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ASPHALT RECYCLING IN POLYMER MODIFIED 
PAVEMENT: A TEST SECTION AND 

RECOMMENDATIONS 

Martins Zaumanis, Lily Poulikakos, Martin Arraigada, Bernhard Kunz, Urs Schellenberg, 
Christoph Gassmann 

1. ABSTRACT 

While recycling of Reclaimed Asphalt Pavement (RAP) is accelerating, road owners still 
often restrict the use of RAP in polymer-modified pavement. Here we used a balanced 
mixture design for preparing polymer-modified asphalt mixtures for wearing and binder 
courses having 30 % to 60 % RAP content. Findings from the paved test section show that 
it is possible to design polymer-modified mixtures with 30 % to 50 % RAP that have a good 
crack propagation resistance, high fatigue resistance, acceptable stiffness, and sufficient 
rutting resistance. Based on the findings, recommendations for RAP use in polymer-
modified layers are provided.  

Keywords: RAP; polymer-modified binder; trial section; case study; performance-based 
tests; balanced mix design; reclaimed asphalt pavement; asphalt recycling; in-situ 
performance, asphalt re-use 

 

Graphical abstract 

 

Highlights:  

• Up to 50 % reclaimed asphalt can be used in polymer-modified pavements 
• Polymer-modified wearing coarse was constructed with 30 % RAP 
• 65% RAP used in unmodified binder course—with good performance 
• Recommendations for PmB mixture design with RAP are provided 
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2. INTRODUCTION  

Re-use of reclaimed asphalt in the production of new asphalt mixtures provides 
environmental and economic benefits. For this reason, the use of Reclaimed Asphalt 
Pavement (RAP) in asphalt production is steadily increasing. For example, in the USA the 
average percentage of RAP used in asphalt production has increased from 15 % in 2009 to 
22% in 2021 [1]. As a consequence, the total amount of RAP used in asphalt mixtures in the 
same period increased by 68.9% (the amount of produced asphalt increased by only 20.6 %).  

While asphalt re-use and recycling are increasing, the use of reclaimed asphalt pavement in 
polymer-modified asphalt mixtures is still relatively poorly explored. Although there are 
studies on the use of reclaimed asphalt used together with styrene-butadiene-styrene (SBS) 
[2,3], poly butadiene rubber (PBR) [4], and even waste PBR [5], there are still many open 
questions. In particular there is insufficient understanding of the blending of the aged and 
virgin binders and concerns about the long-term performance of recycled asphalt mixtures, 
especially the elastic performance and cracking resistance [6–13]. There is also a lack of 
information about the mixture performance since most research studies only report the 
binder properties after full blending of extracted RAP binder and virgin Polymer Modified 
Binder (PmB) (full blending does not occur in mixtures). Finally, there is lack of published 
results on full-scale research on the use of RAP in polymer modified mixtures. This further 
limits the ability to make evidence-based decisions on the RAP use in PmB containing 
asphalt mixtures.  

For the abovementioned reasons, the use of RAP in polymer-modified mixtures is often 
restricted (e.g. in Florida to 20% [11]) and the RAP use in wearing courses is not permitted 
by many road authorities (e.g. in Switzerland an agreement must be made between the road 
owner and the contractor to use above 0% RAP [14]).  

Polymer-modified mixtures are typically paved on high traffic intensity roads and on 
wearing courses. Considering that good practices for efficient road maintenance often only 
require the regular replacement of the surface layer (i.e. wearing coarse), permitting the RAP 
use in such high value application would enable to efficiently re-use the milled material (as 
opposed to RAP downcycling for use in lower, non-PmB-modified layers).  

In this case study, we aimed to explore the boundaries of RAP re-using in PmB layers 
(including surface courses) using the technology and materials available for an economically 
viable construction of large-scale road pavements in Switzerland. To do this, we designed 
three mixture types with RAP contents between 30 and 60 %. Such RAP content was 
hypothesized to be at or slightly beyond the boundary of what is currently possible to ensure 
the properties expected from PmB-containing mixtures. These mixtures were then paved on 
a high traffic intensity road and sampled for testing the performance of extracted binder as 
well as mixture performance.  
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2.1. Objective 
The objective of the research was to design polymer-modified mixtures with high RAP 
content, to construct a full-scale test section for determining the mixture performance and to 
offer recommendations for RAP use in polymer-modified mixtures.  

