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ABSTRACT

Traditional asphalt rejuvenators, like aromatic oil (AO), are known to be effective in improving the low-tempera-
ture properties and fatigue performances of aged SBS (styrene-butadiene-styrene) modified asphalt (SBSMA) bin-
ders and mixtures. However, these rejuvenators inevitably compromise their high-temperature properties and
deformation resistances because they dilute asphalt binder but do not fix the damaged structures of aged SBS.
In this study, a highly-active chemical called polymerized 4,4-diphenylmethane diisocyanate (PMDI) was used
to assist the traditional AO asphalt rejuvenator. The physical and rheological characteristics of rejuvenated
SBSMA binders and the moisture-induced damage and rut deformation performances of corresponding mixtures
were comparatively evaluated. The results showed that the increasing proportion of AO compromises the high-
temperature property and hardness of aged SBSMA binder, and an appropriate amount of PMDI works to com-
pensate such losses; 3% rejuvenator at mass ratio of AO:PMDI = 70:30 can have a rejuvenated SBSMA binder with
a high-temperature performance similar to that of fresh binder, approximately at 71.4°C; the use of AO can help
reduce the viscosity of PMDI rejuvenated SBSMA binder for improving its workability; PMDI can help improve
the resistance of AO rejuvenated SBSMA binder to deformation, especially at elevated temperatures, through its
chemical reactions with aged SBS; moisture induction can enhance the resistance to damage of rejuvenated mix-
tures containing AO/PMDI or only PMDI; and the rejuvenator with a mass ratio of AO:PMDI = 70:30 can lead
the rejuvenated mixture to meet the application requirement, with a rut depth of only 2.973 mm, although more
PMDI can result in a higher resistance of rejuvenated mixtures to high-temperature deformation.
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1 Introduction

The styrene–butadiene–styrene triblock copolymer-modified asphalt (SBSMA) binder is widely used in
high-class pavement construction because of its excellent performance under high and low temperatures
[1–3]. However, the pavements are prone to deterioration owing to exposure to ultraviolet radiation, heat,
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oxygen, rainwater, and driving loads. This degradation manifests as road distress in the forms of potholes and
cracks [4–6]. Consequently, severely damaged pavement requires milling and rebuilding for safety and
driving comfort. The resulting waste mixtures are generally disposed of in landfills and stockpiles, which
causes environmental pollution and resource wastage [7,8]. Therefore, it is crucial to thoroughly consider
effective and efficient approaches for recycling waste SBSMA mixtures.

Owing to the presence of the styrene–butadiene–styrene (SBS) modifier, the aging process of the
SBSMA binder differs significantly from that of virgin bitumen [9,10]. The aging process involves not
only the oxidation and polycondensation of the bitumen phase but also the oxidative degradation of SBS
[11–13]. Consequently, if the rejuvenation of aged SBSMA binder follows a rehabilitation method similar
to that of aged virgin bitumen, the oxidative degradation products of SBS will not, even to a small extent,
be activated and reassembled at the molecular level to contribute to the performance of the rejuvenated
binder [14,15]. Hence, it is imperative to develop a new rejuvenation system that incorporates reactive
chemicals and commonly used asphalt rejuvenators to restore binder performance for high-quality
rejuvenation of waste SBSMA mixtures.

Currently, several studies have investigated the engineering properties of rejuvenated SBSMA binders
and mixtures through various methods. For example, Cao et al. [16] experimented with cashew shell oil and
reactive rejuvenators to rehabilitate the performance of aged SBSMA binders. They discovered significant
improvements in the self-healing potential and fatigue resistance of aged binders. Additionally, the fatigue
life of the reaction-rejuvenated binder was twice as long as that of commonly rejuvenated binder. Zheng
et al. [17] utilized maleic anhydride, epoxidized polybutadiene resin, and epoxidized soybean oil to create
composite rejuvenators for aged SBSMA binders. They concluded that these composite rejuvenators,
when used in specific amounts, effectively repaired broken structures within the aged SBS, and this
resulted in improved physical and rheological properties. These case studies indicated that traditional oil-
based rejuvenators were essentially unable to fully enhance the performance properties of aged SBSMA
binders and mixtures, because they mainly impact the chemical composition adjustment of aged virgin
asphalt binder, with no effect on the structural reassembly of aged SBS. Therefore, there is an urgent
need to develop a new composite rejuvenator capable of repairing the molecular structure of aged SBS
and addressing aging issues within the chemical composition of virgin asphalt. This development will
significantly support the high-quality application of recycled SBSMA mixtures.

