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INTRODUCTION

A s a measure of paving asphalt temperature susceptibility, PVN is an abbrevi-
ation for “pen-vis number”, which in turn is a shortened version of ‘penetration
at 25 C (77 F)-viscosity at 135 C (275 F) number”, since as will be explained
later, PVN is evaluated from the penetration at 25 C (77 F) and corresponding
viscosity at 135 C (275 F) of paving asphalts from asphalt based “wax free”
crude oils, insofar as any asphalt is entirely free from wax.

In 1947, light waxy crude oils that provided asphalt of high temperature
susceptibility were discovered in Western Canada in large volume. Shortly af-
terward, the Canadian Federal Government decreed that all petroleum products
marketed west of the Ontario-Quebec border had to be made from these crude
oils.

Up to that time most of the asphalt used in Ontario came from Venezualan
crude oils that were refined in Montreal in the Province of Quebec. They had
low temperature susceptibility and a high viscosity at 135 C (275 F) (Group A
in Figure 14). Paving mixtures made with these asphalts were so stable that the
rollers could be operated right up to the spreader. On the other hand, paving
asphalts from these Western Canadian light waxy crude oils were of high tem-
perature susceptibility and had very low viscosity at 135 C (275 F) (Group C
in Figure 14). Paving mixture immediately behind the spreader lacked the sta-
bility to which contractors had become accustomed. Rolling had to be delayed
to allow the paving mixtures to cool and develop sufficient stability to support
the weight of the roller. As one Materials Engineer said facetiously, the roller
man operated the spreader in the morning and then got on the roller to roll in
the afternoon what he had spread in the morning.

The contractor complaints over delayed rolling were so serious that in 1960
the Ontario Department of Highways constructed three six-mile Test Roads
about 40 miles apart on existing highways in South Western Ontario, Figure 1.
In each 6-mile Test Road there were three 2-mile pavement test sections. A
different paving asphalt was used in each of the three 2-mile test sections,
2-miles were paved with 85/100  penetration asphalt of low temperature suscep-
tibility (Group A), 2-miles were paved with 85/100 penetration of approxi-
mately medium temperature susceptibility (Group B), while 85/100  penetration
asphalt of high temperature susceptibility (Group C), was used for the other 2-
mile pavement section. The same three asphalts were replicated in the three
Test Roads. The results from these Test Roads will be referred to later.
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Figures 1: Locations of Four Ontario Test Roads.

Two or three years later, without waiting for results from its test roads, the
Ontario Department of Highways adopted a paving asphalt specification requir-
ing that 85/100  penetration asphalt must have a minimum viscosity of 140 se-
conds Saybolt Furol at 135 C (275 F), later changed to 280 centistokes at 135
C (275 F). For the 150/200  penetration grade, the minimum viscosity at 135 C
(275 F) was 200 centistokes. They rejected all asphalts of high temperature
susceptibility and about half of those of medium temperature susceptibility.

Ontario’s use of asphalts of three different temperature susceptibilities in its
three Test Roads, and its adoption of minimum viscosities at 135 C (275 F) for
its new specification for paving asphalts, led the writer (2,3,4 and 5) to won-
der if temperature susceptibility for paving asphalts could be based on penetra-
tion at 25 C (77 F) and viscosity in centistokes at 135 C (275 F). This paper
will attempt to show that PVN is the most useful measure of paving asphalt
temperature susceptibility that has been proposed so far.

Since the pen-vis number (PVN) concept for expressing paving asphalt tem-
perature susceptibility was originated by the writer about twenty years ago, it
has been slowly developed from isolated bits and pieces of information, some
of them my own, but some from the publication of others. In many respects, it
has been like putting a jig-saw puzzle together, except that with a jig-saw puz-
zle, from the beginning, one has a picture of the final grouping of pieces to
follow as a guide. When working with PVN, I have not had this picture of the
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final assemblage to follow. Only within the past few months have I been able
to fit all the isolated bits of information together into a well organized whole,
which is the subject of this paper.

As I, and I believe many others see it, the major asphalt paving problems
today are centered very largely around the following six headings:

(A) A more useful paving asphalt specification.
(B) Avoidance of low temperature transverse pavement cracking in winter.
(C) Providing adequate pavement stability for summer traffic.
(D) Elimination of pavement rutting.
(E) Developing a much more rational method for pavement recycling.
(F) Providing surface treatments with superior service performance.

In addition, the paper will show how each of the above six objectives can
be further improved by the incorporation of small percentages of suitable poly-
mers into the paving asphalt.

The paper shows that when everything else is equal, aggregate etc., a major
part of the solution for each of these six items involves providing asphalts with
higher viscosity at 135 C (275 F) for any given penetration at 25 C (77 F).
That is, the paving asphalt must often have a lower temperature susceptibility.
This is one of the basic purposes of pen-vis number (PVN), which as has been
stated, is evaluated from the penetration of a paving asphalt at 25 C (77 F) and
the corresponding viscosity at 135 C (275 F). In terms of their PVN values,
Figure 14, which normally range from 0.0 to -1.5, all paving asphalts can be
separated into one or the other of three groups, Group A, low temperature sus-
ceptibility (PVN from 0.0 to -0.5), Group B, medium temperature susceptibil-
ity, (PVN from -0.5 to -l.0), and Group C, high temperature susceptibility,
(PVN from -1.0 to -1.5). Therefore, particularly for pavements for higher
traffic volumes, PVN points the way toward asphalts of lower temperature sus-
ceptibility to solve the six problems previously referred to.

Figure 2 illustrates that two-thirds of the U.S.A. North of the Mason-Dixon
Line has a frost penetration in winter ranging from 18 in. in the south to 72 in.
in Northern Minnesota. Still greater depths of frost penetration occur in
Canada and Alaska. Because of the repeated contraction and expansion stresses
caused by changing temperatures in winter, this can result in severe low tem-
perature transverse pavement cracking, in which no engineer could take any
pride, in expensive maintenance for crack filling and other repairs, and in the
unseen costs of shortened pavement service lives. Unstable pavements under
summer traffic are subject to rutting and to other forms of pavement distortion
because of the lack of adequate pavement stability. Pavement recycling is in-
creasing, but current methods of design seem to be ill-considered and inade-
quate. They appear to be geared for short range success but at the expense of
the same pavement deterioration in the long run that led to their recycling in
the first place. A more rational method with much improved long range service
life is proposed. More serviceable surface treatments can also be constructed.
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PAVING ASPHALT TEMPERATURE SUSCEPTIBILITY AND PVN

The temperature susceptibility of a paving asphalt is the change in the con-
sistency (viscosity or penetration of the asphalt) for a given change in its tem-
perature. As shown by Figure 3, taken from ASTM D 2493, a straight line
graph results when the log log viscosity of an asphalt is plotted versus the log
of its absolute temperature. The slope of this line provides the temperature sus-
ceptibility of the asphalt.

Figure 4 is taken from a small portion of Figure 3, and illustrates the tem-
perature susceptibility of three asphalts, all of which have the same consistency
at 25 C (77 F). Because it has the steepest slope, Asphalt 3 in Figure 4 is said
to have high temperature susceptibility, since for the three asphalts illustrated
in Figure 4, its consistency changes the most for a given change in tempera-
ture. Since its slope changes the least for a given change in temperature, As-
phalt 1 in Figure 4 is said to have low temperature susceptibility. Because the
slope of Asphalt 2 is in-between the slopes of the other two asphalts in Figure
4, Asphalt 2 is said to have intermediate or medium temperature susceptibility.

Figure 5 illustrates the five principal methods that have been proposed as
measures of paving asphalt temperature susceptibility. The first, penetration ra-
tio, is based upon penetrations at 4 C and 25 C (39 F and 77 F). It has had lo-
cal application but does not appear to have been adopted on a national scale.

The second, viscosity temperature susceptibility, (VTS), has been promoted
by The Asphalt Institute as a criterion for paving asphalt temperature suscepti-
bility. As shown on Figure 5, VTS is based on the difference in log log vis-
cosity at each of two temperatures, usually 135 C (275 F) and 60 C (140 F),
divided by the difference in the logs of the same two absolute temperatures.
This equation reduces temperature susceptibility to a very small number, since
for example, the value of log log 1000 is only 0.4771 and for 500 is only
0.4312, with the difference between them being only 0.0459. With such small
numbers, the supporters of VTS, who refuse to admit that temperature suscep-
tibility is an important property of paving asphalts, can argue that paving as-
phalt temperature susceptibility either does not exist, or that it is not signi-
ficant, or that it is merely the result of experimental error. This is illustrated
by the following data for two asphalts that were obtained by The Asphalt In-
stitute:

Penetration at 25 C (77 F) 119 103
Viscosity at 60 C (140 F) (poises) 808 2222
Viscosity at 135 C (275 F) (Cst) 223 540
VTS 3.67 3.34
Difference in VTS = 3.67 - 3.34 = 0.33
PVN -0.94 +0.28
Difference in PVN = +0.28 -(0.94) = 1.22

Note: the PVN values have been added for comparison.

In his AAPT paper of 1970, Lefebvre (4) provided Figure 6, which shows
the ratio between viscosity in poises at 60 C (140 F) and viscosity in centi-
stokes at 135 C (275 F). Figure 6 indicates that this ratio varies with both
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penetration at 25 C (77 F) and with PVN (although it was not called PVN at
that time), and that its value ranges from about one to eight.

As a basis for paving asphalt specifications, the asphalt suppliers encouraged
both ASTM and AASHTO to change the method for grading paving asphalts
from penetration at 25 C (77 F) to grading them by viscosity in poises at 60 C
(140 F), with the resulting five grades, AC 2.5, AC 5, AC 20, AC 20, and AC
40, Figure 7, to which a sixth grade AC 30 was added later.

Figure 8 shows how these five viscosity grades at 60 C (140 F) appear
when they are plotted on a chart in terms of PVN values. Both Figures 6 and 8
demonstrate that the relationship between viscosity in poises at 60 C (140 F)
and viscosity in centistokes at 135 C (275 F) is not simple.

Pfeiffer and Van Doormaal of the Royal Dutch Shell Laboratories at Am-
sterdam, Holland, in a paper published in 1936 (6),  adopted a very different
approach for the measurement of paving asphalt temperature susceptibility,
which they named penetration index, or PI. As an axis for reference they
based their zero PI on a Mexican asphalt of 200 penetration at 25 C (77 F) that
was derived from a “wax free” asphalt based crude oil. To measure the temper-
ature susceptibilities of various paving asphalts, they prepared a nomograph,
Figure 9, for which the penetration at 25 C (77 F) and the ring and ball soften-
ing point of a paving asphalt were required, as indicated by Equation 3 on Fig-
ure 5. To use this nomograph, a straight line was drawn from the point
representing the penetration test value on the ordinate on the right, which lists
values for the penetration test at whatever temperature in °C it was measured,
usually 25 C (77 F), to a corresponding point on the ordinate on the left,
which marks the difference in temperature in °C between the ring and ball
softening point and the temperature at which the penetration test was made.
The value indicated by the point where this line intersects the oblique line
representing penetration index, or PI, indicates the PI of the paving asphalt.

As shown by Equation 3 in Figure 5, values for the penetration of a paving
asphalt at 25 C (77 F) and for its ring and ball softening point temperature are
required for Pfeiffer’s and Van Doormaal’s temperature susceptibility measure-
ment in terms of PI. However, because of small quantities of wax retained in
paving asphalts made from Western Canada’s light waxy crude oils, the soften-
ing point temperatures were much too high. They exceeded the softening point
temperatures of paving asphalts otherwise the same but free from wax. This
made Pfeiffer’s and Van Doormaal’s equation useless for expressing the tem-
perature susceptibilities of paving asphalts from these waxy crude oils.

Heukelom (7) attempted to overcome the effect of wax in these paving
asphalts by making penetration tests at 4 C, 10 C and 25 C, and extending the
least squares line through these values to obtain the temperature corresponding
to a penetration of 800, since for many asphalts this corresponded approxi-
mately to the ring and ball softening point temperature. Heukelom substituted
this temperature for the ring and ball softening point temperature in Pfeiffer
and Van Doormaal’s equation to obtain a corrected value for PI, or the PI
could alternatively be taken from Shell’s Bitumen Test Data Chart (7).  How-
ever, as will be shown shortly, Heukelom appears to have over-corrected for
wax content. Consequently, for asphalts from these light waxy crude oils,
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Figure 11: Illustrating Relationships between Penetration at 77°F, Softening Point °F
(Ring and Ball), and Penetration Index (PI) Values of 0.0 and -1.5 for Paving Asphalts
Manufactured by Steam or Vacuum Reduction.

asphalts from appropriate “wax free” asphalt based crude oils, matched Pfeiffer
and Van Doormaal’s PI of -1.5 for the same asphalts Figures 10, 11 and 12.