3. METHODOLOGY 

The research methodology is summarized in Fig. 1. The constituent materials for designing 
the mixtures were sampled from the BHZ AG asphalt plant. A highly polymer-modified 
virgin binder (Styrol-Butadien-Styrol (SBS) content ≥6 %) was used to compensate for the 
lack of polymers in the RAP.  

After determining the optimum recycling agent content, a balanced mixture design was 
performed to optimize the binder content and binder type using semi-circular bend (SCB) 
test and cyclic compression (CC) test. According to the approach described by Zaumanis et 
al. [15], conventional mixture properties (air voids, gradation, and binder content) and binder 
properties were used to facilitate design optimization. 

For construction of the test section, the prepared recipes (abbreviated with "HighRAP" in 
the rest of the paper) were handed to the asphalt producer who, based on the RAP routine 
testing results, made the final adjustments to account for the binder content and gradation of 
materials available at the time of production. The virgin binder and the RAP used in the 
production differed from the materials used during mixture design while the recycling agent 
was the same at both stages. 

During construction, asphalt samples were gathered for extended laboratory testing of the 
mixture and extracted binder properties according to the methods summarized in Fig. 1. In 
addition, road cores were sampled from the pavement for determining air voids, and testing 
with SCB test.  
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Fig. 1 Research methodology and test methods (CC-Cyclic Compression, SCB-Semi-
Circular Bend; BTSV-Binder fast characterization test; G-R-Glower-Rowe parameter; 

FRT-French Rut Tester; MSCR-Multiple Stress Creep Recovery; MMLS3-Model Mobile 
Load Simulator) 

3.1. Target mixtures  
The following three mixture types from the test section were evaluated:  

• AC8H 30 % RAP mixture with a target PmB grade of 45/80-80 was compared to the 
reference 0 % RAP mixture with a target grade of 45/80-80. 

• ACB22H 60 % RAP mixture with a target PmB grade of 45/80-80. Using the 
available RAP at the time of mix design, this target grade could not be reached so 
the design target grade was modified to 45/80-65. This mixture was compared to the 
reference 30 % RAP mixture having the target grade 45/80-80. 

• ACT22S 80% RAP mixture with a target non-PmB grade of 50/70. Because the RAP 
properties at the time of construction were different from the properties at the design 
phase, the recipe was modified and two mixtures, having 65 % RAP and 75 % RAP 
were paved instead. These mixtures were compared to the reference 65 % RAP with 
a target grade of 50/70.  

RAP

Bitumen properties
pen | soft p. | el. rec. | BTSV | G-R

Recycling agent content optimization
Penetration

Balanced mixture design
CC | SCB

(gradation | air voids | bit cont)

Final HighRAP mixture design

H
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A
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ixture design
Test section 

Virgin binder Recycling agent

New RAP New virgin binder Same recycling agent

Test section construction
HighRAP designs | Reference mixtures

Pavement
SCB | air 

voids 

Mixture properties
gradation | air voids | bind. cont. | CC | 
SCB | modulus | fatigue | FRT | MMLS3 

Bitumen properties
pen | soft p. | el. rec. | 

BTSV | G-R | MSCR

Design mixtures
AC8H | ACB22H | ACT22S
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The mixtures are abbreviated as follows:  

 

3.2. Bitumen tests 

3.2.1. Extraction, recovery, and conventional binder tests  

Bitumen extraction was performed using toluene according to EN 12697-1. This procedure 
was also used to determine the binder content.  

Penetration was determined according to EN 1426, Softening point according to EN 1427, 
and Elastic recovery according to EN 13398. The mean of two softening point tests, two 
elastic recovery tests, and three penetration tests is reported.   

