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Abstract: The demand for effective asphalt additives is growing as road infrastructure ages and 
more sustainable pavement solutions are needed. Tire pyrolysis oil (TPO) is an example material 
that has been gaining attention as a potential asphalt additive. While physical performance grade 
(PG) temperatures are the predominant performance requirements for asphalt binders, chemical 
properties are also significant in the evaluation of asphalt performance. There is a need to chemically 
characterize the aging of asphalt binders modified with TPO and link chemical changes in binder 
components to binder performance. This study compares 2%, 4%, and 8% TPO and asphalt binder 
blends via dynamic shear rheometry (DSR), Fourier-transform infrared (FTIR) spectroscopy, and 
nuclear magnetic resonance (NMR) relaxometry. The variability in the modified blends was seen by 
both physical and chemical testing during four different blending times (1, 60, 120, and 240 min). 
After blending, high and intermediate PGs were determined by physical testing. The 8% TPO blend 
reduced the high PG of the binder from 64 °C to 58 °C. This effect was confirmed by chemical testing 
through changes in carbonyl indices and NMR relaxation times. With more oil present in the binder 
matrix, the binder’s resistance to rutting was reduced. While the high PG was hindered, the inter-
mediate PG remained unchanged for all TPO blends. This physical similarity was mirrored in chem-
ical testing. The chemical and physical variability along with the hindrance of the high PG temper-
ature indicate that more treatment may be needed before TPO can be effectively applied to asphalt 
binders. This study suggests a correlation between physical performance and key chemical indica-
tors.  

Keywords: tire pyrolysis oil; asphalt binder; Fourier-transform infrared spectroscopy; nuclear  
magnetic resonance; dynamic shear rheometer 
 

1. Introduction 
Different materials have been used over the years as asphalt binder additives [1–3]. 

Oils are one of the biggest categories of asphalt additives. Oil additives can enhance as-
phalt performance by reducing binder stiffness [4]; however, oils can also make binders 
too soft, reducing their high-temperature performance [5]. Tire pyrolysis oil (TPO) is ob-
tained by heating tires between 300 and 1000 °C without the presence of oxygen. Although 
many studies have focused on using pyrolysis to produce liquid fuels [6–8], recently, some 
studies have added pyrolysis oils into asphalt binders [9–12]. Chemically dense and reac-
tive additives like TPO are likely to change the physical and chemical performance of the 
asphalt binder. While the standardized physical performance of materials is important, a 
standard for chemical evaluation is still needed. This study will use both physical and 
chemical testing to compare standardized aging performance on TPO-modified binders. 
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Tire pyrolysis oil could be a good asphalt additive if properly processed to contain 
minimal pollutants and effectively interact with a binder’s matrix. Tires have desirable 
components, but their strong cross-polymerization makes it difficult to separate and max-
imize profitable products [10,13–16]. Some tires are physically processed and used recre-
ationally, but this can release environmental pollutants [17]. The chemical processing of 
tires depends heavily on processing variables like temperature, pressure, heating rate, and 
residence time [14]. TPO has been tested and chemically characterized, though due to the 
high variability in the source material and processing, it is unknown how similar TPO 
compositions are [9]. Catalysts and optimum production parameters are still being devel-
oped for a better chemical processing of TPO [13]. While proper processing is an economic 
investment, there are potential economic advantages. Tires are essential to road systems, 
creating and maintaining a large feedstock of materials. Additionally, TPO has been used 
in asphalt binders as a rejuvenator [9,12]. Rejuvenators can reverse and prevent the effects 
of aging, making the recycling of pavements economically sustainable. One study found 
that TPO blends reduced the stiffness of aged binders and enhanced fatigue resistance. 
Additionally, carbonyl indices, an indication of aging, were reduced with the addition of 
TPO [9]. Another study found that the rejuvenated binder’s storage stability depended on 
the type of rejuvenator and the aging of the blend. The thermal stability and chemical 
compatibility of blends are needed for an effective asphalt matrix [18]. While many factors 
can influence the quality and physical performance of TPO, recycling pavements involves 
both physical and chemical changes. Therefore, it is important to have more chemical per-
formance testing to understand how aging affects TPO-modified blends. 