In the Appendix to my 1972 AAPT paper (S),  I show a rough plot of vis-
cosity SSF at 275 F (135 C) versus penetration at 77 F (25 C) for 10 asphalts
with a Pfeiffer and Van Doormaal PI of 0.0, Figure 10, which also shows a
similar plot for Pfeiffer and Van Doormaal penetration index, PI of -1.5. The
lines representing PI = 0.0 and PI = -1.5 in Figure 10 were drawn as best
lines through the data. The data illustrated in Figure 10 came from an internal
report by Esso Research and Engineering, showing values for penetration at 77
F (25 C), softening point by ring and ball, viscosity SSF at 275 F (135 C) and
other data for residues that were recovered by steam or vacuum distillation
with penetrations at 77 F (25 C) from each crude oil, ranging from about 200
to 35. All the asphalts for which data are given in Figure 10, came from “wax
free” asphalt based crude oils. Consequently, asphalts ranging in penetration at
25 C (77 F) from about 200 to about 35, that were obtained from each crude
oil by steam or vacuum distillation are also shown in Figure 10 to have the
same PVN value, either PVN = 0.0 or PVN = -1.5.

Later, the writer made a more thorough investigation of penetration at 25 C
(77 F), viscosity at 135 C (275 F) and other inspection data that were obtained
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PENETRATION AT 77°F(25°C)

Figure 14: Illustrating a Specification Based on Penetrations at 77°F (25°C), Viscosities at
275°F (135°C), and Temperature Susceptibilities of Paving Asphalts.

The data in Figure 12 are generalized in Figure 13 for paving asphalts with
PVN values ranging from +0.5 to -2.0, which cover practically all paving
asphalts being marketed in North America.

It is a simple matter to go from the general PVN chart of Figure 13, to the
paving asphalt specification chart of Figure 14, in which paving asphalts are
separated into Groups A, B and C, in terms of their temperature susceptibili-
ties. Group A, with a minimum PVN of -0.5 includes paving asphalts of low
temperature susceptibility, Group B with a PVN range of -0.5 to -1.0, includes
paving asphalts of medium temperature susceptibility, while Group C with a
maximum PVN of -1.0 includes paving asphalts of high temperature suscepti-
bility.

There is as much need or justification for separating paving asphalts into
three groups of temperature susceptibility, as there is for three groups of cut-
back asphalts, rapid curing or RC, medium curing or MC, and slow curing or
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SC grades, or for three groups of asphalt emulsions, rapid setting RS, medium
setting or MS, and slow setting or SS emulsions. As illustrated by Figures 4
and 14, Group A paving asphalts of low temperature susceptibility and Group
C paving asphalts of high temperature susceptibility, are at the opposite ex-
tremes of the paving asphalt temperature susceptibility scale. They result, for
example, in the great differences in low temperature transverse pavement
cracking shown in Figure 22 for pavements containing these two extreme
groups of paving asphalts, where, at the pavement age of 10 years, there were
15 times as many Type 1 low temperature transverse pavement cracks per lane
mile in the pavement containing Group C asphalt, as in the test pavement made
with Group A asphalt. Consequently, there is a real practical need for Group B
asphalts of intermediate temperature susceptibility with PVN values from -0.5
to -1.0. This will be referred to again later in the paper. Figure 14 should be
part of every paving asphalt specification. Two versions of an appropriate
specification are given in Appendix B.

It should be noted that no extra testing is required to obtain the PVN value
of any paving asphalt. Simply determine the penetration at 25 C (77 F) of the
asphalt and its viscosity in centistokes at 135 C (275 F). These values are nor-
mally determined as a part of the routine inspection data on any asphalt sam-
ple. Plot these values as the coordinates of a point on Figure 13. From the
nearest oblique line representing PVN values, the PVN of the paving asphalt
can be read by interpolation. This value of PVN is probably accurate enough
for most purposes. If a truly accurate value of PVN is required, it can be ob-
tained from Appendix A, which lists the equations required for this purpose
and provides a sample calculation.

As previously mentioned, in 1959 and 1960, in Public Roads Magazine
(9,10), the U.S. Bureau of Public Roads published data that had been obtained
on 310 samples of paving asphalts from the U.S.A. and Canada. Their data for
penetration at 25 C (77 F) and viscosity at 135 C (275 F) have been plotted on
the pattern of Figure 14 to give Figure 15, which shows that the temperature
susceptibilities of these asphalt samples ranged from a PVN of +0.5,
representing low temperature susceptibility, to a PVN of -1.5, representing
high temperature susceptibility.

In Figure 16, the data of Figure 15 have been plotted in terms of PVN
versus Pfeiffer’s and Van Doormaal’s PI as given by penetration at 25 C (77 F)
and softening point in C, Equation 3 in Figure 5. For Figure 17, the data in
Figure 16 have been plotted as the average of the PVN values versus the aver-
age of the PI values for Groups A, B and C. To utilize all of the data, the
values for PVN = 0.0 +0.25 were taken to represent asphalt with a PVN of
0.0, the values for PVN = -0.5 f 0.25 were taken to represent asphalts with
a PVN of -0.5. Similarly, asphalt with values for PVN = -1.0 f 0.25 repre-
sented paving asphalts with a PVN of -1.0, and asphalts with values for PVN
= -1.5 + 0.25 represented asphalts with a PVN of -1.5. In each case, the cor-
responding value for Pfeiffer and Van Doormaal’s PI was also calculated.

It will be noted from Figure 17 that the averages for asphalt of low temper-
ature susceptibility with a PVN of 0.0 and also with a PI of 0.0 practically
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coincide. This could be expected because asphalts with PVN or PI values of
0.0 are “wax free” from asphalt based “wax free” crude oils. Because of the
effect of wax on asphalt softening point, the average values for PI for asphalts
with higher and higher wax contents diverge farther and farther from their cor-
responding PVN values. That is, with increasing wax content, the PI values
become higher and higher than the PVN values that represent “wax free”
asphalts.

This is why Pfeiffer and Van Doormaal’s PI values for these waxy asphalts
are always misleading. They are misleading by the amount of the difference
shown in Figure 17 between the corresponding average PI and PVN values. As
will be shown later, because the represent the “wax free” condition, the PVN
values are the correct values to use when assessing pavement performance.

Figure 18 is a plot of data published by The Asphalt Institute in 1979 (II)
in terms of penetration at 25 C (77 F) and viscosity at 135 C (275 F), for 68
samples of paving asphalt being marketed in the U.S.A. and Canada. These
data have been plotted on the pattern of Figure 14 to give Figure 18. It will be
noted that in comparison with Figure 15, because of the OPEC oil crisis in
1973 there has been a downward shift in the data toward higher temperature
susceptibility. The data of Figure 18 have been plotted on Figure 19 as PVN
versus corresponding PI values as determined by Heukelom by the method of
item 4 in Figure 4.

For Figure 19, as for Figure 16, the data of Figure 18 have been given in
terms of PVN versus Heukelom’s corresponding PI values. Unfortunately, the
Asphalt Institute study did not include softening point values. Consequently, a
direct comparison between Pfeiffer’s and Van Doormaal’s and Heukelom’s PI
values cannot be made.

As for Figure 17, in Figure 20 the average PVN value for each of the
groups of data in Figure 19 have been plotted versus the corresponding aver-
age PI (Heukelom) value. That is, an average value for PVN = 0.0 includes
all data within the group of PVN = 0.0 + 0.25, etc.

Heukelom was supposed to be correcting Pfeiffer and Van Doormaal’s
values for wax contents in these paving asphalts. However, Figure 20 demon-
strates that Heukelom over-corrected for wax content. For example, for PVN
0.0 for “wax-free” asphalt of low temperature susceptibility, PVN and Pfeiffer
and Van Doormaal’s values are in close agreement, both being very nearly
zero, For this “wax-free” condition, PVN = 0.0, Heukelom’s PI value should
also have been close to zero, and should have agreed with Pfeiffer and Van
Doormaal’s PI = 0.0. Instead, Heukelom’s PI value has been over-corrected
and shows a PI value = -1.0 approximately. Similar very wide divergences oc-
cur for corresponding PVN values of -0.5, -1.0 and -1.5. Consequently, for
asphalts from waxy crude oils, modulus of stiffness values corresponding to
Heukelom’s PI values will be much too low, just as modulus of stiffness values
corresponding to Pfeiffer and Van Doormaal’s PI values of -1.0 and -1.5 are
much too high.

It is of interest that the PVN values for the Bureau of Public Roads and for
The Asphalt Institute’s data practically coincide for the entire PVN range of
PVN from 0.0 to -1.5. Consequently, the writer believes that these are the cor-
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rect temperature susceptibility values to use with Van der Poel’s nomographs
(12,13)  for paving mixture design.

Incidentally, Figure 15, Bureau of Public Roads data, and Figure 18, As-
phalt Institute data, both demonstrate that paving asphalt grades in the U.S.A.
are well distributed over Grade A, low temperature susceptibility, PVN greater
than -0.5, Group B, medium temperature susceptibility, PVN -0.5 to -1.0 and
Group C, high temperature susceptibility, PVN = -1.0 and lower.

THIN-FILM OVEN TEST RESIDUE

The Thin-film Oven Test Residue of a paving asphalt has the same PVN
value as the original asphalt.

This is supported by data obtained by Meidinger and Kasianchuk of the
British Columbia Department of Highways (14), by Anderson, Dukatz and
Petersen (15), by Anderson, Dukatz and Rosenberg (16),  by Kandhal and
Koehler (17), and by our own laboratory, McLeod (18). All of these studies in-
dicate that the PVN of a Thin-film Oven Test Residue is the same or very
nearly the same as the PVN of the original asphalt.

LOW TEMPERATURE TRANSVERSE PAVEMENT CRACKING AND PVN

Reference was made earlier to the three 6-mile Test Roads constructed in
South Western Ontario in 1960, in each of which three 2-mile test pavements
were constructed using three 85/100  penetration asphalts of low, medium and
high temperature susceptibilities, Figure 5. By 1968, low temperature trans-
verse pavement cracking was becoming a serious problem on Canadian high-
ways. At that time, the writer realized that these three Test Roads, although 8
years old, would provide an excellent outdoor laboratory for the study of low
temperature transverse pavement cracking. For each of the next thirteen years,
my associate, Charles Perkins, for the first two years and myself for the final
11 years with tally sheet in hand, walked on the adjacent gravel shoulders of
each of these test roads, tallying each of the low temperature transverse pave-
ment cracks that had developed, Figure 21. The cracks that completely crossed
the full width of a traffic lane, Type 1, turned out to be the most significant in
relation to the properties of the asphalts in the pavements.

The results of this crack survey are illustrated in Figure 22, in which num-
bers of Type 1 low temperature transverse pavement cracks per lane mile as
abscissa, are plotted versus the PVN values of -0.23, -0.41 and -1.35 of the
three 85/100  penetration asphalts as ordinate, on an annual basis. It can be
seen, that particularly in these pavement’s early lives, up to from 10 to 15
years, that pavements made with paving asphalt of low temperature susceptibil-
ity, PVN = -0.23, had the lowest number of Type 1 transverse cracks per lane
mile, and that the numbers of these cracks increased as the temperature suscep-
tibilities of the asphalts increased from PVN = -0.23, to -0.41 to -1.35.

It is apparent from Figure 22, that 85/100 penetration asphalt was too hard
a grade of asphalt to have been used to eliminate or at least greatly reduce low
temperature transverse pavement cracking. The objective of any treatment for
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Figure 21: Types of Transverse Pavement Cracks.

low temperature transverse pavement cracking should be no thermal cracks
during the service life of the pavement. This will be considered later in the
paper.

Table 1 provides inspection data for the three 85/100 penetration asphalts of
different temperature susceptibilities that were used in the three Ontario Test
Roads as measures of temperature susceptibility. It is obvious from Table 1
that the values for Pfeiffer and Van Doormaal’s PI and for PVN point in com-
pletely opposite directions. For example, Supplier l’s asphalt has a PI value of
-1.00, but a PVN value of only -0.23. However, Figure 22 shows that the
values for PVN point in the right direction insofar as thermal cracking is con-
cerned. The PI values in Table 1 are in error because of the influence of wax
in the asphalt, particularly in the asphalt furnished by Supplier 3, which pro-
vides values for both softening point and PI that are much too high.