3.2.2. Multiple Stress Creep Recovery Test (MSCR) 

The Multiple Stress Creep Recovery Test (MSCR) is used to determine the creep 
performance of asphalt binders. The MSCR was performed according to the EN 16659 on 
unaged samples. This test is performed using Dynamic Shear Rheometer using 25 mm 
plate-plate geometry with 1 mm gap. In this research the test was performed at 60 °C. 
During the test, stress is applied for one second, followed by a 9 seconds rest period. This 
cycle is repeated 10 times at 0.1 kPa stress, followed by 10 more cycles at 3.2 kPa stress.  
Two main results are expressed from the test are:  

• The percent recovery demonstrates the elastic response of binders and can be used to 
assess the effect of polymers in the binder.  

• The non-recoverable creep compliance (Jnr) serves as an indicator of the sensitivity 
to permanent deformations of the binder under repeated load.  

3.2.3. Binder fast characterization (BTSV) test 

The BTSV test was performed according to DIN 52050 on unaged samples. The test is 
performed using a Dynamic Shear Rheometer (DSR) with 25 mm diameter plates having 1 
mm gap under a constant shear stress of 500 Pa at 10 rad/s frequency. During the test, the 
temperature is increased by 1.2 °C/min between 20 °C and 90 °C. The temperature at which 
the complex shear modulus reaches 15 kPa is determined (TBTSV) and the phase angle at this 
temperature is calculated (δBTSV). For each binder, two samples were tested to ensure that 
the variability does not exceed the range specified in the standard.  

Mix designation: 
- HighRAP: mixes designed 

within this project 
- Ref: reference  
- Plant: additional  plant-

produced reference mixtures 
- Des: HighRAP design mixture 

 

Mix type AC8H Core HighRAP 

Core: road core from test section 
(if empty: lab compacted) 
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3.2.4. Glover-Rowe (G-R) parameter 

The Glover-Rowe parameter was calculated to characterize the susceptibility of a binder to 
cracking. The test was performed using a DSR using on unaged binder samples using 8 mm 
diameter plates with 2 mm gap. During the test, a frequency sweep is carried out at 5 °C, 
15 °C, 25 °C, 35 °C, and 45 °C. The collected results are then used to construct a master 
curve at 15 °C using the time-temperature superposition principle. The master curve shape 
was calculated according to the sigmoidal model proposed by Witczak [16] and the 
Williams-Landel-Ferry relationship was used for calculating the shift factors [17].  

The master curve was used to determine the phase angle (𝛿𝛿) and complex shear (G*) 
modulus at 0.005 rad/s and 15 °C. The determined values were then used to calculate the 
Glover-Rowe (G-R) parameter according to Equation 1. 

𝑮𝑮-𝑹𝑹 = 𝑮𝑮∗((𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)𝟐𝟐/𝒄𝒄𝒔𝒔𝒔𝒔𝒄𝒄) Equation 1 

To set the G-R parameter damage thresholds, Rowe proposes using the relationship that 
Kandhal had derived between age-related cracking of pavement and the binder ductility 
[18,19]:  

• G–R ≤ 180 kPa – no cracking (corresponding to more than 5 cm ductility)  
• G–R = 180-450 kPa – crack development (corresponding to 3 cm to 5 cm ductility)  
• G–R ≥ 450 kPa – significant cracking (corresponding to less than 3 cm ductility) 

 

3.3. Mixture tests 
For laboratory mixing the component materials (except recycling agent which remained at 
room temperature) were heated in an oven at 155 °C for AC8H and ACB22H, and at 145 °C 
for ACT22S mixture for 3 hours. Laboratory mixing was performed in an oil-heated 
laboratory mixer as follows: RAP aggregates were pre-blended for 0.5 minutes after which 
recycling agent was introduced at the specified dosage and mixed for 1.5 minutes. Finally, 
neat binder and virgin aggregates were introduced, followed by 3.5 minutes of mixing.  

The plant-produced asphalt samples were collected at the asphalt plant during production.  

