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Reaction Rates and Hardening 
Susceptibilities as Determined from 
Pressure Oxygen Vessel Aging of Asphalts 

C. K. LAU, K. M. LUNSFORD, c. J. GLOVER, R. R. DAVISON, 

AND J. A. BULLIN 

Many attempts have been made to simulate road aging with lab­
oratory tests. These have generally not been successful. One rea­
son is that other causes of road failure, such as heavy traffic or 
construction deficiency, can obscure the effect of the asphalt binder. 
But other reasons are that an adequate model relating laboratory­
measured properties to changes in the road is not available and 
that the oven test temperatures that have been used may be 
too high to relate oven aging to road aging. Use of the lower­
temperature pressure oxygen vessel offers promise of approxi­
mating road conditions. It is shown that no test run at a single 
elevated temperature can be used to simulate road aging and that 
at road temperature the rate is still too low for practical testing. 
It is also shown, however, that the oxidative aging mechanism is 
constant at temperatures up to 82.2°C and that it approximates 
aging of the asphalt binder in laboratory cores. If this is borne 
out with road cores, extrapolation of higher temperature data 
may provide more accurate predictions of road aging. 

From the standpoint of understanding and predicting asphalt 
performance, the properties of aged asphalt are more im­
portant in many respects than the properties of the original 
material. Years after placement, when a roadway is deteri­
orating, the asphalt properties may be greatly different from 
the original properties, and, as a result, if failure is due to 
the asphalt cement, it will be the properties of this aged ma­
terial rather than those of the original that are causing the 
problem. This has been recognized for many years, and many 
test procedures have been devised to predict aging. 

Aging really occurs in two modes: first, there is the very 
rapid aging that occurs in the hot-mix plant at high temper­
ature on the aggregate surface. This is followed by the much 
slower, low-temperature aging in the road. It is likely that 
the mechanisms in these modes of aging are quite different . 
This is borne out by the persistent failure of tests that were 
developed to predict hot-mix aging to predict road aging ac­
curately. 

There are now two widely recognized hot-mix aging pro­
cedures: the thin film oven test (TFOT), ASTM D1754-83, 
and the rolling thin film oven test (RTFOT), ASTM D2872-
80. Numerous variations have been made on the TFOT and 
RTFOT methods with many intended to simulate road aging 
as well. Vallerga et al. (1) proposed tilting the oven used for 
the TFOT and provided an effect similar to that of the RTFOT. 
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The recognition that thinner films may be desired to sim­
ulate hot-mix aging led to the development of microfilm tests 
(2,3). Thinner films correspond better to actual pavement 
mixtures, harden faster, and lessen any diffusion effects that 
may be present in thicker films. The microfilm durability test 
of Griffin et al. ( 4) was designed to simulate road aging but 
has been correlated with aging from the hot-mix process as 
well as road aging (5,6) . 

Schmidt and Santucci (7) developed a rolling microfilm test 
in which benzene-dissolved asphalt was cast in bottles and 
aged in a manner similar to that used in the RTFOT. The 
modification of adding a circulating fan, as suggested by Schmidt 
(8), has been maintained and is called the rolling microfilm 
circulating (RMFC) test. Schmidt (9) has also used several 
modifications to the rolling microfilm test at various temper­
atures and rates of air circulation as well as in the presence 
of aggregate in an effort to simulate hot-mix and road aging. 

Kemp (JO) studied several durabiity tests and their rela­
tionship to field hardening. Kemp stated that no laboratory 
process seemed to predict performance satisfactorily. The void 
content of the mix is the only parameter that seems to give 
any prediction of the aging process for pavements with more 
than 50 months of service. This leads to the conclusion that 
voids must be constant before an aging test can predict actual 
field hardening. The best correlation with the field data came 
from the RMFC test for 48-hr exposures. The RMFC test was 
modified by Petersen (11). The test is run at 112.8°C using a 
larger sample and is purported to represent about 10 years of 
field aging. 

Evidence exists that aggregate can catalyze aging (12-17). 
Jennings (12) studied the aging process using gel permeation 
chromatography (GPC). Jennings stated that the change in 
the molecular size distribution of an asphalt due to aging is 
a function of aggregate, additives, exposure, and time. 