In 1961, Ontario constructed Test Road 4, Figure 1, to include two pave-
ment sections, each several miles long. In this project the asphalt was of high
temperature susceptibility in both cases, PVN = -1.35. For one pavement sec-
tion 150/200  penetration was used, and for the other, 85/100 penetration.
Figures 23, 24 and 25 show the appearance of these two test pavements after 4
years of service, after which they were overlaid. The pavement made with
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Figure 23: Pavement with 85/100 Penetration Asphalt. West of Orangeville. Four Years
Old.

1. Its penetration at 25 C (77 F), and
2. Its temperature susceptibility, which for me is given by its PVN value, that

is based on its penetration at 25 C (77 F) and its viscosity at 135 C (275 F).

These two paving asphalt properties influence low temperature transverse
pavement cracking as follows:

(a) If temperature susceptibility is held constant, low temperature transverse
pavement cracking increases as the penetration of the paving asphalt at 25
C (77 F) decreases (becomes harder), Figure 23, 24 and 25.

(b) If the penetration of the paving asphalt at 25 C (77 F) is held constant,
low temperature transverse pavement cracking increases with an increase
in temperature susceptibility of the paving asphalt, Figure 22.

(c) Low temperature transverse pavement cracking increases with pavement
age, because the asphalt in the pavement hardens with time, its penetration
at 25 C (77 F) becomes harder and harder with time (its penetration at 25
C (77 F) becomes lower and lower).

These principles are further supported by the following examples of the
very rapid failure of a pavement by low temperature transverse pavement
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Figure 24: Pavement with 150/200  Penetration Asphalt. West of Orangeville. Four Years
Old.

cracking in one case and by the success of a pavement in another. About 1966
or 1967 Ontario let a contract for paving a road into the Red Lake Mining
Centre in Northwestern Ontario, where the minimum winter temperature can
be -60 F (-51 C). The asphalt to be used for this pavement was 85/100
penetration at 25 C (77 F) with a high temperature susceptibility (PVN = -
1.5). Since the pavement construction was begun but not finished in the first
year, it was expected to be completed the following spring. However, during
the intervening winter the low temperature transverse pavement cracking that
occurred in the new pavement constructed the previous fall was so severe that
the paving contract was cancelled.

The other pavement project was the James Bay Access Road in the Province
of Quebec. This was for a planned 16-billion dollar hydroelectric project
(equal to four Niagara Falls developments). This project was 400 miles north
of the end of rail service. It was decided to build a paved highway to service
this project rather than rail. The minimum temperature in winter was -60 F
(-51 C), and the maximum temperature in summer was 90 F (32 C). The con-
sultants for this road project were Desjardins, Sauriol and Associates of Mon-
treal. They asked the writer to serve with them as consultant for the asphalt
pavement. The pavement was to last for 10 years, which was the length of
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Figure 25: 85/100  Penetration in Pavement in Right Lane. 150/200 Penetration in Left
Lane. West of Orangeville. Four Years Old. (Note: Blemish is in the Film Not in the
Pavement).

time Quebec Hydro believed was needed to complete the construction of the
generating facilities. All the bridges on this road were designed to carry a load
of 500 tons, which the pavement also had to support. One of my principal as-
signments was the selection of the asphalt binder to be used. It had to provide
a pavement that would satisfy two basic requirements:

(a) To minimize the amount of low temperature transverse pavement cracking
in winter

(b) To provide adequate stability for warm weather traffic.

After considerable study, that is reported in the 1978 AAPT Proceedings, I
recommended a paving asphalt of 300/400  penetration at 25 C (77 F) with a
low temperature susceptibility, minimum PVN of -0.2, although Quebec High-
ways had used only 85/100  penetration at 25 C (77 F) up to that time. After
some hesitation, this recommendation was adopted.

To pave this road five contracts of approximately 40 miles each were let
and finished in 1975 and five contracts of about 40 miles each were let and
constructed in 1976. I have not seen this project since 1977, but from conver-
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sation with those who have, it is still providing acceptable service 13 and 14
years later.

The first project failed immediately because the penetration at 25 C (77 F)
of the paving asphalt, 85/100,  was much too low for that environment, and its
temperature susceptibility, PVN = -1.5, was much too high. The second pro-
ject is still giving good service because the paving asphalt was sufficiently soft
300/400  penetration at 25 C (77 F), and its temperature susceptibility, PVN =
-0.2, was low enough that the pavement had good resistance to low tempera-
ture transverse cracking in winter, and had adequate stability for summer
traffic.

These two projects indicate that for greater resistance to low temperature
transverse pavement cracking, softer paving asphalts are required that include
both a higher penetration at 25 C (77 F) and low temperature susceptibility. As
clearly shown by Figure 4, the low temperature susceptibility also assures
higher pavement stability under warm summer temperatures and a softer as-
phalt at minimum winter temperatures.

Quantitative data are also available to support these three principles from a
limited number of other projects:

1. The three 6-mile Ontario Test Roads that were built in 1960, where the
penetration at 25 C (77 F) of the paving asphalts was held constant at
85/100,  and the temperature susceptibilities ranged from low to medium to
high (PVN = -0.23, -0.41, and -1.35). Figure 22 shows that for the aver-
age minimum winter temperature conditions prevailing at these projects,
-20 C (-4 F), after any given period of time, the amount of low temperature
transverse pavement cracking increased markedly with an increase in tem-
perature susceptibility. For example, at the pavement age of 10 years, in
Test Road No. 2, there were 15 times as many Type 1 low temperature
transverse pavement cracks per lane mile in the pavement containing the as-
phalt of highest temperature susceptibility, PVN = -1.35, as in the pave-
ment made with the asphalt of lowest temperature susceptibility, PVN =
-0.23.

2. Ontario Test Road 4, Figure 1, was constructed in 1961. The temperature
susceptibility of the two paving asphalts employed was kept constant, high
temperature susceptibility, PVN = - 1.35, and their penetrations at 25 C
(77 F) were 85/100  in one test section, and 150/200  in the other, Figures
23, 24 and 25. The minimum winter temperature at this test road was -23.3
C (-10 F). After four years of service, after which they were overlaid, the
test pavement containing 85/100  penetration asphalt had more than 400
Type 1 thermal cracks per lane mile, Figure 23, while the test pavement
made with the 150/200  penetration asphalt had no low temperature trans-
verse pavement cracks of any type, Figure 24.

3. Table 2 lists data reported by Kandhal and Koehler (17) for six asphalt test
pavements in Pennsylvania. The six paving asphalts employed represent the
entire spectrum of temperature susceptibility from low to medium to high,
Group A, PVN 0.0 to -0.5, Group B, PVN -0.5 to -1.0 and Group C, PVN
-1.0 to -1.5, Figure 14. One asphalt, T-6, was of low temperature suscepti-
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bility, three asphalts, T-2, T-3 and T-4 were of medium temperature sus-
ceptibility, while T-l and T-5 were of high temperature susceptibility. All
being AC20 asphalts, their penetrations at 25 C (77 F) varied from 42 to
80. Nevertheless, the combination of lowest penetration at 25 C (77 F) and
highest temperature susceptibility, resulted in pavements with the highest
number of low temperature thermal cracks after seven years of service.

Table 2 lists PI data by Heukelom’s method and PVN data on the original
asphalts and on asphalts recovered from the pavements just after construc-
tion, after 20 months and after seven years in service. These data show that
the PVN values for each asphalt are approximately constant regardless of
time in pavement service, while Heukelom’s PI data have no recognizable
pattern.

The minimum winter temperature at the site of the PenDot Test pave-
ments was -29 C (-20 F).

4. Table 3 indicates that similar conclusions are indicated by Iowa data
reported by Marks and Huisman (22). A test pavement containing paving
asphalt of 75 penetration at 25 C (77 F) with a high temperature susceptibil-
ity, Group C, had low temperature thermal crack spacing of only 35 feet af-
ter 3.5 years in service when the pavements were overlaid, but the other
test pavement had a thermal crack spacing of 170 feet for the pavement in
which the asphalt had a penetration of 100 at 25 C (77 F) and a medium
temperature susceptibility, Group B. In the first pavement, the paving as-
phalt with an original PVN of -1.2, when recovered from the pavement af-
ter 3.5 years had a PVN of -1.4. In the second pavement, a paving asphalt
with an original PVN of -0.6, had a PVN value of -0.61 when recovered
from the pavement after the same period of service. Furthermore, Marks
and Huisman report that PVN values for asphalts recovered from other
pavements on a routine basis, have remained relatively constant over a
period of years.

The minimum winter temperature at the site of the Iowa test pavements
was also -29 C (-20 F).

5. Data from the Ste. Anne Test Road, reported by Deme and Young (20),
and shown in Table 4, indicate that recovered paving asphalt PVN values
remain essentially unchanged after pavement service periods up to 20 years.
For example, 150/200  penetration asphalt of medium temperature suscepti-
bility, had an original PVN value of -0.59, Group B, a PVN value of -0.75,
Group B, when recovered from the pavement after three years of service,
and a PVN of -0.73, Group B, when recovered from the test pavement after
20 years. After five years of service this pavement had 41 thermal cracks
per kilometer. Another test pavement containing 150/200  penetration asphalt
of high temperature susceptibility, Group CC, had an original PVN of -
1.6 1, a PVN of - 1.7 1, Group CC, when recovered from the pavement after
three years, and a PVN of -1.80, Group CC, when recovered from the
pavement after 20 years. A third test pavement, made with 300/400  penetra-
tion asphalt of high temperature susceptibility, had an original PVN of -
1.52, Group CC, a PVN of -1.78, Group CC, when recovered after three
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years of service, and a PVN of -1.76, Group CC, when recovered after 20
years of service.

The minimum winter temperature at the site of the Ste. Anne Test Road
was -40 C (-40 F).

6. For the data in Table 5 (18),  one of our asphalt sales engineers went to nine
hot-mix plants located in different parts of Ontario and obtained a sample of
the asphalt going into the hot-mix plant and a sample of the hot-mix being
discharged. In our laboratory PVN values were determined for the samples
of asphalt going into the mixer, on the thin-film oven test residues from
these samples, and on asphalts recovered from the paving mixtures being
discharged. Parallel tests were made to determine Heukelom’s PI values for
each of these three conditions. Table 5 shows that for all nine paving as-
phalt samples, the PVN values for the original asphalts, for their thin-film
oven test residues, and for asphalt recovered from the paving mixture sam-
ples, remain essentially unchanged. On the other hand, Heukelom’s PI
values are scattered with no discernible pattern.

All asphalts in Table 5 (18) had to meet Ontario’s specification for which
the requirements for minimum penetration at 25 C (77 F) and minimum vis-
cosity at 135 C (275 F) correspond to a minimum PVN value of about -0.8.
It will be noted that every one of the nine paving asphalts meets this mini-
mum PVN requirement.

7. The data in Tables 6 and 7 pertain to an overseas project. We are interested
at the moment only in Stage 1, the first 3-lanes of an eventual 6-lane pave-
ment, which was eight years old when sampled. The paving asphalt was
80/100  penetration at 25 C (77 F), provided by Supplier 1, that Table 6 in-
dicates had a PVN of -0.31, which was Group A, Figure 14. The PVN
values of the asphalt samples recovered from the pavement after eight years
of service, are also seen to be Group A, PVN = 0.0 to -0.5.

The minimum average monthly temperature at this site is 10 C (50 F).
8. Professor Haas from the University of Waterloo and Associates (23) has re-

cently completed a very thorough investigation of pavement samples from
26 airports across Canada, Figure 26, some of them more than 30 years
old. The PVN values for the bitumens recovered from these pavement sam-
ples were found to be very near to what the PVN values for the original bit-
umens must have been,

With respect to older pavements there is always the question of whether
the asphalt in the pavement had developed some internal structure with time
that would be lost when the asphalt was recovered for PVN testing. How-
ever, Professor Haas made direct tensile strength tests on three undisturbed
briquettes that were cut from the pavement samples from each airport.
These direct tensile tests were made at temperatures of 0 C, -17 C and -34
C. When I quizzed Professor Haas directly on this point, after reexamining
his data, he stated that his tensile strength tests showed no evidence of the
development of any internal structure within the paving asphalts themselves
in these pavement samples. Consequently, the PVN values represented the
condition of the asphalt in the pavements in place.
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Figure 26: Approximate locations of the 26 airports (Where x’s Indicate Interior Airports
and o’s Indicate Coastally Associated Airports). Freezing Index Countours are in °F Days.
(With Credit to Ralph Haas).

9. In his 1974 paper, Fabb (24),  after a very thorough laboratory study,
reported that during cooling to low temperatures, cracking was initiated in
any asphalt paving mixture when the asphalt binder in a mix was chilled to
a critical modulus of stiffness on which changes in paving mixture design
had little or no influence.