In contrast to the high variability of TPO, an asphalt binder has existing standards to 
characterize its physical aging. Standardized physical methods like the rolling thin-film 
oven test (RTFOT) and pressure aging vessel (PAV) are used to compare asphalt binder 
blends by mimicking short-term and long-term aging in the field, respectively. Modified 
asphalt is tested via the RTFOT to determine the mass loss and viscoelastic changes due 
to modeled mixing and compaction. Since some additives have highly volatile compo-
nents, it is important to see if the additive will remain in the blend or be released into the 
environment. The stiffness parameter G*/sin(δ) is obtained for unaged and RTFOT-aged 
samples to determine the high PG temperature. After the RTFOT, PAV testing is con-
ducted to mimic 7–10 years of service life aging. This testing indicates how well the mod-
ified blend will perform in the field. The stiffness parameter changes to G*·sin(δ) and in-
dicates the intermediate PG temperature. These parameters are measured by the dynamic 
shear rheometer (DSR) in standardized procedures. While the current methodology relies 
on standardized, bulk physical testing, testing for chemical changes could provide addi-
tional valuable information. 

Asphalt research has considered many modes of data acquisition outside the stand-
ardized methods. Fourier-transform infrared (FTIR) spectrometry can analyze the pres-
ence of functional groups in an analyte [19], and the quantitative determination of car-
bonyl and sulfoxide groups has been used to indicate aging [20,21]. Nuclear magnetic res-
onance (NMR) has been used to identify chemical changes caused by rejuvenation 
through the analysis of T2 relaxation times [22]. Other methods of characterization include 
energy-dispersive X-ray spectroscopy [23], atomic force microscopy [24], differential scan-
ning calorimetry, SARA fraction analysis, and gel permeation chromatography [25,26]. 
Optical methods like scanning electron microscopy and other imaging techniques can also 
be used to see changes in the structure of asphalt [27,28]. All in all, there are many chem-
ical techniques, but no consensus can be reached regarding standardization.  

While some studies consider individual chemical compounds, few consider chemical 
environments that may affect the microstructure of the material. In this study, physical 
and chemical methods were used to indicate the blend quality and performance of TPO 
as an asphalt additive. DSR, FTIR, and NMR relaxometry were used to compare TPO-
modified asphalt binders. DSR testing revealed bulk macrostructure properties (G*/sinδ) 
and was compared with chemical testing that indicated changes in the asphalt binder 
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microstructure. While FTIR testing displays the presence of chemical functional groups 
that make up the microstructure, NMR relaxometry directly probes into the microstruc-
ture itself. 

2. Materials and Methods 
Holmes-sourced PG 64–22 asphalt binder was mixed at 120 °C at 1800 rpm for four 

hours with three different percentages (2, 4, 8%) of tire pyrolysis oil. Samples were taken 
at 1, 60, 120, and 240 min while blending. The properties of the TPO are below in Table 1. 
The viscosity of the TPO was taken at room temperature due to the violent bubbling when 
heated. The flash point was determined using AASHTO T 48 and ASTM D 92. The flash 
point of TPO was close to the mixing and compaction temperatures of asphalt, presenting 
a safety concern.  

Table 1. TPO properties. 

Property TPO 
Production Temp (°F) 400  

Flash Point (°C) 130  
Viscosity (cP) 53  

After blending, unaged, short-term aged (ASTM D2872 or AASHTO T240), and long-
term aged (ASTM D6521 or AASHTO R28) samples were tested further according to the 
experimental design in Figure 1. DSR data were collected with an Anton Parr device using 
the standardized approach for high and intermediate performance grading. A Thermo 
Scientific Nicolet iS50 FT-IR ( Waltham, Massachusetts, America) was used to collect the 
FTIR data. Spectra were created with 32 scans in absorbance mode using an ATR crystal. 
The spectra were normalized to the peak at 2920 cm−1, as it was the most prominent and 
consistent across all spectra. Carbonyl indices were found according to the method used 
by Lamontagne et al. [29]. 