Overall, this study explores the use of a highly active chemical called polymerized 4,4-diphenylmethane
diisocyanate (PMDI) to enhance the effectiveness of a common asphalt rejuvenator known as aromatic oil
(AO) in rejuvenating aged SBSMA binder and mixture. We systematically evaluate the physical and
rheological characteristics of PMDI/AO-rejuvenated SBSMA binders, including softening point,
penetration, viscosity, complex modulus, and phase angle. Additionally, we analyze key mixture
performances of rejuvenated SBSMA mixtures, focusing on high-temperature stability and moisture-
induced damage resistance through comparative analysis.

2 Materials and Methodology

2.1 Raw Materials

2.1.1 SBS Modified Asphalt Binder
The SBSMA binder used in this study was obtained from a local factory in Wuhan, China. The main

physical properties of the binder were tested, and the results are summarized in Table 1.

2.1.2 Asphalt Rejuvenators
The asphalt rejuvenators used in this study include AO and PMDI. AO, a commonly used asphalt

rejuvenator, is an oily substance with a high aromatic content exceeding 70%. The AO used in this study
was obtained from a local oil-refining factory in Wuhan, China. PMDI is a high-performance
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polyurethane chemical used in various applications such as adhesives, sealants, coatings, and rigid foams.
After curing or reaction, PMDI exhibited outstanding mechanical properties and chemical resistance. In
this study, PMDI was employed for the rejuvenation of aged SBS in binders, as its highly reactive
terminated groups can react with active oxygen-containing groups.

2.1.3 Mineral Aggregates
The aggregates used in this study included coarse aggregate, fine aggregate, and mineral powder. The

aggregates were all sourced from limestone from a local supplier in Wuhan, China. The main technical
indicators of these aggregates were tested, and Table 2 presents the results [18].

2.2 Preparation Methods

2.2.1 Preparation of Aged SBSMA Binder
The aged SBSMA binder was prepared following these procedures: First, the fresh SBSMA binder was

heated to a molten state at 170°C and poured into steel aging-use trays, with each tray containing
approximately 50 ± 0.5 g of binder. The trays filled with binders were then placed in an aging oven
preheated to 163°C for 5 h to conduct the thin film oven test for short-term aging simulation.
Subsequently, the binders underwent long-term aging simulation at 100°C for 20 h with a controlled
pressure of 2.1 MPa using a pressurized aging vessel aging test. Finally, the aged SBSMA binder was
collected for rejuvenation. Table 3 presents the test results of some physical properties.

Table 1: The test results of main physical properties of SBSMA binder

Item Measured result Requirement* Standard

Softening point (°C) 71.4 ≥60 ASTM D36

Penetration at 25°C (dmm) 65 ≥30 ASTM D5

Viscosity at 135°C (Pa·s) 1.5 ≤3.0 AASHTO TP48
Note: * means that the technical requirements are from JTG F40-2019.

Table 2: Primary physical properties of mineral aggregates [18]

Category Technical indicator Measured result Standard requirement

Coarse aggregate Apparent density (g·cm–3, at 23°C) 2.86 ≥2.60

Water absorption (%) 1.71 ≤2.0

Crushing value (%) 16.2 ≤26

Firmness coefficient (%) 3.2 ≤12

Fine aggregate Apparent density (g·cm–3, at 23°C) 2.749 ≥2.50

Firmness coefficient (>0.3 mm) 3.2 ≤12

Firmness coefficient (≤0.3 mm) 2.6 ≤12

Sand equivalent (%) 83.3 ≥60

Mineral powder Apparent density (g·cm–3, at 23°C) 2.627 ≥2.50

Water content (%) 0.13 ≤1

Appearance Not agglomerated Not agglomerated

Hydrophilic coefficient 0.51 <1
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2.2.2 Preparation of Rejuvenated SBSMA Binders
The rejuvenated SBSMA binders were prepared according to the following procedures: First, the aged

SBSMA binder was heated to 170°C to achieve adequate viscosity for uniform mixing. Subsequently,
rejuvenators were prepared at different mass ratios of AO:PMDI = 100:0, 70:30, 30:70, and 0:100. AO
and PMDI were mixed and stirred for 5 min at room temperature owing to their high reactivity. The
rejuvenators were then added to the molten aged binders and mixed at 600–1000 rpm for at least 25 min.
Finally, the rejuvenated binders were collected for evaluation.