A number of important conclusions can be drawn from the data in Tables 2,
3, 4, 5, 6, 7 and Figure 26:

1. They show that asphalts recovered from pavements in service indicate that
the PVN of an asphalt remains constant regardless of its time in pavement
service up to 20 years at the Ste. Anne Test Road, and in excess of 30 years
for pavements from 26 Canadian airports, that were investigated by Haas
and Associates (23). The PVN of the paving asphalt that was fed into the
pugmill at the hot-mix plant did not change over these long periods of time.

2. The data in these tables and Figure 26 also demonstrate that regardless of
wide differences in temperature in pavement service, the PVN of the original
paving asphalt and of the asphalt recovered from a pavement after the same
20 to 30 years of time, is also constant. It remains constant whether sub-
jected to a temperature of 163 C (325 F) for five hours in the Thin-film
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PENETRATION AT 77°F(25°C)

Figure 27: Illustrating A Specification Based on Penetrations at 77°F (25°C), Viscosities at
275°F (135°C), and Temperature Susceptibilities of Paving Asphalt.

Oven Test, or after temperatures in pavement service that have been as low
as -40 C (-40 F), Table 4.

This latter fact indicates that PVN is the best measure of paving asphalt
temperature susceptibility that has been developed so far.

3. Professor Haas’ conclusions concerning the reversing of the direction of the
PVN values of aged asphalt recovered from pavements to their same origi-
nal PVN values, supports the double-headed arrows in Figure 27. This
means that an original asphalt in the Group A category, low temperature
susceptibility, remains Group A throughout its service life. An original as-
phalt in the Group B category, medium temperature susceptibility, remains
in Group B, and original asphalts in the Group C category, remain in Group
C. Throughout their service lives. It also means that the direction of harden-
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ing with time for an original paving asphalt, and the direction through
which hardening of an aged asphalt has occurred, are on the same path but
in opposite directions.

4. At present, oxidation, which consists of blowing air through a soft asphalt
maintained at a temperature of about 260 C (500 F), is commonly used to
increase the softening point for any given penetration at 25 C (77 F) for
roofing and industrial asphalt products, and when producing paving
asphalts, to increase their viscosity at 135 C (275 F). Oxidation is an extra
stage in manufacture and increases the cost of asphalt production. When a
specified ductility requirement of 100 cm at 25 C (77 F), 5 cm/min must be
satisfied, oxidation is of very limited usefulness for increasing the viscosity
at 135 C (275 F) of a paving asphalt. At most, it may be able to increase
the viscosity at 135 C (275 F) from a Group C to a Group B, or from a
Group B to a Group A in Figure 14. By adding an appropriate polymer, the
viscosity at 135 C (275 F) of a Group C paving asphalt can be easily in-
creased to that of a Group A or higher. Consequently, all paving asphalts
could be manufactured by steam or vacuum distillation, and when necessary
to satisfy a paving asphalt specification, their viscosities at 135 C (275 F),
or their PVN values, could be increased to any required degree by incor-
porating a small percentage of a suitable polymer.

5. Critics have suggested that PVN cannot be associated with the cause or cure
of thermal cracking, because neither penetration at 25 C (77 F), nor vis-
cosity at 135 C (275 F) of a paving asphalt, on which PVN is based, can be
correlated with low temperature transverse pavement cracking. In reply, the
writer would like to point out that he has used a completely different
criterion for low temperature pavement performance, namely, the number
of low temperature transverse pavement cracks per lane mile, or per lane
kilometer, or crack spacing in feet or meters, that have developed when a
pavement is chilled to a minimum winter temperature. When all other fac-
tors are equal, this criterion shows that Group A asphalts, as indicated by
penetration at 25 C (77 F) and viscosity at 135 C (275 F), or by PVN
values of 0.0 to -0.5, develop the smallest number of low temperature trans-
verse cracks per lane mile of pavement, or equivalent, while Group C
asphalts, as indicated by penetration at 25 C (77F) and viscosity at 135 C
(275 F), or by PVN values of -1.0 to -1.5, develop the greatest number of
low temperature transverse cracks per lane mile of pavement, or equivalent.
For pavements made with Group B asphalts, as indicated by penetration at
25 C (77 F) and viscosity at 135 C (275 F), or PVN values of -0.5 to -1.0,
the number of low temperature transverse cracks per lane mile of pavement,
or equivalent, is inbetween the number of transverse cracks developed by
Group A and Group C asphalts, Figure 22. This is further verified by the
close relationship between Groups A, B and C paving asphalt groupings,
and the corresponding numbers of low temperature transverse cracks per
lane mile of pavement, or equivalent, in Tables 2, 3, 4, 7, 8 and Figure 26.
Therefore, penetration at 25 C (77F) and viscosity at 135 C (275 F), or cor-
responding PVN values, are very accurate indicators of low temperature
pavement performance. The PVN values of paving asphalts appear to vary
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only with the crude oil or crude oil blend from which they are manufactured
by steam or vacuum distillation, Figure 10. Furthermore, as is also true for
human beings, PVN is an asphalt finger print that remains constant through-
out an asphalt pavement’s service life.

WHY CAN PVN VALUES FOR NORMAL SPECIFICATION PAVING
ASPHALTS BE READ WITH SUFFICIENT PRECISION FROM A PVN

CHART FOR “WAX-FREE” ASPHALTS MANUFACTURED FROM “WAX-
FREE” ASPHALT BASED CRUDE OILS?

It should be made clear again, that the PVN charts of Figures 13, 14, and
27, are based on PVN values for “wax-free” asphalts from “wax-free” asphalt
based crude oils. Why then can the PVN values for normal paving asphalts
meeting an ordinary paving asphalt specification be taken with sufficient ac-
curacy from these PVN charts?

The constancy of the PVN values for the original paving asphalt and for the
corresponding paving asphalts recovered from pavements in service up to 20 or
30 years as demonstrated unanimously by the data recorded in Tables 2, 3, 4,
7, 8 and Figure 26, indicate that this procedure is very close to being correct.
This is particularly true when the differences in temperature of the asphalts in
pavement service is considered. The principal difference in PVN values, if
any, would probably be due to small amounts of wax retained in a normal pav-
ing asphalt. Consequently, the writer is offering Table 8 as evidence that any
wax remaining in a normal paving asphalt is so small, that its effect on the
asphalt’s PVN value is probably insignificant.

For Table 8, 0.0, 0.5, 1.0, 2.0, 5.0 and 10.0 percent of refinery slack wax
with a ring and ball softening point of 64.4 C (148 F) and a viscosity of 3.39
centistokes at 135 C (275 F), were blended into 85/100  penetration at 25 C (77
F) paving asphalts of Group A, low temperature susceptibility in one case, of
Group B, medium temperature susceptibility in the second case, and of Group
C, high temperature susceptibility in the third case. Data for percent of slack
wax, penetration at 25 C (77 F), viscosity in centistokes at 135 C (275 F),
PVN value, ductility in cm at 25 C (77 F), 5 cm/min,  and softening point °C
and °F, ring and ball, are listed in Table 8 for each added percent of slack
wax, for Group A, Group B and Group C paving asphalts.

At a temperature of 135 C (275 F), the slack wax is a very fluid material
with a viscosity of 3.39 centistokes. Consequently, with increasing wax con-
tent, the penetration at 25 C (77 F) of the blend is increased, and the viscosity
of the blend at 135 C (275 F) is decreased. For the addition of very small in-
creases in wax contents, these changes in penetration at 25 C (77 F) and in
viscosity at 135 C (275 F) compensate each other in such a way that the PVN
values of the blends are not noticeably affected. For example, for an increase
of from 0.0 to 2.0 percent in slack wax, the PVN changed from -0.24 to -0.55
for the Group A asphalt, from -0.73 to -0.87 for the Group B asphalt, and
from -1.59 to -1.73 for the Group C asphalt. Therefore, the PVN values for
the normal paving asphalts and for the corresponding asphalts in the charts in
Figures 13, 14 and 27 do not appear to differ significantly. Consequently, the
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1. Avoiding or greatly reducing low temperature transverse pavement cracking
in winter.

2. Providing adequate stability for summer traffic.
3. Eliminating pavement rutting.

In warmer climates only the second and third of the above three criteria are
important.

This is too big a topic to be handled in detail in this paper. However, some
general guidelines can be presented. A detailed treatment is given in references
(25) and (26).

(a) Paving Asphalt Selection for Colder Climates

Figures 28 and 29 indicate how paving asphalts should be selected to avoid
low temperature transverse pavement cracking in winter and to provide ade-
quate pavement stability and elimination of rutting under summer traffic.

Figure 28 is based on Test Road data (19,20), on theoretical considerations
(21), and on the field performance of thousands of miles of paved highways in
Canada, the U.S.A. and Norway, and represents the writer’s best estimate of
the combinations of penetration at 25 C (77 F) and viscosity at 135 C (275 F)
for the original asphalts to be selected, to eliminate or at least greatly reduce
low temperature transverse pavement cracking at the minimum winter tempera-
ture at a pavement site, throughout a pavement’s service life. For example, if
the minimum pavement temperature anticipated at a pavement site is -10 F (-23
C), only combinations of penetrations at 25 C (77 F) and viscosities at 135 C
(275 F) that lie on or to the right of the oblique line in Figure 28 that is
labelled -10 F (-23 C) should be selected if the pavement is to avoid low tem-
perature transverse cracking at -10 F (-23.3 C) throughout its service life.
Grades of paving asphalt that lie to the left of this line are too hard, and would
result in thermal cracking at the anticipated minimum temperature of -10 F
(-23.3 C). This is also true of each of the other oblique lines in Figure 28
representing other anticipated minimum winter temperatures.

On the other hand, it should be noted that with all other factors being
equal, to obtain the highest pavement stability in warm weather, the combina-
tions of penetration at 2.5 C (77 F) and of viscosity at 13.5 C (275 F) that lie on
each pertinent oblique temperature - labelled line in Figure 28 should also be
selected, because these will provide the lowest penetrations at 25 C (77 F) and
therefore the highest pavement stabilities that can be obtained without causing
low temperature transverse pavement cracking.

Pavement performance in cold climates would be much improved, when all
other variables are equal, if paving asphalts were selected for heavy, medium
and light traffic as indicated by Figure 29. To avoid low temperature trans-
verse cracking for the service life of the pavement, Figure 29 makes it quite
clear that Group A paving asphalts of low temperature susceptibility, (PVN =
0.0 to -0.5), and with lower penetrations at 25 C (77 F), provide pavements
that withstand lower winter temperatures without low temperature transverse
pavement cracking. Their lower penetrations at 25 C (77 F) also provide pave-
ments with higher stability for summer traffic. Therefore, only Group A
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Figure 28: Chart for Selecting Paving Asphalts with Various Combinations of Temperature
Susceptibilities and Penetrations at 77°F (25°C) to Avoid Low Temperature Transverse
Pavement Cracking at Selected Minimum Winter Temperatures.

asphalts of low temperature susceptibility should be selected for heavy traffic.
To avoid low temperature transverse pavement cracking, Figure 29 shows that
Group B asphalts of medium temperature susceptibility, (PVN = -0.5 to -l.0),
must be of higher penetration at 25 C (77 F) to withstand low temperature
transverse pavement cracking at any given minimum winter pavement tempera-
ture. These higher penetrations at 25 C (77 F) provide pavements of lower sta-
bility for summer traffic. Consequently, considerations of thermal cracking at
winter temperatures and lower stabilities at summer temperatures assign these
Group B asphalts of medium temperature susceptibility to pavements for the
medium traffic category. Figure 29 also indicates that Group C asphalts of high
temperature susceptibility, (PVN = -1.0 to -1.5), must be of still higher
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Figure 29: illustrating Selection of Combinations of Temperature Susceptibility (PVN) and
Penetration at 25°F for Paving Asphalts for Heavy, Medium and Light Traffic in Cold
Climates.

penetration at 25 C (77 F) to withstand thermal cracking at any given mini-
mum winter temperature. When other factors are equal, these still higher
penetrations at 25 C (77 F) provide pavements with still lower stability for
summer traffic. Therefore, when their lesser ability to withstand thermal crack-
ing in winter and to provide adequate stability for summer traffic are consid-
ered, it is clear that these Group C asphalts of high temperature susceptibility
should be limited to pavements for the light category of traffic. In addition,
roads for light traffic are often lacking in foundation support that further
justifies the limitation to pavements made with Group C asphalts.