 
Figure 1. Experimental design after blending. 
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1H NMR T1 relaxation spectra were acquired using a Bruker Avance DRX 200-MHz 
spectrometer( Billerica, Massachusetts, America). Samples were prepared by dipping a 2 
mm O.D. capillary tube into the heated binder. The capillary tube was then placed inside 
a standard 5 mm NMR tube. The samples were not diluted, and measurements were taken 
at ambient temperatures. NMR spin–lattice relaxation data were recorded with the SIP-R 
method [30], a recently introduced modification of the traditional inversion recovery tech-
nique [31]. 256 1H SIP-R spectra of four scans each were collected at an NMR spectral 
width of 750 kHz, showing a single large resonance with a half-height linewidth of 35 
ppm (7 kHz). A five-second pre-delay was used to allow for nuclear magnetization to re-
turn to thermodynamic equilibrium before each scan. The recovery delay t was varied on 
an exponential time scale (i.e., sampled equidistantly on a logarithmic t-axis) between 50 
µs and 10 s. The integrated intensities of the relaxation delay-dependent signals were then 
processed with an Inverse Laplace Transform (ILT) fitting the coefficients for 128 prede-
fined T1 relaxation times. In a sample, there is usually one relaxation time that accounts 
for a majority of the sample (>85%); this is called a primary T1 time. The next majority is 
called the secondary T1 time, which can range from 1 to 30% of the sample. Since the pri-
mary decay occurred between 0.005 and 5 s, the relaxation curves are shown as such. The 
relaxation times can be identified as the inflection points in the relaxation curves. 

3. Results 
3.1. Blending Homogeneity 

Samples were tested via DSR and FTIR testing to determine how the blends changed 
over time. DSR testing was performed to compare the standardized physical viscoelastic 
properties. FTIR testing was conducted to determine if new chemical functional groups 
were created when blending. Due to the high amount of variability and chemical noise, 
NMR analysis was not conducted on the blending time samples. 

3.1.1. Standardized Physical Testing (DSR) on Blending Homogeneity 
Due to the reactive nature of the added tire pyrolysis oil, these samples experienced 

viscoelastic variability, as seen in Figure 2. The inhomogeneity of each sample decreased 
as the testing temperature increased. The 8% TPO sample did have some variability at 
lower testing temperatures (40 °C), but the matrix was quickly homogenized during the 
blending times. In contrast, the 2% and 4% TPO samples experienced an increase and de-
crease in stiffness as blending time increased. This inhomogeneity was seen most at testing 
temperatures less than 64 °C. The highest stiffness for the 2% TPO blend was at 240 min 
while the lowest occurred at 120 min. The highest stiffness for the 4% sample occurred at 
120 min and the lowest was at 1 min. The variability in the stiffness parameter G*/sinδ was 
due to the amount of oil in the sample matrix. At lower testing temperatures and blending 
times, the interaction between the TPO and asphalt binder was reduced and resulted in 
more variability. For all samples, testing temperature had a greater role in determining 
the blended homogeneity; physical DSR testing temperatures higher than 58 °C were 
needed to homogenize the blended matrix. 
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Figure 2. Physical DSR blending variability in (a) 2%, (b) 4%, and (c) 8% TPO samples. 

3.1.2. Chemical Testing (FTIR) on Blending Homogeneity 
The data in Figure 3 show the FTIR results from the samples obtained during blend-

ing at 1, 60, and 120 min. Adding TPO to asphalt binder did not drastically change the 
functional chemistry of the binder. There were not many differences in the spectra apart 
from some alteration in the fingerprint region and the C=O peak of the 4% TPO at 120 min. 
The similarity of the FTIR spectra indicated that no additional IR-sensitive functional 
groups were formed during the blending process. Due to the relatively large alkane peaks, 
the binder blends were mostly made of C-H groups. There was noise present in the region 
of 1800–2500 cm−1 for all samples, and the 8% 120 min sample was exaggerated due to the 
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normalization used. Considering the peaks of the noise were small, they were most likely 
artifacts rather than authentic peaks, thus they were disregarded. Similar to the aforemen-
tioned noise, the noise towards the end of the spectra (400 cm−1) could also be disregarded, 
as there was no relevant peak information contained in it [32,33]. 

 
(a) 

 

 
(b) 
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(c) 

Figure 3. FTIR blending variability in (a) 2%, (b) 4%, and (c) 8% TPO samples. 