The sample preparation method for each mixture test method is summarized in Tab. 1. 
Before laboratory compaction, the mixtures were reheated to 155 °C for AC8H and ACB22H 
mixtures and to 145 °C for the ACT22S mixture. The target air void content was 
geometrically calculated and varies depending on the sample preparation method to reach 
the air final void content of the test samples (surface-saturated dry method) in the range 
defined by the standard SN EN 13108-1 (3-6 % for AC8H type mixtures and 4-7 % for the 
other mixtures). 
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Tab. 1 Sample preparation for mixture tests (for road cores, the compaction does not apply 
but the remainder is the same) 

Test method Sample preparation  
Marshall test Marshall compactor (2x50 blows) 
Semi-circular bend 
test 

Gyratory compactor to target air voids (8%) + trimming + cutting + notch 

Cyclic compression 
test 

Marshall compactor (2x 50 blows) + plan parallel polishing 

Stiffness and 
Fatigue 

Gyratory compactor to target air voids (7.5%) + cutting 

French Rut Tester Roller compactor with steel wheel to target air voids (4%) 
Model Mobile Load 
Simulator 
(MMLS3) 

Large-scale slab compactor to target air voids (5%) + notch + painting for DIC 

 

3.3.1. Conventional mixture tests 

The maximum density was determined according to EN 12697-5 using pyknometers and 
toluene. Bulk density of the samples was determined using saturated surface dry method 
according to EN 12697-6 and the volumetric properties were then calculated according to 
EN 12697-8.  

The Marshall test was performed according to EN 12697-34.  

3.3.2. Semi-circular bend (SCB) test  

The Semi Circular Bend (SCB) test was performed at 25 °C according to AASHTO TP 124-
16 to determine susceptibility to crack propagation.  

For the SCB test, a 50 mm thick half-cylindrical specimen having a notch on the flat side is 
positioned in a three-point testing frame and load is applied at a monotonic rate of 50 
mm/min along the vertical axis. Load and displacement are measured during the test and the 
Flexibility Index (FI) is calculated according to Equation 2. For AC8H mixture due to the 
small aggregate size and hence better repeatability four samples were tested. For the other 
mix types six parallel samples were tested and the mean result is reported.  

𝐹𝐹𝐹𝐹 =
𝐺𝐺𝑓𝑓

|𝑚𝑚| × 𝐴𝐴 
Equation 2 

, where FI is the flexibility index, Gf is fracture energy calculated according to Equation 3, 
m is the post peak slope at the inflection point of the load-displacement curve in kN/mm, 
and A is a scaling factor (0.01). 
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𝐺𝐺𝑓𝑓 =
𝑊𝑊𝑓𝑓

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙
× 106 

Equation 3 

, where Gf is fracture energy in Joules/m2, Wf is work of fracture (calculated as the area under 
the load versus displacement curve) in Joules, Arealig is ligament length in mm2 multiplied 
by t, and t is specimen thickness in mm. 

3.3.3. Cyclic Compression (CC) test 

Susceptibility to plastic deformations was determined using the cyclic compression test 
according to the procedure described in the German standard TP Asphalt-StB Part 25 B 1. 
The test was performed at 60°C since preliminary testing demonstrated that tests at the 
standard 50 °C barely induce any damage and thus it would not be possible to distinguish 
between the performance of different mixtures. 

In the test, a cylindrical asphalt sample is subjected to 5,000 load cycles. Each cycle consists 
of 0.2-second haversine pulse load followed by a 1.5-second rest period. The maximum 
pulse stress is 350 kPa and during the rest period, 0.035 kPa stress is applied. The loading 
plate diameter was 150 mm.  

The lab-compacted mixture specimens were prepared by using 100 mm Marshall moulds. 
The road cores were cut to 100 mm diameter. Both the Marshall samples and the road cores 
were polished plan-parallel to 60 mm height.  

During the test, the cumulative permanent deformation was measured as a function of load 
cycles and the creep rate (fc) between 2,500 and 5,000 cycles was calculated according to 
Equation 4. Two replicates were tested for each material.  