The most realistic road aging procedures appear to be the 
low-temperature (compared with the hot-mix temperatures) 
pressure oxygen vessel (POV) tests, in which lower temper­
atures can be partly compensated for with respect to required 
test duration by higher oxygen pressure, and there are several 
reports using this kind of device. Lee (18) simulated the hot­
mix step first by TFOT aging. This material, still in the TFOT 
dish, was placed in a pressure vessel and aged at 6S°C at 
various pressures. A standard procedure was proposed by Lee 
(19) in which TFOT residues were aged at 6S°C and 300 psi 
for 1,000 hr. They used a variety of criteria to correlate aging 
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including viscosity, penetration, softening point, microduc­
tility, and percent asphaltenes. Though the results are prom­
ising, the rankings of the POV-aged asphalts by each criterion 
were not very consistent with the rankings of the field-aged 
asphalts, indicating that actual road aging was not being du­
plicated. They also found an overwhelming effect of voids 
that complicated relating properties to age. Jamieson and 
Hattingh (20) reported that POV results using 7-mm films at 
65°C and 300 psi did not agree with road performance. 

Edler et al. (21) reported results in which 30-µm asphalt 
films were contacted with oxygen at 300 psi at 65°C for 96 hr, 
but the results were not compared with field data. Kim et al. 
(22) aged compacted cores at 100 psi and 60°C up to 5 days. 
Comparison with field cores was on the basis of the resilient 
modulus and Corbett analysis of extracted material. There 
was generally fair agreement between the laboratory and field 
cores for two of three sets of cores, but they reported some 
problems with diffusion into cores of low air voids. It is likely 
that much of this work is complicated by diffusion of oxygen 
into cores and problems with extraction and recovery (23) of 
the asphalt binder from laboratory and field cores. 

OBJECTIVES 

As indicated, most road aging tests, which are lower­
temperature variations of the oven tests that were designed 
to simulate the hot-mix process, do not appear to correlate 
to road aging. One likely reason is that the tests are still 
conducted much above field temperatures, so that the aging 
rates and mechanisms are not relevant to field aging. Another 
difficulty with correlation is that an adequate model relating 
laboratory-measured properties to changes in the road is not 
available. 

The primary objective of this work was to determine the 
significance of aging temperature with respect to oxidation 
rate and mechanism. By so doing, a rationale would exist for 
designing a laboratory test that would be optimal with respect 
to the ease and time to conduct the test and with respect to 
the ability of the test to indicate or predict road aging. 

APPARATUS AND PROCEDURES 

The POV and sample holder designed for this work are shown 
in Figures 1 and 2. The vessel is made of 4-in.-diameter stan­
dard stainless steel pipe. It is 2 ft long and flanged at each 
end. The top flange is equipped withal 1/2 in., 400-psig rupture 
disk with the operating pressure in the tests limited to 300 
psia. The pressure vessel is wrapped with heating tape, which 
with a variable transformer is used to control the temperature. 
A thermocouple is inserted through the bottom flange to de­
tect the temperature, which is read from a digital indicator. 
A control panel houses the temperature indicator as well as 
vacuum and pressure gauges. The pressure vessel is located 
behind a metal shield. All control valves are specially cleaned 
and teflon coated for oxygen service. Valves and tubing as 
shown in Figure 1 are stainless steel. The sample holder is 
also stainless steel. It fits inside the pressure vessel and can 
support 88 asphalt samples. 
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FIGURE 1 POV apparatus. 
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Asphalt samples for the POV oxidation test are prepared 
by depositing about 20 g of molten asphalt between one sheet 
of polyvinylchloride and one sheet of triacetate. The asphalt 
is then pressed between two glass plates until the asphalt 
between the plastic sheets formed a 6-in. circular disk to ob­
tain a film thickness of about 1000 µm. If the asphalt cools 
down to the point that the pressing process becomes difficult, 
the whole setup is heated in an oven at a temperature of about 
90°C to 100°C until the asphalt becomes soft again. A thinner 
film can be obtained by pressing the asphalt into a bigger disk 
if desired. The composite sheet is then cooled to room tem­
perature and is cut into rectangular pieces of 1.5 in. by 2.5 
in. The plastic sheets are removed from the asphalt film after 
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FIGURE 2 Sample holder for POV. 
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cooling the composite film in a freezer. The asphalt films are 
then deposited in 1.5-in. by 2.5-in. aluminum trays and are 
ready for the POV experiment. 