3.2. Unaged Blends 
3.2.1. Standardized Physical Testing (DSR) of Unaged Blends 

After 240 min of blending, the unaged grade was determined for each sample. The 
grades of the unaged modified binder (G*/sinδ ≥ 1.0 kPa) are shown in Figure 4. All 
unaged binder blends kept the quality performance grade at 64 °C. While more oil would 
usually result in a softer material, the 2% TPO sample increased in stiffness. This unex-
pected result is further explained by the chemical methods and discussed in depth in the 
Discussion section. The 4% TPO blend was consistent with the unmodified binder, and 
the 8% TPO blend decreased the stiffness parameter. This indicated that there may be a 
minimum amount of TPO needed to impact the binder matrix. 

 
Figure 4. Grade determination of unaged blends. 

  



Appl. Sci. 2024, 14, 3300 8 of 19 
 

3.2.2. Chemical Testing (FTIR and NMR) of Unaged Blends 
After the standardized unaged performance quality was determined, the 240 min 

blended samples were compared with chemical procedures. Since pure TPO has a low 
viscosity, physical DSR data could not be obtained, but chemical testing could be con-
ducted. As shown in Figure 5, there were a lot of similarities between the TPO and the 
asphalt binder. They both share the 1450, 2850, and 2900 alkane peaks, as well as the peak 
at 1370 which is not associated with any group [32,33]. The TPO and asphalt binder differ 
at 1700 cm−1, an oxygen-containing compound, and the fingerprint region (1200–700 cm−1). 
The noise in the 2% TPO sample is attributed to water vapor with the main peak around 
3700. The increase in the stiffness of the 2% sample may be attributed to this inhomogene-
ity. 

 
Figure 5. FTIR spectra of unaged binder blends and pure TPO. 

NMR relaxometry was performed on the TPO samples, as shown in Figure 6. The 
NMR data as a function of recovery time are displayed on a logarithmic time scale, show-
ing a consistent inflection point for the binder blends around 0.47 s. The primary relaxa-
tion time of the 2% TPO sample was longer than the rest of the binders, indicating a stiffer 
sample. Additionally, the 2% TPO sample showed another substantial peak around 0.3 s. 
This secondary relaxation time was found in the 2 and 8% samples and is consistent with 
the relaxation time of the pure TPO. The 4% TPO sample had both primary and secondary 
relaxation times similar to the virgin binder, which could indicate a more homogenous 
blending. The 8% TPO sample had a similar primary T1 time to the asphalt binder, but the 
secondary relaxation time was similar to the pure TPO. 
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Figure 6. NMR relaxation curves of unaged blends. 

3.3. Short-Term Aged Blends 
3.3.1. Standardized Physical Testing (DSR) of Short-Term Aged Blends 

After unaged properties were evaluated, the sample was short-term aged, and the 
mass loss and high PG were determined (G*/sinδ ≥ 2.2 kPa) as shown in Figures 7 and 8, 
respectively. The mass loss increased as the TPO percentage increased and fit within spec-
ifications of less than 1%. The mass loss indicated that some components were lost from 
the TPO at mixing and compaction temperatures. For the rolling thin-film oven test, the 
2% and 4% tire pyrolysis oil blends kept a high PG at 64 °C, but the 8% TPO blend reduced 
the PG to 58 °C. Since the oil makes the binder softer, it is expected that the PG would be 
lowered, but this effect is undesirable for binder quality and resistance to high-tempera-
ture failures like rutting. 

 
Figure 7. Mass loss of short-term aged blends. 
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Figure 8. Grade determination of short-term aged blends. 

3.3.2. Chemical Testing (FTIR and NMR) of Short-Term Aged Blends 
After the standardized physical performance was determined, an FTIR analysis was 

conducted on short-term aged blends, as shown in Figure 9. All FTIR spectra had similar 
peaks and intensities. This indicated that the TPO did not make new IR-sensitive func-
tional groups when short-term aged. 

 
Figure 9. FTIR spectra of short-term aged blends. 

The NMR relaxation curves were calculated and are displayed in Figure 10. While 
the unaged samples had similar relaxation curves, the short-term aged samples displayed 
some differences. The 2% and 4% samples had similar relaxation curves and viscoelastic 
properties as seen in physical testing. The inflection point of the 8% TPO sample occurs 
before the other samples, indicating a softer blend. This is also reflected in physical testing.  
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Figure 10. NMR results of short-term aged blends. 