𝑓𝑓𝑐𝑐 =  
𝜀𝜀𝑛𝑛1 − 𝜀𝜀𝑛𝑛2
𝑛𝑛1 − 𝑛𝑛2

× 10,000 Equation 4 

where  

𝑛𝑛1;  𝑛𝑛2 is the number of repetitive loading cycles; 

𝜀𝜀𝑛𝑛1;  𝜀𝜀𝑛𝑛2 is the cumulative axial strain after 2,500 and 5,000 cycles. 

3.3.4. Rutting resistance 

Rutting resistance of the asphalt mixes was evaluated using a French Rutting Tester (FRT) 
according to EN 12697-22. The FRT runs using a rubber pneumatic test wheel that has a 
pressure of 0.60±0.03 MPa and a load of 500±5 kN. A preconditioning load is applied at 
room temperature for 1,000 cycles after which the sample is conditioned for about 16 hours 
in a temperature chamber at 60°C. 30,000 loading cycles are applied to two parallel 
specimens and rut depth is measured using a gauge after 30, 100, 300, 1000, 3000, 10,000, 
and 30,000 cycles at 5 pre-defined points along the length of the rut.  



9 

 

3.3.5. Stiffness modulus 

The stiffness modulus was determined by applying Cyclic Indirect Tension on Cylindrical 
samples (CIT-CY) according to the German standard AL Sp-Asphalt 09. The specimen 
diameters were 150 mm for ACB22H and ACT22S, and 100 mm for AC8H. All samples 
were prepared using the Gyratory compactor using 150 mm molds, followed by coring to 
100 mm diameter if necessary. All samples were cut on top and bottom to increase sample 
homogeneity. The height of the 150 mm diameter samples was 60 mm, and the height of the 
100 mm diameter samples was 40 mm.  

The samples were tested at 10°C by applying sinusoidal load at 0.1 Hz, 1 Hz, and 10 Hz 
loading frequencies. Three replicates were tested for each material.  

3.3.6. Fatigue 

Fatigue testing was performed according to AL Sp-Asphalt 09 standard on samples that were 
prepared identically to the samples for stiffness modulus testing. The fatigue test was 
performed at 10 °C by applying a sinusoidal repeated loading at 10 Hz frequency.  

The failure criterion defined in the German standard AL Sp-Asphalt 09 is reached at the 
number of cycles when the energy ratio reaches the maximum value. Energy ratio is the 
product of the number of cycles and the corresponding stiffness modulus.   

The standard requires testing of three replicates at three strain levels, however due to the 
large number of mixtures, the total number of repetitions was reduced to four per mixture. 
The stress was selected in such a way to ensure that for two test results, the maximum energy 
ratio is reached in the approximate range between 30,000 cycles and 100,000 cycles and for 
the other two – between several hundred thousand to a million cycles. If the results did not 
satisfy the variability requirements (coefficient of determination >0.9) further specimen 
were tested.  

3.3.7. Model Mobile Load Simulator (MMLS3) 

The MMLS3 (operation principle illustrated in Fig. 2 and further explained in [20]) is a 
scaled accelerated pavement testing device used for testing of pavement distresses under the 
loading of repetitive rolling tires. In this research, the machine was run at its maximum load 
(2.5 kN) and speed (4.5 km/h), corresponding to loading frequency rate of nearly 1 Hz. 

The size of the slab specimens used in this research was 1.6 m x 0.45 m, with a thickness of 
6 cm. Compaction was carried out with a steel roller. After compaction, a 3 cm deep 
transverse notch was cut across the center of the bottom face to initiate cracking. The short 
edges of the slabs were placed on steel profiles to induce bending under load. Between the 
steel profiles, and below the slab, a thin rubber mat was placed to model a soft elastic 
foundation. The whole setup was placed in a temperature chamber at 20 °C. One slab per 
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mixture was loaded until complete failure, i.e. until the crack propagated from the bottom to 
the surface of the slab. 

