDContiqued study into the next phase of the durability test in-
vestigation, i.e. field correlations, is necessary 8o that infprmétion
obtained can be put into useful and applied form in asphalt paving design
and quality control. |

In future study, a new pressure veésel will be designed to hold
eight 5%-in.-diam TFOT pans so that the TFOT residues can be treated
in oxygeﬁ directly without transferring. Also, more sample will be
available for additional tests such as ductility and Fraass brittle

point. -Treatment will be made both in 10 atm and in 20 atm oxygen

_pressure up to 240 hours.
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