3.4. Long-Term Aged Blends 
3.4.1. Standardized Physical Testing (DSR) of Long-Term Aged Blends 

After the initial and short-term aged physical properties were gathered, the samples 
were long-term aged via the pressure aging vessel (PAV), and the intermediate PG was 
determined (G*·sin(δ) ≤ 5000 kPa), as shown in Figure 11. Like the previous grades, the 
2% and 4% TPO blends did not change the intermediate PG. The 8% TPO blend also did 
not change or enhance the intermediate PG. It is preferred that the intermediate PG tem-
perature be as low as possible to resist fatigue cracking, and it is expected that oil-based 
additives should reduce the intermediate PG temperature. However, all blends had an 
intermediate PG of 22 °C. 

 
Figure 11. Grade determination of long-term aged binder blends. 
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3.4.2. Chemical Testing (FTIR and NMR) of Long-Term Aged Blends 
After the standardized performance was determined, FTIR testing was used to see 

how the IR-sensitive functional groups changed after long-term aging in Figure 12. Similar 
to the short-term aged samples, long-term aging did not create new functional groups 
when TPO was present. 

 
Figure 12. FTIR spectra of long-term aged blends. 

The NMR relaxation curves of long-term aged blends were calculated and are dis-
played in Figure 13. The similarities in blends were seen by both physical and chemical 
testing. After long-term aging, the TPO percentage had less of an impact on the physical 
and chemical properties of the blends since all blends exhibited similar properties.  

 
Figure 13. NMR results of long-term aged blends. 

4. Discussion 
The testing conducted in this study examined the performance and quality of 

unaged, short-term aged, and long-term aged TPO-modified asphalt binder blends. The 
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blending times showed a high variability in most of the blends. This variability resulted 
from different amounts of TPO present in each sample. Higher DSR testing temperatures 
created a more homogenous blend matrix. The 8% TPO sample had the most homogenous 
matrix as seen in both the standardized DSR testing and nonstandard FTIR testing. The 
2% and 4% TPO samples had more variability in their matrix. The 2% TPO sample had its 
highest stiffness at the end of the 240 min blending. This could indicate that more than 2% 
TPO is needed to interact with the binder’s matrix. In contrast, the 4% TPO sample at 1 
min of blending time had a much lower stiffness than the rest of the samples. This could 
be correlated to the higher amount of C=O functional groups found in the sample, an in-
dication of more TPO present in the sample. All samples showed physical homogeneity 
when DSR testing temperatures above 58 °C were used. After evaluating the blending 
variability, high and intermediate PG temperatures were determined and a correlation 
with FTIR and NMR testing was established. This correlation was seen across unaged, 
short-term aged, and long-term aged blends. 

4.1. DSR Testing Comparison 
After blending 2, 4, and 8% TPO, standardized physical properties were determined 

by DSR testing for unaged, short-term aged, and long-term aged blends. DSR testing was 
performed to determine the high and intermediate PG temperatures. The high PG indi-
cates the blend’s resistance to rutting, a common asphalt failure during the beginning of 
service life at elevated temperatures. The high PG depends on the highest temperature 
where the parameter G*/sinδ is greater than or equal to 1.0 kPa (unaged) or 2.2 kPa (short-
term aged). Both unaged and short-term aged samples were considered for the high PG. 
The intermediate PG indicates a blend’s resistance to fatigue during the end of service life 
at intermediate temperatures. The intermediate PG is determined after short-term 
(RTFOT) and long-term aging by the PAV and depends on the lowest temperature when 
the parameter G*·sin(δ) is less than 5000 kPa. The grades are summarized in Table 2. Add-
ing tire pyrolysis oil at 8% made the binder softer and decreased the high PG, meaning 
the blend had a higher susceptibility to rutting failure. Additionally, adding more oil did 
not change the intermediate temperature, suggesting the binder did not retain the soften-
ing effect of the oil to have better fatigue resistance. Therefore, according to the DSR stand-
ard testing, adding TPO at or above 8% would result in a blend that is more susceptible 
to rutting and has no enhancement in fatigue resistance. 