However, if only Group A asphalts are available in any region, they are
more than satisfactory for pavements for either the medium or light traffic cate-
gory, and the same is true for Group B asphalts for pavements for light traffic.
On the other hand, by the incorporation of small percentages of a suitable
polymer, the temperature susceptibility of a Group B paving asphalt can be im-
proved to that of Group A, and the temperature susceptibility of a Group C as-
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phalt increases, its penetration at 25 C (77 F) must be decreased in order to
provide a constant pavement stability (modulus of stiffness) as follows:

(a) 80/100 penetration asphalt, if its PVN is 0.0
(b) 70/86  penetration asphalt, if its PVN is -0.5
(c) 60/75  penetration asphalt, if its PVN is -1.0
(d) 50/65  penetration asphalt, if its PVN is -1.5

Although in this case, the paving asphalt of 80/100  penetration at 25 C (77
F) and the 50/65  penetration asphalt, for example, both provide the same pave-
ment stability at a temperature of 60 C (140 F), the 50/65  penetration asphalt
could be expected to be much harder (lower penetration at 25 C (77 F) in
pavement service after 10 years for instance, than the originally softer 80/100
penetration asphalt.

This greater hardening of particularly the 50/65  and 60175 penetration
grades of higher temperature susceptibility, could be avoided by incorporating
into these grades a small percentage of an appropriate polymer, Figure 31, to
increase their penetrations at 25 C (77 F) to 80/100  penetration within the
Group A or even Group AA category of low temperature susceptibility.

PAVEMENT RUTTING

Paving asphalts have two basic properties, elastic and viscous, depending on
temperature and time of loading. Under fast traffic even on a warm day, the
asphalt binder in a pavement can perform very largely as an elastic material.
However, in parking areas where pavements are subject to stationary tire load-
ings for long periods of time, the viscous property of the asphalt becomes im-
portant, and because of its viscous flow under load, the pavement can begin to
rut. Therefore, apart from the important role played by the aggregate, pave-
ment rutting is associated with the viscous property of paving asphalts. The
viscous resistance of an asphalt binder can be increased by increasing its vis-
cosity. Therefore with all other mix variables the same, because of their higher
viscosity at 135 C (275 F), for the same penetration at 25 C (77 F), asphalts of
low temperature susceptibility, Group A, can be expected to provide a pave-
ment with higher viscous resistance than asphalts of medium temperature sus-
ceptibility, Group B. Similarly, Group B asphalts, in turn, can be expected to
provide a pavement with more viscous resistance than asphalts of high temper-
ature susceptibility (Group C). This is demonstrated by Figure 3.

Since, as shown by Figure 31, a paving asphalt’s viscosity at 135 C (275 F)
can be substantially increased by incorporating a small percentage of an ap-
propriate polymer, providing it with a higher PVN, this treatment should pro-
vide a pavement with still greater resistance to rutting.

The Elastic Recovery Test indicates that paving asphalts treated with certain
polymers (elastomers) are much more elastic than the untreated asphalt. This
test is made on specimens formed in the ductility molds used for a normal duc-
tility test. One mold is filled with a normal asphalt as a control, and another
mold with a polymer modified asphalt. The ductility bath is maintained at a
temperature of 10 C (50 F). The procedure for a normal ductility test is em-
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PENETRATION AT 77°F(25°C)

Figure 31: Illustrating How Small Percentages of an Appropriate Polymer can Improve the
Temperature Susceptibility of a Paving Asphalt.

ployed when preparing the specimens. When brought to the test temperature of
10 C (50 F), the molds are placed on the pins of the ductility machine and
pulled at a rate of 5 cm/min  to a length of exactly 20 cm. They are maintained
at this length for 5 minutes after which the ductility threads are cut in the mid-
dle into two equal segments of 10 cm each, and allowed to stand undisturbed
for one hour. The threads are then brought together until the cut ends just
touch, and their total length is again measured. The ductility thread of the nor-
mal asphalt is now from 90 to 95 percent of its original 20 cm length. The
length of the thread of the polymer modified asphalt is from 20 to 40 percent
of its original length of 20 cm, depending on the polymer (elastomer) em-
ployed. That is, because of elastic recovery, for the normal asphalt, its original
length of 20 cm has contracted to from 18 to 19 cm, while for the polymer
modified asphalt, its original 20 cm length has contracted to from 4 to 8 cm,
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PENETRATION AT 77°F(25°C)

Figure 32: Illustrating a Possible Shift to a Lower Temperature at which Low Temperature
Transverse Pavement Cracking Might Begin because of the Greater Elasticity of Certain
Polymer Modified Aspahlts.

depending on the type and quantity of polymer incorporated. Therefore, the
polymer modified asphalt normally has a very much higher elastic recovery
than normal asphalts.

This at present is only a laboratory test. Its influence on pavement proper-
ties such as low temperature transverse pavement cracking and pavement rut-
ting must still be determined by the performance of test pavements in the field.
However, expressed briefly, the possible benefits of the use of certain polymer
modified asphalts that are implied by the results of the Elastic Recovery Test
would appear to be as follows:

(a) As illustrated by the arrow in Figure 32, it could result in a shift to the
left to a noticeably lower temperature at which low temperature transverse
pavement cracking would begin.
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(b) This in turn would result in a shift of one or two grades toward lower
penetration at 25 C (77 F), which in turn would provide a higher pave-
ment stability for summer traffic.

(c) The increased elasticity of certain polymer modified asphalts should result
in greater pavement resistance to rutting.

(d) The increased pavement stability at summer temperatures should also pro-
vide greater resistance to the rutting of pavements.

THE ROLE OF POLYMERS

Chiefly by lowering their temperature susceptibilities (increasing their PVN
values) a number of polymers, when incorporated into a paving asphalt, can
greatly increase the effectiveness of the polymer modified asphalt in pavements
to attain or exceed each of the six objectives stated initially in this paper.

Figure 31, illustrates the role of polymers in this respect. The lowest small
circle in Figure 31 indicates the temperature susceptibility, PVN = about -0.8,
that has normally been available for paving asphalts marketed in Ontario in re-
cent years. The incorporation of one percent of a certain polymer lowered its
temperature susceptibility to a PVN of about -0.2, while two percent of the
same polymer lowered its temperature susceptibility to a PVN of +0.4.  A
PVN value of +0.4 is well above the range of temperature susceptibility of
normal paving asphalt from any crude oil produced in Canada at present, and
this is also true for nearly all normal paving asphalts produced or marketed in
the U.S.A.

Neither ASTM nor AASHTO has a temperature susceptibility requirement
in its specification for paving grades of asphalt. Although Table 1 in these
specifications permits the use of paving asphalts of higher temperature suscepti-
bility than Table 2, nowhere in these specifications is any mention made of
temperature susceptibility. From investigations of pavement failures in the
U.S.A. that the writer has read, no mention of the temperature susceptibility is
ever made.

In many cases, insofar as a completely informative report is concerned, ig-
noring the temperature susceptibilities of the paving asphalt that was used, is
like sending a boxer into the ring with one hand tied behind his back. All the
information, for example, as illustrated by Figure 3, required for a thorough
explanation of the pavement failure is not being employed.

I am quite aware that aggregates, voids properties, stability, flow index and
good or poor pavement design and construction practice all have an influence
on pavement performance. This is not a paper on paving mixture design and
construction practice. However, assuming that all variables referred to above,
except the asphalt cement, have been adequately provided for, this paper at-
tempts to indicate the very important influence on good pavement performance
that is provided by the paving asphalt’s penetration at 25 C (77 F) and its tem-
perature susceptibility as measured by its PVN value.

In the U.S.A., since no mention of temperature susceptibility is made in ei-
ther ASTM or AASHTO specifications, it appears that in general, paving
asphalts in Group A, low temperature susceptibility, Group B, medium temper-
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ature susceptibility, and Group C, high temperature susceptibility, are selected
indiscriminately for pavement design regardless of the traffic category, heavy,
medium, or light, the pavement is to carry. Therefore, Group C paving
asphalts of high temperature susceptibility, or Group B paving asphalts of
medium temperature susceptibility compete on an even footing with Group A
paving asphalts for pavements for heavy traffic. Similarly all three Groups, A,
B or C, compete on an even footing for pavements for any other traffic
category.

U.S. Highway Departments pay a heavy price for this misunderstanding in
the form of millions of dollars for filling cracks that should never have been
there in the first place, and other millions of dollars in the form of shortened
pavement service lives. They will continue to do so until they recognize the
need for specifying the temperature susceptibility of paving asphalts as outlined
in Figure 27 or in Appendix B(2). They must recognize in particular, that in
general, only Group A asphalts should be permitted for heavy traffic, Group B
asphalts for medium traffic, and Group C paving asphalts for light traffic.

In Canada, cold winter temperatures have forced us to recognize the need
for softer asphalts in terms of both penetration at 25 C (77 F) and temperature
susceptibility to avoid or reduce low temperature transverse pavement crack-
ing. Consequently, most provincial paving asphalt specifications completely re-
ject Group C paving asphalts of high temperature susceptibility. However, we
still do not write paving asphalt specifications for each particular paving site as
we should, and we still allow Group B asphalts of medium temperature suscep-
tibility to be used for pavements for heavy traffic, where in general, only
Group A asphalts of low temperature susceptibility should be permitted, if
pavement rutting it to be avoided.

The writer believes there is a place in our highway construction programs
for all three groups of paving asphalts, Group A, B and C. Roads to carry
light traffic seldom have a uniformly adequate foundation. Therefore, provided
they are selected with care for the minimum penetration at 25 C (77 F) and
minimum viscosity at 135 C (275 F) required for the minimum winter temper-
ature at the job site, Group C asphalts should provide pavements with satisfac-
tory service. For medium traffic, the road foundation is usually better designed
and constructed, and the selection of a Group B asphalt at the correct mini-
mum penetration at 25 C (77 F) and minimum viscosity at 135 C (275 F), for
the minimum winter temperature associated with the pavement site, should pro-
vide a pavement with good service performance. For heavy traffic the road
foundation is or should be uniform and firm and the selection of a Group A as-
phalt of a minimum penetration at 25 C (77 F) and minimum viscosity at 135
C (275 F), appropriate for the expected minimum winter temperature, should
be mandatory to provide the stability required for summer traffic, and to avoid
pavement rutting.

As stated previously, in any region where only Group A asphalts are avail-
able, they are more than satisfactory for pavements for either medium or light
traffic categories. If only Group B asphalts are available, they are equally
suitable for pavements for light traffic. On the other hand, by the addition of
small percentages of an appropriate polymer, the temperature susceptibility of
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Suitable guidelines to achieve this do not appear to be in use at the present
time. However, recognition of paving asphalt temperature susceptibility seems
to offer a promising approach to this problem, as illustrated in Figure 33, for
pavement recycling in cold climates.

The background for Figure 33 is Figure 28, which illustrates the selection
of bitumens for original paving mixtures to avoid low temperature transverse
pavement cracking throughout the service life of a pavement. For Figure 33, it
is assumed that the minimum winter pavement temperature at Location 1 in
some given area is -28.9 C (-20 F). Location 1 is the site of the proposed
recycling project because the existing pavement shows serious low temperature
transverse pavement cracking and other evidence of severe pavement distress.

Ordinarily, everyone will have forgotten what the characteristics of the
original asphalt binder were when the badly cracked pavement at Location 1
was constructed many years ago, which upon extraction is found to have a
penetration of 20 at 25 C (77 F) and viscosity at 135 C (275 F) of 820 centi-
stokes, (PVN = -0.9). This indicates that the asphalt binder in this pavement
is of medium temperature susceptibility, or in Group B category, (PVN = -0.5
to -1.0).

It is assumed that the recycled pavement is to carry much more traffic, and
that it is to be designed for the heavy traffic category in Figure 33. For the
middle of the heavy traffic band (PVN = -0.25), and for a minimum winter
pavement temperature of -28.9 C (-20 F), Figure 33 indicates that this would
require a bitumen of 180 penetration at 25 C (77 F) and viscosity at 135 C
(275 F) of 250 centistokes (PVN = -0.25), and would be in the Group A
traffic category (Point 2). This would be provided by Treatment A, consisting
of a single or a combination of softening agents that would change the penetra-
tion from 20 at 25 C (77 F), and a viscosity of 820 centistokes at 135 C (275
F), in the old pavement, to a penetration of 180 at 25 C (77 F) and a viscosity
of 250 centistokes at 135 C (275 F), (PVN = -0.25), in the recycled paving
mixture. A large assortment of softening agents, including soft asphalts and
commercial modifiers is available to the designer for this purpose.

After this treatment, according to the finger print effect, the asphalt binder
in the recycled pavement would slowly harden in service as indicated by Line
3 in the heavy traffic category of Figure 33.