Asphalt samples are placed in the stainless steel sample 
holder. The sample holder is placed inside the aging vessel 
and the flange is bolted down securely. With the venting valve, 
oxygen feed valve, and high-pressure gauge valve closed and 
the vacuum valve opened, a vacuum is applied to the aging 
vessel to remove the air inside. The vacuum valve is then 
closed. The vessel is slowly pressurized to 300 psia oxygen 
from an oxygen cylinder with _the oxygen feed valve and high­
pressure gauge valve open. When the desired oxygen pressure 
is reached, the oxygen feed valve is closed. Power to the 
heating tape is then turned on to heat the pressure vessel to 
the desired aging temperature. During the heating process, 
excess pressure above the aging pressure can be vented off 
by opening the venting valve momentarily. When the desired 
period of oxidation time is attained, oxygen in the vessel is 
slowly vented to the atmosphere. Asphalt samples are taken 
from the vessel for further analysis at specified time intervals. 
The short time required to depressurize, remove the samples, 
and return to operating pressure and temperature is small 
compared with the total aging time. 

Infrared analyses were made of all samples with a Nicolet 
60 SXB Fourier transform infrared spectrometer (FT-IR) us­
ing an attenuated total reflectance (ATR) procedure de­
scribed by Jemison et al. (24). The growth in the carbonyl 
band (from 1820 cm- 1 to 1650 cm - 1

) was used as a measure 
of oxidation. Dynamic viscosities were measured at several 
temperatures using a dynamic mechanical spectrometer RMS-
800 RDSII from Rheometrics Inc. Measurements were made 
with 0.984-in. (25-mm) parallel plates operating in a dynamic 
mode with a 0.0394-in. (1-mm) gap. Operation and data ac­
quisition are monitored by an IBM PS-2 Model 30 computer 
with a RECAPIII computer analysis package, also from 
Rheometrics Inc. The complex dynamic viscosities were mea­
sured at low enough frequencies (at 0.1, 0.01, or 0.005sec 1

, 

depending on the asphalt stiffness) to approach the low­
frequency limiting values designated as TJci. 

RES UL TS AND DISCUSSION 

It was expected that the failure of aging procedures to repre­
sent road aging resulted primarily from using temperatures 
far above those experienced by the asphalts in road service, 
but the question remained how high a temperature could be 
used while still being representative of road aging. Experi­
ments in the POV at 25°C showed extremely low aging rates, 
and it was obvious that some compromise must be made with 
higher temperatures. 

To study this effect, five asphalts (AC-20, viscosity grade) 
were aged in the POV at 300 psia oxygen pressure at tem­
peratures of 60°C, 71.1°C, and 82.2°C, and one asphalt, Am­
pet, was aged at 93.3°C. Samples were withdrawn periodically 
for viscosity measurements and infrared analysis. A typical 
infrared spectrum is shown in Figure 3. Figure 4 shows the 
limiting complex dynamic viscosity, TJiL measured at 60°C 
(140°F) versus aging time for Ampet at all four aging tem­
peratures. The limiting complex dynamic viscosity, TJci, is de­
fined as the limiting, essentially frequency-independent value 
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FIGURE 3 Typical FT-IR spectra using the ATR 
method for asphalts aged in the POV for various 
lengths of time. 

that is reached at sufficiently low frequencies. The range of 
shear rate defining TJci is material dependent. The linear re­
lation of log TJci versus aging time is characteristic of all as­
phalts studied, though with different slopes and intercepts. 
Figure 5 shows a plot for the same asphalt of carbonyl growth 
(the area increase above the neat asphalt between 1820 to 
1650 cm - 1

) versus time exhibiting a constant rate of carbonyl 
growth. 

As expected, a cross plot of TJci versus carbonyl is linear 
(Figure 6). It can been seen that data from different aging 
temperatures combine to give a single line, strongly indicating 
that whereas the rate of oxidation changes with temperature, 
the mechanisms of oxidation do not. All five asphalts gave 
similar results as shown in Figure 7. 