Table 2. Performance grades of TPO-modified binder blends. 

Sample Unaged Grade 
(°C) 

RTFOT Grade 
(°C) 

High PG 
(°C) 

Intermediate PG 
(°C) 

0% TPO 64 64 64 22 
2% TPO 64 64 64 22 
4% TPO 64 64 64 22 
8% TPO 64 58 58 22 

4.2. FTIR Testing Comparison 
After standardized DSR testing was performed, the FTIR results were gathered and 

compared. The FTIR spectra were evaluated based on the absorbance in different regions, 
as shown in Figure 2. The hardest to analyze was the fingerprint region because of the 
numerous overlapping peaks that were difficult to resolve. In this study, the fingerprint 
region did not change significantly with an increase in TPO percentage, resulting in little 
to no changes in the functional groups present. This could be due to a few reasons: (1) The 
TPO already contains similar functional groups to the asphalt binder. While there are 
some differences, there may not be sufficient TPO present to significantly alter the chem-
ical compounds in the binder, (2) research has shown that TPO is sensitive to heat and 
that components can decompose even under mild conditions [10]. The reduced chemical 
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changes as detected by FTIR analysis could be due to the TPO converting or decomposing 
during blending and aging, and (3) the TPO is only interacting with one of the colloidal 
phases, and the effects are too small to significantly be detected. 

Other research has shown that TPO could contain alkene groups at 3000–3100 cm−1 
or 1575–1675 cm−1 in moderate fractions [6]. However, there does not seem to be any evi-
dence of a noticeable fraction of alkene groups in the TPO used in this experiment. This 
could be a result of the loss of double bonds through chemical reactions or specific pro-
duction conditions. There are no production quality standards for TPO, resulting in highly 
variable TPO products. Because of the complexity of the asphalt binder and TPO’s struc-
tures, unknown interactions or reaction mechanisms could be taking place which could 
be addressed in future research projects. 

While the fingerprint region is chemically dense, other peaks are more distinguisha-
ble. Water vapor was detected in the 2% blend which could be the reason for the enhanced 
stiffness detected by DSR testing. The alkane peaks are the strongest peaks of each sample 
and were similar for every blend. TPO itself shows a strong peak around 1700 cm−1. There-
fore, it may be obvious that the TPO-modified blends show a slightly larger peak around 
that region compared to the original asphalt binder. This impact on the C=O peak compli-
cates the comparison of the widely used carbonyl index. 

Because aging does not seem to affect the functional groups of the binder blends as 
seen in Figures 5, 9 and 12, a further analysis into the relative ratio of the carbonyl groups 
was a more useful way to analyze the impacts of TPO on short- and long-term aging. The 
carbonyl information in Figure 14 indicated that other than the 2% sample, long-term ag-
ing had the largest ratio of carbonyl groups compared with the other aging methods. This 
was expected for long-term aged samples since PAV aging occurs under increased air 
pressure which increases the exposure to oxygen and the formation of carbonyl groups. 
The unaged and short-term aged blends had varying results. The 0% TPO blend had about 
equal carbonyl indices for the unaged and short-term aged samples. However, as the per-
centage of TPO increased in the unaged samples, the carbonyl index also increased due to 
the amount already present in the TPO. The 2% blend had a much higher unaged carbonyl 
index, most likely due to water contamination from the TPO. The short-term aged car-
bonyl indices were more similar across the TPO blends. The 8% TPO blend had the lowest 
short-term aged carbonyl index compared to its unaged value. This supports the reduction 
in the high PG since more of the TPO was present. While FTIR by itself is not enough to 
determine the efficacy of the TPO as an additive, it can be used as a tool. Most of the 
chemistry was unchanged, which correlates to the mainly unchanged performance 
grades. In addition, unexpected changes like the increase in the stiffness of the 2% TPO 
sample and the decrease in high PG from the 8% TPO blend could be explained by FTIR 
analysis. 
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Figure 14. Carbonyl indices for aged and unaged samples. 