2.2.3 Preparation of Aged SBSMA Mixture
First, this study selected a commonly used AC-13 type aggregate gradation (Table 4) to prepare fresh

SBSMA mixture at 175°C for 90–120 s, with an optimum asphalt content of 4.8% as determined by the
Marshall design method. Subsequently, the prepared mixtures were placed into a 135°C oven for 4 h to
undergo short-term aging. Finally, they were placed in an 85°C oven for 5 days to undergo long-term
aging and prepare an aged SBSMA mixture.

2.2.4 Preparation of Rejuvenated SBSMA Mixtures
Before the preparation of the rejuvenated SBSMAmixtures, the binder content of the aged mixtures was

determined as 3.3% through the burning method. According to this determination, rejuvenators were then
added to the aged mixtures, following the same AC-13 type gradation. During mixing, the coarse
aggregates comprised aged SBSMA concrete particles exceeding 2.36 mm, while the fine aggregates
consisted of natural limestone particles below 2.36 mm. Additionally, Pen 70 virgin binder was added to
maintain the original optimum binder content at 4.8%. Subsequently, the rejuvenated SBSMA mixtures
were prepared at 175°C for 90–120 s.

2.3 Test Methods

2.3.1 Physical Properties Test
According to ASTM D36, the softening point was tested to evaluate the high-temperature performance

of each rejuvenated SBSMA binder using a combination of AO or PMDI. Additionally, ASTM D5 was used
to measure the penetration at 25°C to determine the hardness of the rejuvenated SBSMA binders.

Table 3: The test results of physical properties of aged SBSMA binder

Item Measured result Standard

Softening point (°C) 68.1 ASTM D36

Penetration at 25°C (dmm) 51 ASTM D5

Viscosity at 135°C (Pa·s) 2.5 AASHTO TP48

Table 4: Passing percentage of graded aggregates

Passing size, mm 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Upper Limit, % 100 100 85 68 50 38 28 20 15 8

Lower Limit, % 100 90 68 38 24 15 10 7 5 4

Job Mix, % 100 94 83 51 30 24 20 14 8.7 5.4
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2.3.2 Rotational Rheological Test
According to AASHTO TP48, rotational viscosities were tested at 120°C, 135°C, 150°C, 165°C, and

180°C to assess the viscosity–temperature correlation of the target binders and understand their
workability. Furthermore, the viscosity–temperature susceptibility (VTS) was determined through the
fitting of the viscosity–temperature curves using the typical Saal equation [19], as outlined using Eq. (1):

log log h� 103
� � ¼ n� m log T þ 273:15ð Þ (1)

where η denotes the binder viscosity, Pa·s; T denotes the test temperature, °C; m denotes the VTS of the
binder, of which the higher value means the higher VTS; and n denotes the maximum viscosity.

2.3.3 Shear Rheological Test
The temperature-dependent shear rheological test of target binders was conducted using a dynamic shear

rheometer (DSR, MCR101, Anton Paar, Austria) to analyze the rheological behaviors of target binders [20].
The test conditions were as follows: a control of 0.1% strain, an angular frequency at 10 rad/s, a test
temperature of 4°C–76°C with an interval of 12°C, and a heating rate at 2°C/min. For temperatures
below 28°C, a pair of 8 mm-diameter and 25 mm-diameter parallel plates was employed. The gap
distance between the plates was controlled at 1 mm. After the test, key rheological data, including
complex modulus (G*) and phase angle (δ), were collected for anti-deformation analysis of rejuvenated
binders.

2.3.4 Road Performances Test
Moisture-Induced Damage

The moisture-induced damage was evaluated for each rejuvenated mixture using the Marshall stability
test following ASTM D6927 guidelines. Before the test, prefabricated Marshall specimens were
preconditioned in a water bath at 60°C for 30 min and 48 h. Subsequently, the specimens were removed
from the water bath and subjected to the Marshall stability tester using a controlled loading rate of
50 mm/min. Finally, the data collected were used to calculate the residual Marshall stability for
evaluating moisture-induced damage [21]. The calculation was conducted using Eq. (2).

MS0 ¼ MS1
MS

� 100% (2)

where MS0 denotes the residual Marshall stability after immersion in water, %; MS denotes the Marshall
stability after immersion in water at 60°C for 30 min, kN; and MS1 denotes the Marshall stability after
immersion in water at 60°C for 48 h, kN.