The linear relation between log viscosity and carbonyl for­
mation was reported previously by Martin et al. (25) for as­
phalt extracted and recovered from road-aged asphalt. 
Jemison et al. (26) showed that it also applied to TFOT and 
RTFOT aging, but the function was not the same as that 
resulting from hot-mix plant aging. The POV data further 
confirm that this is a universal characteristic of asphalt oxi­
dation for each asphalt as long as the aging mechanism is 
unchanged. 
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FIGURE 4 Dynamic viscosity hardening of an 
Ampet AC-20 asphalt with time at four 
temperatures. 
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FIGURE 5 Growth of the infrared carbonyl band 
with time at four temperatures. 

This relation also appears to hold for viscosity measure­
ments over a wide range of temperatures. Figure 8 shows log 
viscosity at other temperatures versus carbonyl area. This of 
course means that changes in viscosity temperature suscep­
tibility are independent of the aging temperature within this 
range, further confirmation of a constant aging mechanism. 

This does not necessarily mean that the aging mechanism 
of the neat asphalt in the POV is the same as that on the 
road. The results of Jemison et al. (26) indicate that, at least 
in the hot-mix plant, the aggregate may play a role. Tables 1 
and 2 give results obtained with two asphalts used in the 
Strategic Highway Research Program (SHRP). The asphalts 
were aged in a laboratory hot-mix process in the presence of 
aggregate (either SHRP RL or RB), compacted into cores , 
and then aged either in a POV or in a forced-draft oven (27). 
The aging times and temperatures are given in the table. The 
cores were then subjected to physical property tests (not the 
subject of this paper) and subsequently to asphalt extraction 
and recovery using a recently developed procedure designed 
to minimize solvent aging of the asphalt and to maximize 
asphalt extraction and subsequent solvent removal (23,28, 
29). The recovered asphalt was compared with neat samples 
of the same asphalts after aging in the POV at 93.3°C and 
300 psia oxygen (Figures 9 and 10). As can be seen, the 
differences, if any, are small, indicating little difference be-
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FIGURE 6 Hardening of the dynamic viscosity with 
growth of the carbonyl band at three temperatures. 

108 

/ 

u 10 7 
0 

0 

!!!. 

w 106 

en 
15 
Q. 

10 5 
0 

!=' ..... .. .... . AMPET AC-20 
-- COASTAL AC-20 

104 - COSDEN AC·20 
- . EXXON AC-20 

· · - TEXACO AC-20 

0 0.5 1. 5 2.5 3. 5 

CARBONYL AREA 

FIGURE 7 Comparison of the hardening 
susceptibilities of five asphalts. 

53 

tween POV aging of neat asphalt and core aging at temper­
atures below about 93 .3°C. 

The SHRP AAG-1 asphalt is remarkable in that when ox­
idized to the same extent as the other asphalts, the viscosity 
has not increased nearly as much. For example, when the 
carbonyl area of AAG-1 has increased by 2 units, then it has 
hardened to a viscosity of about 30 kPoise (Figure 9) . On the 
other hand, for the same carbonyl growth, AAK-1 (Figure 
10) has hardened to about 10,000 kPoise . There are very 
dramatic differences. 

These results of Figures 4 through 10 show that hardening 
as the asphalt ages involves two important and independent 
factors. The first, the slope of the log viscosity versus carbonyl 
area plot, as in Figures 6 and 7, is a measure of the sensitivity 
of the asphalt viscosity to carbonyl formation. This is called 
the hardening susceptibility. The second, the slope of the 
carbonyl area versus time plot, as in Figure 5, is the rate of 
oxidation, which, as seen in Figure 5, is a strong function of 
temperature. An asphalt may oxidize relatively rapidly but 
not harden a great deal, compared with other asphalts, or it 
may harden considerably while oxidizing at a slower rate. 
Which situation holds can be an important consideration in 
assessing an asphalt's durability. 

There is considerable evidence that the hardening suscep­
tibility is primarily a function of compatibility. Asphalt AAG-
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FIGURE 8 Dynamic viscosity versus carbonyl area 
for a single asphalt at four temperatures. 