The engineer responsible for the recycled pavement project might decide
that Treatment A resulting in an asphalt binder of 180 penetration at 25 C
(77 F) and a viscosity of 250 centistokes at 135 C (275 F) (PVN = -25),
would not have the required minimum stability at summer temperatures for the
anticipated heavier traffic. He might therefore, favor Treatment B, for exam-
ple, for the recycled pavement, to provide a bitumen with a penetration at 25
C (77 F) of 120 and a viscosity at 135 C (275 F) of 575 centistokes (PVN =
+0.5),  Point 4. This would also avoid low temperature transverse cracking at
-28.9 C (-20 F) throughout the pavement service life of the pavement if it were
properly designed and constructed.

It would be difficult to locate a normal combination of softening agents that
could change the penetration of 20 at 25 C (77 F) for the bitumen in the old
pavement to 120 penetration at 25 C (77 F), in the recycled pavement and at
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Figure 34: Illustrating a Rational Method for Pavement Recycling in Warm Climates
Without Freezing.

the same time increase the bitumen’s PVN from -0.9 to +0.5.  Therefore this
might require the addition of a suitable polymer.

Following Treatment B, and in accordance with the finger print effect, the
bitumen in the recycled paving mixture could be expected to gradually harden
in service along Line 5 within the heavy traffic portion of Figure 33.

A similar method would be required for pavement recycling for other mini-
mum winter pavement temperatures illustrated in Figure 33.

(b) Pavement Recycling in Climates Without Frost

Figure 34 indicates a similar approach to the design of recycled paving mix-
tures for a given region that is free from frost. For the bitumen recovered
from an old pavement, by determining its penetration at 25 C (77 F) and its
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viscosity at 135 C (275 F), and plotting these data as a point on Figure 34, the
temperature susceptibility (Group A, B or C) to which the bitumen in the old
pavement belongs, can be very quickly established. The background of Figure
34 is that of Figure 28.

Suppose for example, the recovered bitumen has a penetration of 20 at 25 C
(77 F), and that it lies in Group B (PVN = -0.5 to -l.0), which is suitable for
medium traffic, Point 1. Because of increased traffic on this old pavement, the
engineer has decided to design the recycled pavement for the heavy traffic cate-
gory for which a Group A bitumen is required, for example 120 penetration at
25 C (77 F) and a minimum viscosity of 340 centistokes at 135 C (275 F). By
adding an appropriate softening agent or group of softening agents (Treatment
A) the bitumen of 20 penetration and Group B can be softened to a Group A
asphalt of 120 penetration as shown by Point 2 on Figure 34. After reconstruc-
tion the bitumen in the recycled pavement will remain in Group A and will
harden in service along Line 3, if it conforms to the finger print principle.

However, after further consideration, the engineer may decide that he re-
quires a harder bitumen of 85 penetration at 25 C (77 F) with a still lower
temperature susceptibility (higher PVN), for the recycled paving mixture to
carry the anticipated traffic loading. In this case, starting with the recovered bi-
tumen of 20 penetration from the old pavement, and incorporating the soften-
ing material or materials indicated by Treatment B, he may soften the 20
penetration bitumen recovered from the old pavement to a penetration of 85 at
25 C (77 F) and with a PVN of +0.3, in the recycled paving mixture, Point 4
on Figure 34. However, because a PVN of +0.3 is higher than normal paving
bitumens or other softening agents can provide, he may have to incorporate a
small percentage of a suitable polymer to achieve a PVN of +0.3.  This may
also be necessary for Treatment A. After Treatment B, the bitumen in the
recycling paving mixture can be expected to harden in service along Line 5
(finger print effect).

Because of the addition of the required softening materials, the bitumen con-
tent of a 100 percent recycled paving mixture would probably be too high for
adequate stability and resistance to rutting, and the incorporation of new ag-
gregate would most likely be necessary. In this case, the proportion of old
pavement in the recycled paving mixture would have to be reduced. This how-
ever, would have the advantage of providing an opportunity for correcting any
deficiency is the gradation of the old pavement to be recycled.

For cold mix pavement recycling, Treatments A or B, etc., can be applied
in the form of an emulsion.

Figure 35 indicates that about six months time is required for an asphalt
emulsion to thoroughly cure and to develop the pavement stability that its base
asphalt would develop if it were used in a hot paving mixture (28). Figure 36
provides data on cured Types I, II and III emulsified asphalt paving mixtures
made with increasingly inferior aggregates. The stabilities of the fully cured
asphalt emulsion mixes are shown to compare favorably with corresponding
hot-mixes (28).

Because of the fluxing action between the old bitumen and the softening
agent that has been applied, the time to cure in cold recycling will probably be
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All of this is illustrated in Tables 7 and 8 which provide data on an overseas
6-lane highway project that was built in two stages. Three lanes were con-
structed as Stage 1 and 10 years ago and the other three lanes were added over
the period between 1981-83. The data in Table 8 pertains to Stage 1 and to a
section of Stage 2, both of which were built by the same contractor. For Stage,
1 80/100  penetration asphalt, Group A, was used and the pavement is still in
very good condition. For the portion of Stage 2 built by the same contractor,
the asphalt was changed to 60/70 penetration. Because of either a shortage of
asphalt at the time, or for economic reasons, the contractor found a second
source of asphalt, Supplier 2, at lower cost. It had a penetration of 40/80 at 25
C (77 F), was also a Group A with a PVN value between 0.0 and -0.5, but
had a ductility at 25 C (77 F) that was well below 100 cm, which was spe-
cified, as shown by the inspection data given in Table 7.

As demonstrated by Table 7, by blending 60 percent of Supplier l’s 80/100
penetration with 40 percent of Supplier 2’s 40/80 penetration, the ductility re-
quirement could be met, and this blend still belonged to Group A, PVN = 0.0
to -0.5. For the samples submitted to us however, as shown by Table 7, the
penetration at 25 C (77 F) was 83 instead of being 60/70.  Other samples of
this blend may have been 60/70 penetration, and in any case this 60:40 blend
was supposed to have been used for the paving project. The blending operation
was conducted in a crude mixing unit at the hot-mix plant. Consequently, as
shown by the penetration data in Table 8 on asphalt recovered from the Stage
2 pavement samples, the actual asphalt being blended appears to have varied
all the way from 100 percent of the original 40/80 penetration from Supplier 2
to 100 percent of the original 80/100  penetration from Supplier 1. Table 7 lists
inspection data for Supplier 2’s 40/80 penetration asphalt for 3: 1, 1: 1, 40:60,
and 1:3 blends of the 40/80 penetration and Supplier l’s 80/100 penetration.
These blends were all Group A asphalts and as stated earlier, it was decided to
use the 40:60 blend of 40/80 and 80/100  penetration asphalts, since probably
other samples than those we received, when blended in these proportions, were
of the 60/70 penetration specified for Stage 2. Data are also included for two
samples of Supplier l’s 60/70 penetration asphalt which had PVN values of
-0.96 and -0.88, which belong to Group B and are bordering on Group C. The
pavement placed on this portion of Stage 2 by this contractor rutted very badly
and had to be replaced.

Incidentally, it should be observed that for each of the asphalts and asphalt
blends referred to in Table 7, the PVN values for the asphalts and for their
blends, and for their Thin-film Oven Test Residues are practically identical.

For Stage 1, where the original paving asphalt was 80/100  penetration and
belonged to Group A with a PVN within the range of 0.0 to -0.5, the recov-
ered asphalt from all five randomized sample locations for both surface and
base course was still Group A with a PVN value within the range of 0.0 to
-0.5. Consequently, this is another example, in addition to these referred to
earlier, where the PVN values of the recovered asphalts have remained un-
changed from the original PVN values, over a service period of eight years.
The penetration values at 25 C (77 F) for the recovered asphalts from the
Stage 1 samples vary between 19 and 26 which are also very consistent.
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For Stage 2, the original asphalt, 60/70 penetration, was also supposedly
Group A with a PVN of -0.14 (Table 7),  and the recovered asphalt from pave-
ment samples should also have been Group A with a PVN of 0.0 to -0.5.
However, for the base course at sample Locations 8, 16 and 17 the recovered
asphalt was Group B with PVN values of -0.81, -0.63 and -0.64 respectively;
and for the surface course at sample Locations 8, 16, 18 and 21, the recovered
asphalt was also Group B with PVN values of -0.95, -0.63, -0.62 and -0.68,
respectively. At Location 8 for example, where PVN values of -0.95 and -0.81
were obtained for the surface and base, respectively, this could have happened
if the original 60/70 penetration asphalt had been obtained from Supplier 1,
since two samples of this material are shown in Table 7 to have had PVN
values of -0.96 and -0.88.

The data for Stage 2 in Table 8 illustrates what is happening to recycled
pavement construction in North America at the present time. RAP obtained
from several probably often widely different locations and with quite different
PVN values for the recovered asphalts, is being deposited at random in the
same stockpiles. For hot-mix recycling at least two asphalts are usually em-
ployed, the hard asphalt recovered from the old pavement, RAP, and the new
softer asphalt, with or without modifiers. The recommended blend of these old
and new asphalts will have a certain PVN value and a certain penetration at 25
C (77 F). Since the PVN of the asphalt recovered from the RAP will in most
cases be less than the PVN of the asphalt blend used for the design of the recy-
cled mix, to maintain a constant PVN value before and after construction
means that very close control of the PVN of the asphalt recovered from the
RAP going into the recycled mix will be needed. Separate stockpiles of RAP,
each with a relatively constant PVN value will be required. Furthermore, no
longer will contractors be able to change the percentages of RAP at will in the
recycled mix, since this will change the PVN of the asphalt recovered after
recycled pavement construction. Consequently, PVN values provide a very
powerful new tool for user agencies to employ for the control of recycled
pavement construction.

For pavement recycling, if a pavement was originally designed for light
traffic and a Group C asphalt of high temperature susceptibility was used,
when recycled, because of increasing traffic, the pavement should be designed
for medium traffic at least, and a Group B asphalt of medium temperature sus-
ceptibility should be employed. If the pavement was designed initially for
medium traffic and a Group B asphalt of medium temperature susceptibility
was specified, when recycled it should usually be designed for heavy traffic
and Group A asphalt of low temperature susceptibility should be required. The
need for this is illustrated in Figure 3 which shows that with everything else
being equal, as the temperature susceptibility of an asphalt is decreased from
high to medium to low, thermal cracking begins at a lower and lower tempera-
ture, pavement stability under summer traffic is increased, and resistance to
pavement rutting is greatly improved. For each of the above cases, when
necessary to achieve a lower temperature susceptibility, an appropriate polymer
can be employed to change the temperature susceptibility of a Group C asphalt
to that of either a Group B or Group A, or improve the temperature suscepti-
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bility of a Group B asphalt to that of a Group A or Group AA, or to change
the temperature susceptibility of a Group A asphalt to that of Group AA.

Axle loads have increased, the use of radial tires has greatly elevated tire
pressures on pavements, petroleum refiners are running crude oils for their dis-
tillates and the asphalts produced do not always have the properties required.

With the exceptions noted earlier in this paper, no longer will a paving as-
phalt manufacturer be able to sell any asphalt just as it comes from the bottom
of a vacuum tower and market it indiscriminately for heavy, medium and light
traffic. The user agencies, whenever they elect to do so, are now in a position
to employ Group C asphalts of high temperature susceptibility in pavements
for light traffic, Group B asphalts of medium temperature susceptibility in
pavements for medium traffic, and to demand and obtain Group A or Group
AA asphalts of low temperature susceptibility in pavements for heavy traffic,
Figures 3 and 27. The introduction of polymer modified paving asphalts has
changed control of the marketing of paving asphalts from the manufacturer to
the user. For the first time, the user can obtain paving asphalts with the en-
gineering properties required for any paving project. If the paving asphalt from
the bottom of the vacuum tower does not have the temperature susceptibility
required, it can be easily obtained by the incorporation of a small percentage
of a suitable polymer. From the user’s point of view, this is chiefly a matter of
the cost versus benefits ratio, namely, comparing the greater cost of polymer
modified asphalt with the savings resulting from reduced thermal cracking,
higher pavement stability for summer traffic, reduction in pavement rutting,
and better performance of recycled pavements.

The attitude toward the manufacture and marketing of paving asphalts must
change just as it did for lubricants. No salesman for lubricants today, would
think of trying to sell a raw lubricating oil fraction just as it comes from a
vacuum tower. It must be further refined and appropriate additives incorpo-
rated to provide the properties required for various uses as lubricants. It is just
beginning, but something similar is starting to happen for the production of im-
proved paving asphalts, particularly to improve their temperature susceptibility
properties, or PVN values, that have been ignored far too long.