4.3. NMR Testing Comparison 
Since aging has an impact on the chemical microstructure environment in the blends, 

the T1 relaxation times of unaged, short-term aged, and long-term aged blends were used 
to determine asphalt aging effects as seen in Figure 15. Pure TPO has a primary relaxation 
time around 0.27 s and a secondary relaxation time around 0.57 s. The impact of TPO on 
binder blends was most visible from changes in the secondary relaxation times of the 
unaged 2% and 8% TPO blends. The unaged 2% TPO sample had an increase in physical 
stiffness and resulted in a water vapor peak in the FTIR spectra. The unaged and short-
term aged 8% TPO samples were less stiff due to the TPO present in the blend. This impact 
of the TPO in the 2% and 8% binder blends was seen as a secondary relaxation time around 
0.27 s which is close to the characteristic relaxation time of pure TPO. While the secondary 
relaxation times are similar, the effect is different. This difference can be explained by the 
primary relaxation time. 

The primary relaxation time of the 2% sample was closer to the 0.57 s characteristic 
peak of the TPO. This less mobile chemical environment indicated that the 2% blend 
would be stiffer, while the 8% sample did not share this increase in primary relaxation 
time. The 4% sample had similar physical and chemical properties to the original PG 64–
22 binder (0% TPO). 

Aging also influences relaxation times due to the changing chemical microstructure 
environment. The primary relaxation time of the original binder sample increased as it 
aged which was consistent with the increase in physical stiffness. NMR relaxometry relies 
on the mobility of the asphalt matrix. It takes more time for the relaxation of hydrogen 
nuclear spins when the binder is stiffer and less mobile. Therefore, a longer relaxation 
time results in a “stiffer” blend. The original short-term aged sample had the longest pri-
mary relaxation time while the 8% TPO blend had the shortest. Furthermore, the long-
term aged samples had similar primary relaxation times which were echoed by their sim-
ilar physical stiffness and carbonyl indices. 
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Figure 15. NMR relaxation times for TPO blends’ (a) primary relaxation times and (b) secondary 
relaxation times. 

5. Conclusions 
The road to sustainable infrastructure must include effective asphalt binder addi-

tives. Currently, only physical properties are considered for performance standards, but 
asphalt modification and aging can affect physical and chemical properties. Through this 
study, physical and chemical testing were performed on unaged, short-term aged, and 
long-term aged TPO-modified asphalt binders. 

The main conclusions are as follows: 
- Due to the reactivity of TPO, blending the material resulted in physical and chemical 

variability. The physical variability was reduced as the testing temperature increased. 
Physical testing temperatures above 58 °C are recommended to homogenize the 
modified binder matrix. The chemical variability was more subtle, but FTIR analysis 
indicated that no new IR-sensitive functional groups were formed during mixing. 

- Physical testing alone could not explain the unexpected stiffening of the 2% sample. 
FTIR testing indicated a higher amount of water and C=O in the blend. NMR analysis 
resulted in an increased primary relaxation time, indicating a less mobile system. 
These chemical results indicate that some TPO components introduced water and 
stiffened the binder matrix. 
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- Adding 8% TPO hindered the high PG from 64 °C to 58 °C, reducing the resistance 
to rutting. This physical testing was supported by the decrease in the NMR primary 
relaxation time, indicating a more mobile system. 

- None of the TPO blends enhanced the intermediate PG. The similar physical proper-
ties were supported by the similarities in chemical testing. 

- FTIR analysis showed little variation from aging. The carbonyl indices indicated that 
long-term aging had the largest carbonyl content across most samples. Further anal-
ysis was complicated due to the carbonyl groups present in the TPO. 

- The primary NMR relaxation times indicated a connection to physical testing. Since 
NMR depends on the binder matrix, the impact of the TPO and aging could be seen. 
Some connections could be made between the secondary relaxation times, but more 
testing is needed to determine a correlation. 
This testing showed a correlation between physical and chemical testing that can be 

applied to other asphalt additive materials. Chemical testing was shown to be a useful 
tool to indicate additive quality and binder performance. While chemical testing cannot 
be used in all situations due to noisy samples, ineffective indices, or unknown reactions, 
further research should focus on chemically characterizing the quality and performance, 
including low PG, of other modified asphalt blends. Chemical testing should be further 
developed as a tool to better understand the impact of chemical microstructure environ-
ments on physical pavement performance. 
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