TABLE 1 LIMITING COMPLEX DYNAMIC VISCOSITY AND CARBONYL AREA FOR 
SHRP ASPHALT AAK-1 FOR DIFFERENT AGING CONDITIONS 

- Samplea - - Pre-Aging - -- Aging Properties 
Aggregate Air Time Temp. Time Temp. Ovenb ry~ ry' Carbonyl 0 

Voids (days) (OC) (days) (OC) (25°c,o.01s·1) (60°C,O.Js"1) Arca 
(%) (106 poise) (lo3 poise) 

Neat 0 0 1.987 3.992 0.000 
RL 9.20 2 40 0 11.98 20.00 0.209 

RL 9.10 2 40 7 107 270.2 1976. 1.350 
RB 8.00 2 40 0 11.16 17.36 0.229 

RB 8.90 2 40 7 107 183.4 868.0 1.318 
RB 6.57 2 60 0 11.19 17.92 0.271 

RB 6.42 2 60 7 107 150.9 560.9 1.071 
RL 0 2 60 300 30.47 46.86 0.378 

RL 0 7 25 300 15.45 34.43 0.291 

RB 0 7 60 100 40.46 62.34 0.537 
Neat 0 0.5 92.2 300 60.00 88.00 0.568 
Neat 0 1.0 92.2 300 170.0 300.0 0.933 
Neat 0 2.0 92.2 300 40,000 2.736 

8 Aggregates are SHRP RB or RL. 

b The numbers indicate o2 pressure in the POV. Where no number is given, the aging was done in the FOO. 

TABLE 2 LIMITING COMPLEX DYNAMIC VISCOSITY AND CARBONYL AREA FOR 
SHRP ASPHALT AAG-1 FOR DIFFERENT AGING CONDITIONS 

- Sample" - - Pre-Aging -
Aggregate Air Time Temp. 

Voids (days) (OC) 

(%) 

Neat 0 

RL 7.91 2 60 

RL 7.54 2 60 

RB 0 

RB 0 

RL 0 

Neat 0 

Neat 0 

Neat 0 

Neat 0 

Neat 0 

a Aggregates are SHRP RB or RL. 

b The numbers indicate 0 2 pressure in the POV. 
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FIGURE 9 Hardening susceptibility for SHRP 
Asphalt AAG-1 as determined by both POV aging of 
neat asphalt and either POV or forced draft oven 
aging of laboratory-prepared cores. (L and B 
symbols refer to SHRP Aggregates RL and RB.) 

-- Aging--
Time Temp. Ovenb 

Properties 
ry' ry' Carbonyl 

0 0 

(days) (OC) (25°c,o.01s·1) (6o0 c,o.1s·1) Arca 
(106 poise) (1o3 poise) 

0 2.448 2.500 0.000 

0 13.80 8.334 0.490 

7 107 165.0 83.95 2.071 

2 60 300 22.43 12.00 1.165 

7 25 300 11.78 8.132 0.940 

7 60 100 28.00 13.77 1.278 

0.5 92.2 300 35.00 16.00 1.369 

1.0 92.2 300 54.00 19.00 1.682 

3.0 92.2 300 130.0 45.00 2.527 

5.0 92.2 300 164.0 64.00 2.831 

8.0 92.2 300 250.0 106.0 3.228 

Where no number is given, the aging was done in the FDO. 
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Asphalt AAK-1 as determined by both POV aging of 
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FIGURE 11 Arrhenius plot for the Ampet AC-20 
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1, for instance, is exceptionally low in both saturates and 
asphaltene content, which are mutually insoluble. Work by 
Stegeman et al. (30) has shown that the hardening ratio before 
and after RTFOT aging can be significantly reduced by sep­
arating asphalt into fractions on the basis of solubility and 
then formulating asphalts from the more mutually soluble 
fractions. 

Chemical reaction rate constants generally vary as the ex­
ponent of the reciprocal absolute temperature. The rate of 
reaction is then given by this constant times a function of 
reactant concentrations. At the conditions in the POV, oxy­
gen pressure is constant, and the actual oxygen uptake by the 
asphalt is so small compared with the number of available 
reaction sites that effectively the reactant concentrations are 
constant. If the rate of oxidation can be considered propor­
tional to the growth rate in carbonyl are, then at temperature 
T 

dA 
- - k - exp(-EIRT) 
de 

where 

A carbonyl area, 
k the rate constant, 
e time, 
E a constant energy of activation unique to the reaction 

taking place, and 
R = gas constant (1.987 cal/g mo! K). 