PVN AND SURFACE TREATMENTS (CHIP SEALS)

Asphalts emulsions are generally favored for surface treatments in North
America at the present time. In the USA, with regard to chip seals, for the
emulsion distillation residue, both ASTM and AASHTO require a minimum
penetration of 100 at 25 C (77 F). In Canada, a minimum penetration of 100 at
25 C (77 F) is also usually specified for the distillation residue of an asphalt
emulsion. In neither country is there a corresponding limit for minimum vis-
cosity at 135 C (275 F). Therefore, in neither country is a corresponding mini-
mum PVN value specified for an emulsion distillation residue.

This means that in both the USA and Canada, the distillation residue from
an asphalt emulsion could belong to Group A, PVN = 0.0 to -0.5, low tem-
perature susceptibility, to Group B, PVN = -0.5 to -1.0, medium temperature
susceptibility, or to Group C, PVN = -1.0 to -1.5, high temperature suscepti-
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bility. In turn, this means, as shown by Figures 3 and 27, that for asphalts of
the same penetration at 25 C (77 F), at all temperatures above 25 C (77 F) the
temperature susceptibility of the emulsion distillation residue could range from
high, Group C, high temperature susceptibility, to medium, Group B, medium
temperature susceptibility, or to low, Group A, low temperature susceptibility.
Similarly, at all temperatures below 25 C (77 F), the consistency of the emul-
sion distillation residue could vary from hard, Group C, high temperature sus-
ceptibility, to substantially softer, Group B, medium temperature susceptibility,
to still softer, Group A, low temperature susceptibility. Therefore, when the
emulsion distillation residue belongs to Group C, at all temperatures above 25
C (77 F), surface treatments containing these emulsions can be expected to
have the least stability, and the greatest tendency to flush or bleed. They would
also be the hardest at all temperatures below 25 C (77 F), and surface treat-
ments made with these emulsions would be candidates for most thermal cracks.
At the other extreme, if the emulsion distillation residues belong to Group A,
at all temperatures above 25 C (77 F), surface treatments made with these
emulsions should have the highest stability and the least tendency to flush or
bleed. At all temperatures below 25 C (77 F), surface treatments containing
these emulsions would have the least tendency for thermal cracking. When the
emulsion distillation residue belongs to Group B, medium temperature suscep-
tibility, at all temperatures either above or below 25 C (77 F), surface treat-
ments made with these emulsions should have service performance properties
superior to those of Group C but inferior to those of Group A. Consequently,
the above information indicates that the most serviceable surface treatments
should be those for which the emulsion distillation residues belong to Group
A.

It has been shown earlier in this paper that the addition of small percentages
of appropriate polymers can improve the temperature susceptibility of a Group
C asphalt to that of a Group B or Group A, and of a Group B to Group A. If
required, a small percentage of a suitable polymer can also improve the tem-
perature susceptibility of a Group A asphalt to Group AA.

In addition, this paper demonstrates the need for a meaningful minimum
viscosity at 135 C (275 F), or a significant minimum PVN value, in ASTM,
AASHTO and Canadian specifications for emulsion distillation residues for
chip seals, as well as a minimum penetration at 25 C (77 F).

ITEMS FOR FURTHER INVESTIGATION

The data presented in this paper, while unanimous in their support of the
conclusions presented, are limited in number, and further investigation is re-
quired either for or against these findings. Some of the items requiring more
study are the following:

1. While PVN values for the considerable number of asphalts referred to in the
paper support the concept of PVN being an asphalt finger print that does not
change with either time or temperature in pavement service, more data are
required for a larger number of asphalts produced by steam or vacuum dis-
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tillation from a much wider range of crude oils to either support or modify
this conclusion.

2. The PVN value for any paving asphalt is presently based on penetration at
25 C (77 F) and viscosity in centistokes at 135 C (275 F). This is due to the
abundance of these data that are available on paving asphalts. However,
other combinations of penetration and viscosity might provide still more ac-
curate values of PVN, particularly at the extremes of consistency of paving
asphalts. Combinations of penetrations at 10 C (50 F), 15.6 C (60 F), 25 C
(77 F) and 37.8 C (100 F) with corresponding viscosities at 121.1 C
(250 F), 135 C (275 F) and 148.7 C (300 F) should be investigated. For ex-
ample, combinations of penetration at 37.8 C (100 F) with viscosity in cen-
tistokes at 148.7 C (300 F) might be more useful for calculating PVN
values for quite hard asphalts recovered from some aged pavements for
recycling, while combinations of penetration at 10 C (50 F) with cor-
responding viscosity at 12 1.1 C (250 F) might provide a more accurate
measure of PVN for the softer asphalts now used for recycling.

3. Table 6 indicates that small percentages of added refinery crude wax, more
than two percent, incorporated into a normal paving asphalt, can make the
PVN of the normal asphalt deviate away significantly from the PVN value
given by Figures 13, 14 and 27, for a corresponding “wax free” asphalt. In
North America, we depend on a minimum ductility of 100 cm, 5 cm/min,
at 25 C (77 F) to provide paving asphalts that are relatively free from wax,
although this criterion provides no data on the actual wax content of the as-
phalt. However, hard asphalts of about 30 penetration at 25 C (77 F), are
often too brittle at this temperature and the ductility briquettes fracture when
the ductility molds are extended by a very small amount, often less than one
cm. Consequently, the ductility test cannot be used as a significant indicator
for wax removal for these hard asphalts, which may be recovered from
RAP. Also, for paving asphalts that are quite soft, e.g. 300/400  penetration
at 25 C (77 F), meaningful ductility values cannot be measured at 25 C
(77 F), although significant ductility values may be given if a test tempera-
ture of 60 F (15.6 C) is employed.

In Europe, a maximum wax content, determined by a standard wax con-
tent test, is sometimes specified for paving asphalts. This presumably gives
the total percentage of wax in a paving asphalt sample.

PVN appears to be such a useful concept for paving asphalts that an in-
vestigation of the ductility test at different temperatures and different rates
of pull, and of the actual wax content by a suitable standard test method,
would appear to be necessary to obtain the critical wax content at which the
PVN of a normal paving asphalt begins to diverge significantly from the
corresponding PVN value obtained from Figures 13, 14 and 27 for “wax
free” paving asphalts.

4. Figure 28 illustrates a finding that is intended to facilitate the selection of
paving asphalts for sites with various minimum winter temperatures, that
will avoid low temperature transverse pavement cracking for the service life
of a pavement, which is assumed to be 20 years. More data are needed to
fine tune Figure 28 and to revise it if necessary.
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5. Further data are needed to confirm or revise Figure 29 which attempts to
show that an asphalt selected to avoid low temperature transverse pavement
cracking at any minimum winter temperature, will provide a pavement with
sufficient stability to carry summer traffic. Will the pavement have adequate
stability for light, medium or heavy traffic? If only light traffic can be car-
ried, can the pavement stability be further increased for medium or heavy
traffic by the incorporation of a small percentage of a suitable polymer to
provide a polymer modified asphalt?

6. Reference is made in the paper to the “Elastic Recovery Test”, which shows
that by incorporating an appropriate polymer into a normal asphalt, the elas-
tic recovery of the polymer modified asphalt can be from 60 to 80 percent
of its original stretched length of 20 cm, depending on type and quantity of
polymer, versus an elastic recovery for a normal asphalt of only 5 to 10
percent. At present, this is only a laboratory test, but it implies a marked
reduction in the minimum winter temperature at which low temperature
transverse cracking begins. It also implies a much greater resistance to
pavement rutting than can be provided by normal paving asphalts.

7. For the same reasons, the use of polymer modified asphalts for pavement
recycling requires investigation.

8. It has been shown that the PVN of the asphalt blend (recovered from the
RAP and the added asphalt including other softening agents, if any) used for
the design of a recycled paving mixture, and the PVN of the asphalt recov-
ered from the recycled pavement after construction should be very nearly
the same. At present, RAP from several completely different sources is be-
ing added to the same stock pile. This can result in widely different PVN
values for the asphalt recovered from samples of RAP taken from different
points in the stockpile. As a consequence, an investigation is required to de-
termine the best way to handle RAP so that the PVN values of the asphalt
recovered from random samples taken from the RAP stockpile are approxi-
mately constant.

9. The advantages of Group A asphalts for surface treatment operations should
also be a subject for inquiry because of the benefits it appears to offer over
the use of the Group B and Group C asphalts now commonly employed in
asphalt emulsions for surface treatments. This includes examining the use of
appropiate polymers for improving the temperature susceptibilites of Group
C and Group B asphalts to that of Group A or Group AA for the asphalt
base for these emulsions.

WARNING! DANGER!

New asphalt pavements or overlays, that have been designed to avoid pave-
ment cracking throughout their service lives, should never be placed on a
badly cracked asphalt or portland cement pavement, because the cracks in the
underlying surface will very quickly reflect through the new pavement.

In their 1988 AAPT paper, Haas and Phang (29) have indicated that if
through poor design (usually through poor asphalt binder selection), low tem-
perature transverse pavement cracking is going to develop in the new pave-
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ment, this cracking is normally initiated at the surface of the new pavement by
contraction stresses due to low winter temperatures, because its immediate sur-
face is subjected to the lowest temperature. With the successive thermal con-
traction and expansion stresses due to the cycles of higher and lower tempera-
tures, these cracks gradually propagate downward through the full depth of the
new pavement.

On the other hand, when a new pavement is placed on a cracked asphalt or
portland cement pavement, thermal cracks, due to excessive contraction and
expansion stresses in the old pavement caused by cycles of higher and lower
temperatures, are initiated at the bottom of the new pavement at its interface
with the old pavement, and are very quickly propagated upward completely
through new pavement.

Therefore, to obtain the most serviceable crack-free performance from a
carefully designed and constructed new pavement, it should be built on a
properly designed and thoroughly compacted granular base course or
equivalent.

1.

2.

3.

4.

5.

SUMMARY

This paper should be read as though much of the data presented are being
spoken by the pavements in service in response to all of the varied en-
vironmental conditions to which they are exposed, and not as being given
by some sanitary laboratory test or group of laboratory tests that try to
tell the pavements how they should be responding to these conditions but
quite obviously are not doing so. In other words, find out first what a
pavement in service can tell about a problem, and then use this as the ba-
sis for the laboratory investigation, and not vice versa.
This paper explains that the use of paving asphalts of lower temperature
susceptibility (higher PVN values) could:
a) improve paving asphalt specifications.
b) increase pavement stability under traffic in summer.
c) avoid or greatly reduce low temperature transverse cracking in winter.
d) greatly reduce or eliminate pavement rutting.
e) provide a much more rational method for pavement recycling and its

monitoring.
f) provide surface treatments with improved service performance.
The temperature susceptibility of a paving asphalt is the change in con-
sistency (penetration or viscosity) that the asphalt undergoes for a given
change in temperature.
PVN as a measure of temperature susceptibility of a paving asphalt, is
based on the penetration at 25 C (77 F) and the viscosity in centistokes at
135 C (275 F) of the asphalt.
Tables of data “spoken by” the pavements themselves are presented to
show that PVN values of the original asphalts and of corresponding
asphalts recovered from pavements up to from 20 to 30 years old, remain
constant regardless of time in service. The same data also show that the
PVN values of the original asphalts, of the corresponding residues from
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the Thin Film Oven Test at 163 C (325 F) and of corresponding asphalts
recovered from pavements in service up to from 20 to 30 years, also re-
main constant regardless of temperature in service. This latter fact indi-
cates that PVN is the best measure of paving asphalt temperature suscep-
tibility that has been developed so far.

6. It is shown that current mainstream paving asphalts can be divided into
three groups of temperature susceptibility, those of low temperature sus-
ceptibility, Group A, PVN = 0.0 to -0.5, those of medium temperature
susceptibility, Group B, PVN = -0.5 to -1.0, and those of high tempera-
ture susceptibility, Group C, PVN = -1.0 to -1.5.

7. A chart is presented with double-headed arrows to indicate either the
direction of hardening of an original asphalt that will occur in a pavement
in service, or the opposite direction through which hardening has already
taken place in an aged pavement. The chart shows that Groups A, B or C
asphalts remain essentially as Groups A, B or C asphalts respectively,
throughout their pavement service lives.