Rut Deformation
The rut deformation for each rejuvenated mixture was evaluated using the wheel tracking test according

to ASTMD8292 guidelines. Before the test, the rejuvenated mixtures were prefabricated into specimens with
dimensions of 300 mm × 300 mm × 50 mm. Subsequently, the specimens were placed in the 60°C test
chamber of the rut device for approximately 5 h and then subjected to testing with a back-and-forth
rolling speed of 42 cycles/min and a wheel load of 0.7 MPa for 60 min. Finally, the rut depth data were
recorded and collected to calculate dynamic stability (DS) to assess the resistance to rut deformation at
60°C. The calculation was conducted using Eq. (3).

DS ¼ 15N

d2 � d1
(3)

where DS denotes dynamic stability, pass/mm; d1 and d2 are the rut depths at 45 and 60 min, mm; and N is the
back-and-forth rolling speed of the test wheel, usually 42 cycles/min.
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3 Results and Discussion

3.1 Physical Properties
Fig. 1 displays the effect of different rejuvenator contents on the softening point of an aged SBSMA

binder. At a rejuvenator AO:PMDI mass ratio of 100:0, the softening point of rejuvenated SBSMA binder
gradually decreases from 68.1°C to 60.0°C as the content increases from 1% to 7%. Conversely, at a
rejuvenator AO:PMDI mass ratio of 0:100, the softening exhibits a trend of initial increase followed by a
decrease, and the maximum peak value reaches 76°C–78°C. These results indicate that increasing the use
of AO compromises the high-temperature performance of aged SBSMA binder, whereas incorporating an
appropriate amount of PMDI enhances the softening temperature. AO is a traditional oil-type rejuvenator
that only works to adjust the chemical components of aged virgin asphalt binder, while the terminal-NCO
groups in the PMDI chemically interact with active oxygen-containing groups in the degradation products
of SBS to generate new substances with rigid structures for a continuous increase in high-temperature
flexibility.

Additionally, the combined use of AO and PMDI as rejuvenators, regardless of their mixing proportions,
generally results in softening point trends characterized by an initial increase followed by a decrease in
rejuvenated SBSMA binders. However, at an AO:PMDI mass ratio of 70:30, the rejuvenated SBSMA
binder achieves a softening point close to that of fresh SBSMA, specifically 71.4°C before its 3%
incorporation. Subsequently, increasing the content from 3% to 7% causes only a slight decrease of
within 2°C, similar to the effect observed at an AO:PMDI mass ratio of 30:70. These findings indicate
that the addition of 3% rejuvenator with an AO:PMDI mass ratio of 70:30 can rejuvenate SBSMA binder
to achieve similar high-temperature performance to that of the fresh binder.

Fig. 2 illustrates the impact of varying rejuvenator contents on the penetration of aged SBSMA binder.
The trends of penetration for different rejuvenated SBSMA binders are opposite to the softening point trends.
For the rejuvenators at 3%, only the rejuvenator with an AO:PMDI mass ratio of 100:0 causes an increase in
penetration from 51 to 58 dmm. Other rejuvenators lead to penetration reductions ranging from 35 to
50 dmm, indicating that the minor utilization of PMDI will increase the hardness of aged SBSMA
binders to some extent, regardless of the presence of AO. Similar observations can be drawn from the
analysis of softening point trends.

Figure 1: Effect of different rejuvenator contents on softening point of aged SBSMA binder
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3.2 Rheological Properties

3.2.1 Viscosity–Temperature Characteristic
Fig. 3 illustrates the viscosity–temperature characteristics of rejuvenated SBSMA binders containing 3%

rejuvenator comprised of AO and PMDI. With the use of the rejuvenator with an AO:PMDI mass ratio of
100:0, the viscosity of the rejuvenated binder significantly decreases toward that of fresh SBSMA binder,
while the viscosities become high with the addition of the other rejuvenators incorporating PMDI,
especially the rejuvenator with an AO:PMDI mass ratio of 0:100. Additionally, the viscosity of the
rejuvenated binder rapidly increases as the AO:PMDI mass ratio changes from 70:30 to 30:70, and then
increases to a lesser extent as the ratio changes to 0:100. These results demonstrate that the use of PMDI
generally leads to increased viscosities of rejuvenated SBSMA binders, regardless of whether AO is
present. The combined use of AO, particularly at an AO:PMDI mass ratio of 70:30, helps reduce the
viscosity to some extent to improve the applicable workability of the rejuvenated SBSMA binder. A
small amount of PMDI can react with functional groups from aged SBS to form new macromolecular
structures that are difficult to move even at high temperatures, causing a significant increase in viscosity.
Moreover, AO plays a role in diluting the total binder for flowability enhancement. Overall, the
rejuvenator with an AO:PMDI mass ratio of 70:30 shows relatively superior performance to the
workability of the rejuvenated SBSMA binder for potential engineering applications.