From this equation 

and hence, one would expect a plot of In k versus (l/T) to 
be linear. 

Figure 11 shows this expected linear relationship for the 
Ampet asphalt and Figure 12 shows it for all five asphalts. 
The striking thing is not that the rates are different for each 
asphalt but that the slopes are different. This suggests that 
asphalts having different slopes are reacting with oxygen by 
different mechanisms. As can be seen, some asphalts that 

~~ 
-C w-

1- < ..:w 
a: a: 

< 
(!) 
Z-' -> Zz 
WO 
c Ol 
a: a: 
"..: 
:c ~ 

.. 

,., _.~ 

......._ __ ... 
·....:.;,_ ~' 

~---------, ~~.~.--- ' ·x 
·····<>·-·· AMPET AC-20 

---e-- COASTAL AC-20 

----<> - COSDEN AC-20 'o 

- · -><· - EXXON AC-20 

--A--TEXACO AC-20 

10 · 3 L.J.._._.._..__.__...___._.__,_.._,___.__.L-J...__,_L--L-'--'-L-'--'-'---L-J 
2 .6 2. 7 2.8 2.9 3. 1 

1/T x 1000, K" 1 
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show higher rates of oxidation at elevated temperatures ac­
tually have lower oxidation rates at temperatures expected 
during life on the road. This reversal can carry over to physical 
properties as well, as shown in Figure 13, which shows the 
oxidative hardening of the Am pet and Texaco asphalts at 60°C 
and 80°C. At the lower temperature the Ampet asphalt hard­
ens more slowly, whereas at the higher temperature the Tex­
aco hardens more slowly. Thus no test run at a single elevated 
temperature is valid as a measure of expected road perfor­
mance. 

On the other hand, by running the POV at several tem­
peratures, the resulting linear relations can be extrapolated 
to a realistic average road temperature or integrated over a 
typical road temperature history. To convert the rate data 
into a hardening (or other physical property) prediction, ex­
trapolated rates, as could be obtained from Figure 12, can be 
combined with hardening susceptibilities (or analogous physical-
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FIGURE 13 Comparison of the hardening of the 
Texaco and Ampet asphalts with time at two POV 
temperatures. At the lower temperature (140°F) the 
Am pet hardens more slowly, whereas at the higher 
temperature (180°F) the order is reversed and the 
Texaco hardens more slowly. The differences are 
significant, and relative aging of the two asphalts 
predicted on the basis of the higher temperature data 
would be grossly in error at highway conditions. 
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chemical property relation), such as those in Figure 7. In this 
way the relative expected hardening rates could be calculated 
from the expected road temperature profile. 

CONCLUSIONS 

POV aging (300 psia 0 2) of asphalt films (1000 µm thick) and 
subsequently measured FT-IR (ATR) spectra and complex 
dynamic viscosities have led to the following conclusions: 

1. The degree of oxidation, as measured by the increase in 
the carbonyl peak area relative to the unaged neat asphalt, 
increases linearly with oxidation time at a given temperature, 
over a range from 60°C to 82.2°C (at least). The slope of this 
relation is indicative of the chemical reaction rate. 

2. The degree of hardening due to oxidation increases es­
sentially linearly with time and, hence, is linearly related to 
the carbonyl peak area. The hardening susceptibility is a key 
measure of the effect of oxidative aging on a physical prop­
erty. This effect is probably related to the compatibility of 
the asphalt. 

3. Different asphalts exhibit different reaction rates at the 
same temperature and, just as important, exhibit different 
activation energies (different slope of In k versus l!T). As a 
result, one asphalt may age faster than another at one tem­
perature, whereas it may age slower at a different tempera­
ture. This crossover in aging rate is of profound significance 
in designing an asphalt road aging test. Such a test must be 
conducted at more than one temperature to accurately predict 
pavement aging. 

4. Asphalts aged in contact with two different aggregates 
suggest that the reaction mechanisms are not significantly 
changed by the aggregate up to even 107°C. 
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