8. A chart is provided in terms of PVN values that will enable paving

9.

asphalts to be selected that will avoid low temperature transverse pave-
ment cracking throughout the service life of the pavement, in regions with
a wide range of minimum winter temperatures. Another chart is provided
in terms of PVN values, for the selection of paving asphalts for pave-
ments that will avoid low temperature transverse pavement cracking, and
will at the same time provide adequate stability for summer traffic.
For the avoidance of low temperature transverse pavement cracking,
harder Group A asphalts (lower penetration at 25 C (77 F), PVN = 0.0
to -0.5, should be used for lowest minimum winter temperatures, some-
what softer, (higher penetration at 25 C (77 F)), Group B asphalts, PVN
= -0.5 to -1.0, will give protection against thermal cracks for somewhat
higher minimum winter temperatures, still softer (higher penetration at 25
C (77 F), Group C asphalts, PVN = -1.0 to -1.5, must be used to pro-
vide protection against thermal cracking at still higher minimum winter
temperatures.

10. For the same protection against low temperature transverse pavement
cracking, Group A asphalts should be used for heavy traffic, Group B
asphalts can be used for medium traffic, and Group C asphalts can be
used for light traffic. That is, as the temperature susceptibility of the pav-
ing asphalt increases, softer and softer paving asphalts, in terms of
penetration at 25 C (77F) and corresponding viscosities at 135 C (275 F),
must be used if low temperature transverse pavement cracking is to be
avoided.

11. For climates without frost, to have a constant pavement stability as the
temperature susceptibility of the paving asphalt increases, the asphalt
penetration at 25 C (77 F) must become lower and lower (harder and
harder).

12. Paving asphalts exhibit two different properties, elastic and viscous, de-
pending on pavement temperature and time of loading. Under very rapid
loading they can perform as purely elastic materials even at summer tem-
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13.

14.

15.

16.

17.

18.

peratures, but under sustained loading, as in a parking area, their viscous
property become important, viscous flow can take place and pavement
rutting can begin. Consequently, as demonstrated by Figure 3, when all
other factors are equal, the higher the viscosity at 135 C (275 F), that is,
the higher the PVN of the paving asphalt, the greater will be the pave-
ment’s resistance to rutting.
In regions subject to frost penetration, either completely new or recycled
pavements should be designed to avoid low temperature transverse pave-
ment cracking at the minimum winter temperature at any pavement site
throughout the service life of a pavement, and to provide adequate stabil-
ity for summer traffic. Methods for achieving this are described in the
paper.
A method is also described for the selection of paving asphalts for pave-
ments in regions without frost, that points out the advantages of using
Group A asphalts for this application.
For either new or recycled pavements, recognition that the PVN value of
asphalts recovered from the pavement following construction should be
the same as the PVN of the original asphalt used for the design of the
paving mixture, provides user agencies with a powerful and highly useful
new tool for monitoring the construction of these pavements.
It is shown that the performance of surface treatments would be greatly
improved by using asphalts of lower temperature susceptibility, that is
with higher PVN values. Therefore, ASTM, AASHTO and Canadian
specifications should require a meaningful minimum viscosity at 135 C
(275 F), or a significant minimum PVN value, in addition to a minimum
penetration at 25 C (77 F) for the distillation residues of the asphalt emul-
sions employed.
While the data provided in the paper unanimously support the conclusions
presented, the need for more data to either confirm or modify these
findings is recognized. A brief list of useful further investigations for this
purpose is included.
At several intervals throughout the paper, the benefits of using paving
asphalts of low temperature susceptibility, or higher PVN, have been em-
phasized. For example, Figure 3 demonstrates very clearly that for the
same penetration at 25 C (77 F), Group A asphalts, of low temperature
susceptibility, or high PVN, are more viscous and firmer at all tempera-
tures above 25 C (77F),  and at the same time, are of lower consistency,
or softer, at all temperatures below 25 C (77 F) than Group B asphalts of
medium temperature susceptibility, medium PVN, or Group C asphalts of
high temperature susceptibility, or lowest PVN. In terms of pavement
performance, with all other variables constant, this means that pavements
made with Group A asphalts, low temperature susceptibility or high PVN,
should provide higher stability at all temperatures above 25 C (77 F), and
should have greater resistance to low temperature transverse pavement
cracking at all temperatures below 25 C (77 F), than pavements made
with Group B asphalts of medium temperature susceptibility, or Group C
asphalts of high temperature susceptibility or lowest PVN.
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It is also pointed out that the incorporation of a small percentage of an
appropriate polymer can improve the temperature susceptibility of a
Group C asphalt to that of a Group B or Group A, or improve the tem-
perature susceptibility of a Group B asphalt to that of a Group A, or of a
Group A asphalt to that of a Group AA, or even lower temperature sus-
ceptibility. This improved temperature susceptibility should provide pave-
ments containing these polymer modified asphalts with much better pave-
ment performance for each of the six important items listed in the
introduction of this paper, more effective paving asphalt specifications,
more stability for warm weather traffic, more resistance to low tempera-
ture transverse cracking in winter, more resistance to pavement rutting,
more serviceable completely new or recycled paving mixtures, and sur-
face treatments with much improved service performance.

19. Two appendices are included with the paper. Appendix A provides equa-
tions for the accurate calculation of the PVN value for any asphalt
manufactured by steam or vacuum distillation, and gives an example of its
application. Appendix B-l provides a general use specification for
penetration-graded asphalts with temperature susceptibility requirements.
Appendix B-2 provides a similar specification to B-l, but includes addi-
tional information that avoids the need for a separate manual to indicate
its proper application.

20. The introduction of temperature susceptibility requirements, as measured
by PVN, into asphalt paving technology, would open a whole new world
of understanding of the service behavior of asphalt pavements and how
they should be designed for longer lives and superior pavement per-
formance.

21. It is quite remarkable that most of the highly useful benefits implied by
this paper, could be made available by the use of two simple, long stand-
ing laboratory tests, penetration at 25 C (77 F) and viscosity at 135 C
(275 F), on which values for PVN are based.
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APPENDIX A
DETERMINATION OF THE PVN VALUE FOR ANY PAVING ASPHALT

MANUFACTURED BY STEAM OR VACUUM DISTILLATION

Appendix A provides the basic equation for PVN, and gives an example of
its application.

As indicated by Fig. A, the equation for the least squares line representing
a PVN of 0.0 is:

log V = 4.25800 - 0.79674 log P

and for the least squares line representing a PVN of -1.5:

(1)

log V = 3.46289 - 0.61094 log P (2)

where V is the viscosity in centistokes at 275 F (135 C) and P is the penetra-
tion at 77 F (25 C).

The PVN of any asphalt cement for which the penetration at 77 F (25 C)
and viscosity in centistokes at 275 F (135 C) are known, can be calculated
from the following equation:

PVN = [(log L - log X)/(log L - log M)] (-1.5)

where

(3)

X = viscosity in centistokes at 275 F (135 C) associated with the penetra-
tion at 77 F (25 C) of an asphalt cement,

L = viscosity in centistokes at 275 F (135 C) for a PVN of 0.0 for the
penetration at 77 F (25 C) of the asphalt cement, and

M = viscosity in centistokes at 275 F (135 C) for a PVN of -1.5 for the
penetration at 77 F (25 C) of the asphalt cement.

Suppose, for example, that the penetration at 77 F (25 C) of a certain as-
phalt cement is 150 and its viscosity at 275 F (135 C) is 194 centistokes (1.94
x 10-4 m2/s). What is its PVN?

The viscosity L at 275 F (135 C) for a PVN = 0.0, for an asphalt cement
of 150 penetration at 77 F (25 C), is obtained by substitution in Eq 1
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= (0.23642/0.39079) (-1.5)
= -0.91

Therefore, the PVN for an asphalt cement of 150 penetration at 77 F (25 C)
with a viscosity of 194 centistokes (1.94 x 10-4 m2/s) at 275 F (135 C) is
-0.91.

To assist with the determination of an approximate value for the PVN for
any paving asphalt, Fig. A has been prepared on the basis of Equations l-3.
By plotting the point representing corresponding values for penetration at 77 F
(25 C) and for viscosity in centistokes at 275 F (135 C) for any paving asphalt
in Fig. A, an approximate value for the PVN of the asphalt cement can be ob-
tained by interpolation.

The equation for PVN can be easily stored in a computer. We have a
Hewlett-Packard 97. The Director of Technical Services, Mr. Keith Davidson,
put the required programs on three chips to cover penetration at 25 C (77 F),
viscosity in centistokes at 135 C (275 F) and PVN. If we have data for any
two of these three variables, the value of the third variable can be obtained by
feeding the appropriate chip into the computer, and punching in the other two
known values.

APPENDIX B- 1

This specification is for general use for penetration-graded paving asphalts
with temperature susceptibility requirements, manufactured by steam or
vacuum distillation. It is modelled after ASTM D946 to which temperature
susceptibility requirements have been added.

STANDARD SPECIFICATION FOR PENETRATION-GRADED PAVING
ASPHALTS WITH TEMPERATURE SUSCEPTIBILITY REQUIREMENTS

FOR USE IN PAVEMENT CONSTRUCTION

1. Scope

1.1 this specification covers asphalt cement for use in the construction of
pavements.

1.2 This specification covers the following penetration grades:

40 - 50
60 - 70
85 - 100

120 - 150 and
200 - 300

1.3 This standard may involve hazardous materials, operations, and equip-
ment. This standard does not purport to address all the safety problems as-
sociated with its use. It is the responsibility of whoever uses this standard to
consult and establish appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use. This specification is illus-
trated in Figure Bl .
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Figure B-l: Illustration of a Specification Based on Penetrations at 77°F (25°C),
Viscosities at 275°F (135°C) and Temperature Susceptibilities of Paving Asphalts.

2. Referenced Documents

2.1 ASTM Standards

D5 Test Method for Penetration of Bituminous Materials
D92 Test Method for Flash and Fire Points by Cleveland Open Cup
D113  Test Method for Ductility of Bituminous Materials
D140 Methods of Sampling Bituminous Materials
D1754 Test Method for Effect of Heat and Air on Asphaltic Materials
(Thin-Film Oven Test)
D2042  Test Method for Solubility of Asphalt Materials in Trichloroethylene
D2170 Standard Test Method for Kinematic Viscosity
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3. Manufacture

3.1 Asphalt cement shall be prepared by the refining of crude petroleum by
steam or vacuum distillation.

4. Properties

4.1 The asphalt cement shall be homogeneous and shall not foam when
heated to 347 F (174 C).

4.2 The various grades of asphalt cement shall conform to the requirements
prescribed in Table A 1.

5. Methods of Sampling and Testing

5.1 The materials shall be sampled and the properties enumerated in this
specification shall be determined in accordance with the following ASTM
methods:

5.1.1 Sampling- Method D 140
5.1.2 Penetration - Method D5
5.1.3 Flash Pint-Method D92
5.1.4 Ductility-Method D113
5.1.5 Thin Film Oven Test-Method D1754
5.1.6  Solubility in Trichloroethylene-Method D2042
5.1.7 Kinematic Viscosity - Method D2170

APPENDIX B-2

This specification is for use with penetration-graded paving asphalts with
temperature susceptibility requirements, for paving asphalts manufactured by
steam or vacuum distillation. It is modelled  after ASTM D946 to which tem-
perature susceptibility requirements have been added.

This specification avoids the need for a manual to indicate its proper appli-
cation.

STANDARD SPECIFICATION FOR PENETRATION-GRADED PAVING
ASPHALTS WITH TEMPERATURE SUSCEPTIBILITY REQUIREMENTS

FOR USE IN PAVEMENT CONSTRUCTION

1. Scope

1.1 This specification covers asphalt cement for use in the construction of
pavements.

1.2 This specification covers the following penetration grades:

40 - 50 120 - 150 and
60 - 70 200 - 300
85 - 100
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D140 Methods of Sampling Bituminous Materials
D1754 Test Method for Effect of Heat and Air on Asphaltic Materials
(Thin-Film Oven Test)
D2042 Test Method for Solubility of Asphalt Materials in Trichloroethylene
D2170 Standard Test Method for Kinematic Viscosity

3. Manufacture

3.1 Asphalt cement shall be prepared by the refining of crude petroleum by
steam or vacuum distillation.

4. Properties

4.1 The asphalt cement shall be homogeneous and shall not foam when
heated to 347 F (174 C).

4.2 The various grades of asphalt cement shall conform to the requirements
prescribed in Table Bl and illustrated in Figure B2.

5. Methods of Sampling and Testing

5.1 The materials shall be sampled and the properties enumerated in this
specification shall be determined in accordance with the following ASTM
methods:

5.1.1 Sampling- Method D 140
5.1.2 Penetration- Method D5
5.1.3 Flash Point-Method D92
5.1.4 Ductility-Method D113
5.1.5 Thin Film Oven Test-Method D1754
5.1.6 Solubility in Trichloroethylene -Method D2042
5.1.7 Kinematic Viscosity -Method D2170