Fig. 4 and Table 5 display fitted curves and equations to further demonstrate the VTS of the studied
binders. Notably, the R2 values of all binders exceed 0.980, which suggests that the fitted results can
reveal the correlation between viscosity and temperature. The m-value of fresh SBSMA binder after aging
increases slightly from 2.605 to 3.080, indicating that aging makes the fresh binder more susceptible to
temperature. Furthermore, the m-value of aged SBSMA binder changes within 0.100 with the addition of
different rejuvenators, indicating a close similarity. These variations suggest that the mixing proportion of
AO and PMDI is not a key factor affecting the VTS of rejuvenated SBSMA binders.

3.2.2 Complex Modulus and Phase Angle
Fig. 5 illustrates the rheological analysis in G* for rejuvenated SBSMA binders with a 3% rejuvenator.

The G* values of aged SBSMA binder after aging increase notably within the temperature range of 4°C and
76°C. At a rejuvenator AO:PMDI mass ratio of 100:0, the G* curve of the rejuvenated binder closely
resembles that of the fresh SBSMA binder. Conversely, increasing the proportion of PMDI results in
progressively higher G* values. These results demonstrate that the resistance of rejuvenated binders to

Figure 2: Effect of different rejuvenator contents on penetration of aged SBSMA binder
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deformation at different temperatures weakens with the addition of the physical rejuvenator AO but
strengthens with PMDI addition, because PMDI can chemically interact with the active oxygen-
containing groups from the degradation products of SBS to form new substances with rigid polymerized
structures. AO, being a lighter component, only dissolves and softens some of the unreacted bitumen
molecules. Therefore, the composite rejuvenator composed of polymerized MDI and AO can overcome
the performance loss of ordinary rejuvenated asphalt binder in terms of high-temperature performance
and hardness. The rejuvenated SBSMA binder with the addition of a rejuvenator at an AO:PMDI mass
ratio of 70:30 shows slightly higher G* values than the aged SBSMA binder. This suggests that
additional PMDI may not be necessary to increase the G* values further to enhance its resistance to
deformation at elevated temperatures, considering cost-effectiveness and workability.

Fig. 6 presents a rheological analysis of rejuvenated SBSMA binders with a 3% rejuvenator. As
temperature increases, the δ value of fresh SBSMA binder initially rises sharply, peaking around 36°C,
before gradually decreasing toward a relatively stable state. This demonstrates the typical phase-angle

Figure 3: Viscosity-temperature correlation of rejuvenated SBSMA binders with 3% rejuvenator

Figure 4: VTS analysis of rejuvenated SBSMA binders with 3% rejuvenator
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rheological behavior of fresh SBSMA binder, wherein the initial stage primarily reflects the softening
performance of virgin bitumen, followed by molecular chain movement after the physical crosslinking
structure of SBS is damaged. Subsequently, after aging, the δ value of the fresh binder decreases to
varying degrees, with an increasing trend observed after 64°C. This suggests that partial structural
damage to SBS occurs during the aging process of the binder, resulting in weakened deformation
resistance from the SBS polymeric component at lower temperatures.

With the addition of a rejuvenator with an AO:PMDI mass ratio of 100:0, the δ values of the aged binder
increase. However, the previously observed slight decreasing trend does not reappear. This indicates that this
rejuvenated binder is much more susceptible to softening and deformation, particularly at elevated
temperatures. Conversely, the δ values of the rejuvenated binder decrease as the rejuvenator contains
more PMDI. Additionally, the previously noted slight decreases at the second stage reappear. This
suggests that PMDI can react with the broken molecular structures of SBS in an aged binder to form a
new polymeric structure, enhancing resistance to high-temperature deformation, regardless of whether the
rejuvenator contains AO. According to these results and viscosity and softening point data, the
rejuvenator with an AO:PMDI mass ratio of 70:30 demonstrates superior performance in rejuvenating
SBSMA binders with high deformation resistance for engineering applications.

Table 5: VTS analysis based on the fitted viscosity-temperature curves of rejuvenated SBSMA binders

Item
No.

Fitted viscosity-temperature equation in Saal form Regression
coefficient (m)

Correlation
coefficient (R2)

1 log log h� 103
� � ¼ 8:224� 2:959 log Tþ 273:15ð Þ 2.959 0.993

2 log log h� 103
� � ¼ 8:656� 3:097 log Tþ 273:15ð Þ 3.097 0.997

3 log log h� 103
� � ¼ 8:325 � 2:981 log Tþ 273:15ð Þ 2.981 0.991

4 log log h� 103
� � ¼ 8:769� 3:142 log Tþ 273:15ð Þ 3.142 0.991

5 log log h� 103
� � ¼ 7:304� 2:605 log Tþ 273:15ð Þ 2.605 0.981

6 log log h� 103
� � ¼ 8:571� 3:080 log Tþ 273:15ð Þ 3.080 0.998

Note: Items 1–4 are orderly the rejuvenated SBSMA binders at mass ratio of AO:PMDI = 100:0, 0:100, 70:30, and 30:70; item 5 refers to fresh
SBSMA binder; and item 6 refers to aged SBSMA binder.

Figure 5: Rheological analysis in G* of rejuvenated SBSMA binders with 3% rejuvenator
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3.3 Road Performance

3.3.1 Moisture-Induced Damage
Fig. 7 depicts the Marshall loads of rejuvenated SBSMA mixtures before and after immersion in

moisture. The loads of rejuvenated mixtures are 16.5, 15.1, 17.7, and 14.2 kN at rejuvenator AO:PMDI
mass ratios of 100:0, 70:30, 30:70, and 0:100, respectively. After immersion, these values change to 13.8,
15.2, 18.7, and 15.9 kN, respectively. Notably, the load decreases for the AO-rejuvenated mixture and
increases for the other mixtures after immersion. This indicates that exposure to moisture leads to
decreased resistance of AO-rejuvenated mixture to external damage while enhancing the damage
resistance of rejuvenated mixtures containing AO/PMDI or only PMDI. However, with increasing PMDI
content of rejuvenators, the load of the rejuvenated mixture first increases and then decreases, which
indicates that a very high PMDI content may not provide optimal performance in resisting external
damage before and after moisture exposure. Hence, the appropriate use of AO and PMDI is crucial for
rejuvenating the aged SBSMA mixture.

Figure 6: Rheological analysis in δ of rejuvenated SBSMA binders with 3% rejuvenator

Figure 7: Marshall loads of rejuvenated SBSMA mixtures before and after moisture immersion
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Fig. 8 illustrates the residual Marshall stability of rejuvenated SBSMA mixtures after moisture
immersion. Notably, only the rejuvenator with an AO:PMDI mass ratio of 100:0 yields residual stability
of <100%, at 83.6%, while others, including PMDI, resulted in values exceeding 100%. As the mass ratio
of AO:PMDI changes from 70:30 to 30:70 and then to 0:100, the residual stability of the rejuvenated
mixture gradually increases from 100.7% to 105.6% and then to 112.0%. These findings suggest that the
resistance of the AO-rejuvenated mixture to moisture-induced damage weakens, a trend that is further
exacerbated with higher proportions of PMDI in rejuvenators. This is attributed to water molecules
penetrating weak physical interfaces between AO-rejuvenated binders and aggregates, causing moisture-
induced damage. However, these molecules can react with residual PMDI to form strong chemical
interfaces between AO and PMDI or PMDI-rejuvenated binders and aggregates, enhancing resistance to
moisture damage before complete consumption. The rejuvenator with an AO:PMDI mass ratio of 70:30 is
recommended for preparing highly moisture-resistant rejuvenated SBSMA mixtures.

3.3.2 Rut Deformation
Fig. 9 illustrates the DS of rejuvenated SBSMA mixtures with 3% rejuvenator at 60°C. As the

proportion of PMDI in rejuvenators increases, the DS value of the rejuvenated mixture also increases.
The rejuvenated mixture without a PMDI achieves a DS value of 2790 passes/mm, significantly lower
than the value of 6457 passes/mm achieved with only PMDI added. Furthermore, rejuvenators with AO:
PMDI mass ratios of 70:30 and 30:70 yield DS values of 3358 passes/mm and 4125 passes/mm,
respectively, both meeting the application requirements for highway construction, such as the threshold
value of 2800 pass/mm required by JTG F40-2019. These results indicate that the rejuvenator with an
AO:PMDI mass ratio of 70:30 can help the rejuvenated mixture meet application requirements, although
additional PMDI can further enhance the mixture’s resistance to deformation at high temperatures.

Fig. 10 displays the 60°C rut depth of rejuvenated SBSMA mixtures with 3% rejuvenator at 60 min. As
the AO:PMDI mass ratio in rejuvenators increases from 100:0 to 70:30, 30:70, and 0:100, the rut depth value
of the rejuvenated mixture decreases to 3.660, 2.973, 1.914, and 1.622 mm, respectively. These values are all
below 4.000 mm, significantly less than the critical rut depth of 10.000 mm required by JTG H20-2015. The
findings indicate that although a rejuvenated mixture with a rejuvenator AO:PMDI mass ratio of 100:0 is
applicable, higher resistances of rejuvenated mixtures to rut can be achieved through the addition of more
proportions of PMDI to the 3% rejuvenator.

Figure 8: Residual Marshall stability of rejuvenated SBSMA mixtures after moisture immersion
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4 Conclusions and Recommendations

This case study explored the use of PMDI as a rejuvenator component to address shortcomings observed
in AO-rejuvenated SBSMA binders and mixtures, particularly regarding decreased high-temperature
performance and deformation resistance. Through comparative investigations into the physical and
rheological properties of rejuvenated binders and the moisture stability and anti-rut properties of
rejuvenated mixtures, the performance of the studied rejuvenators was evaluated. Key findings are as
follows:

1) The physical properties results indicated that increasing the proportion of AO compromised the high-
temperature property and hardness of aged SBSMA binder. Moreover, the addition of an appropriate
dosage of PMDI effectively compensated for these property losses. Furthermore, a 3% rejuvenator
with an AO:PMDI mass ratio of 70:30 can rejuvenate the SBSMA binder to achieve a high-
temperature performance similar to that of a fresh binder, approximately 71.4°C.

2) The viscosity–temperature correlation results indicated that PMDI addition significantly increased
the viscosities of rejuvenated SBSMA binders, whereas the combined use of AO, particularly at
an AO:PMDI mass ratio of 70:30, helps reduce viscosity to improve workability. Interestingly, the
AO/PMDI mix proportions have minimal influence on the VTS of rejuvenated SBSMA binders.

Figure 9: DS of rejuvenated SBSMA mixtures with 3% rejuvenator at 60°C

Figure 10: The 60°C rut depth of rejuvenated SBSMA mixtures with 3% rejuvenator at 60 min
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3) The complex modulus results indicated that PMDI contributed to improving the resistance of the AO-
rejuvenated SBSMA binder to deformation, particularly at elevated temperatures. Notably, an AO:
PMDI mass ratio of 70:30 resulted in a rejuvenated binder with slightly higher G* values than
that of the aged SBSMA binder.

4) The phase angle results indicated that PMDI interacted chemically with the damaged molecular
structures of SBS in the aged binder, leading to the reformation of new polymeric structures and
enhancing resistance to high-temperature deformation, irrespective of whether the rejuvenator
contained AO.

5) The moisture-induced damage results revealed that exposure to moisture reduced the resistance of the
AO-rejuvenated mixture to external damage but enhanced the damage resistance in rejuvenated
mixtures containing AO/PMDI or only PMDI. Excessive PMDI content in rejuvenators was not
optimal for resisting external damage before and after exposure to moisture.

6) The rut deformation results revealed that the rejuvenator with an AO:PMDI mass ratio of 70:30 could
economically enhance the rejuvenated mixture to meet the application requirement, with a rut depth
of only 2.973 mm, although the addition of more PMDI can further improve the resistance of
rejuvenated mixtures to deformation at high temperatures.

Overall, the hybrid use of PMDI and AO showed promise for high-performance recycling of waste
SBSMA mixtures. Future research should focus on the cost-effective utilization of PMDI in rejuvenators
for different pavement applications and explore its compatibility with other traditional rejuvenators to
ensure high-quality rejuvenation of waste SBSMA mixtures and validate their durability.
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