 

Fig. 2 MMLS3 testing setup 

The crack formation and propagation was monitored by using linear variable differential 
transducer sensors (LVDTs) and by using the Digital Image Correlation (DIC) device.  

4. MIXTURE DESIGN 

The mix design approach is summarized in Fig. 1. At first, we determined the optimum 
recycling agent dosage. This was followed by testing various mixture compositions to 
achieve the desired performance, as explained in the following sections.  

4.1. Recycling agent Selection and Dosage 
A tall oil based recycling agent (a by-product of paper production) was used in the mixtures. 
Fig. 3 demonstrates the measured penetration at three trial recycling agent contents and the 
target penetration for the three mixtures used in the test section. The target values were set 
based on the penetration of the virgin binders used in the reference mixtures.  
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Fig. 3 Recycling agent dosage determination (as a percent of RAP binder)  

The recycling agent dosage, in percent of RAP binder, that allowed to reach the target values 
was determined using Equation 5 [21]. A spreadsheet with the a calculator for the estimation 
of recycling agent dosage is available in https://doi.org/10.5281/zenodo.7441761 [22]. 

The final recycling agent dose was 6.2 % for the AC8H and ACB22H mixtures and 7.3% 
for the ACT22S mixture. After testing the first trial mixture, the recycling agent dosage for 
the second production of ACT22S mixture was reduced to 6.2 %.  

𝑫𝑫𝒄𝒄𝒄𝒄𝑫𝑫 =
𝒍𝒍𝒄𝒄𝒍𝒍𝑫𝑫

𝑷𝑷𝑷𝑷𝑷𝑷
𝑨𝑨

𝑩𝑩
 

 Equation 5 

where 

Dose – dose of the recycling agent, % from RAP binder 

PEN – penetration, ×0.1 mm 

A – penetration at 0 % dose (y-intercept of the exponential function), ×0.1 mm  

B – constant calculated by least squares fit through data points 

Before selecting a specific recycling agent, the aging resistance of the recycling agent plus 
binder blend should be determined as well. For the selected recycling agent, the results 
demonstrated 0.4% mass change after the Rolling Thin Film Oven Test (RTFOT) 
(acceptability limit is <0.8% according to EN 1291). The retained penetration after RTFOT 
aging as well as two cycles of Pressure Aging Vessel (PAV) was similar or larger compared 
to the reference virgin binder. Based on these results, we considered the recycling agent to 
have acceptable aging resistance and therefore it was used in the test section.  
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4.2. Performance-based mixture design  
The mixtures were designed using performance-based mixture design framework described 
in [15]. The following test methods were used to determine the optimum mixture 
composition: 

− Cracking characterization. Semi-Circular Bend (SCB) test using the Flexibility 
Index (FI) has been demonstrated to possess sensitivity to mix design parameters, 
including binder grade, binder content, and aging [15,20,23,24]. This test has also 
proven to be punishing the use of elevated RAP content, if appropriate measures 
have not been taken to compensate for the stiff RAP binder [25]. 

− Characterization of plastic deformations. The goal to improve mixture cracking 
resistance through the use of recycling agents, softer binder, or the increase in 
binder content can lead to plastic deformations (rutting). Therefore, along with the 
cracking test, it is important to use a test that characterizes plastic deformations. 
The cyclic compression test (CC) was selected due to a relatively simple sample 
preparation, permitting to test various different combinations of mix designs.  

− Volumetric properties and constituent material properties. The volumetric 
properties (air voids, gradation, and binder content) and binder properties were 
used to facilitate decision-making.  

4.3. Example Mixture Design ACB22H Mixture 
Here we provide an example mix design approach for the ACB22H mixture. Considering 
the target RAP content, the reclaimed asphalt was combined with the sampled virgin 
aggregates in a gradation that mimics the gradation of the reference mixture as close as 
possible.  

At first, two virgin binder grades with 4% binder content were used to attempt achieving the 
required acceptance criteria for the flexibility index and creep rate:  

• Mixture A: PmB 90/150-80 without any recycling agent 
• Mixture B: PmB 45/80-80 with 6.2 % recycling agent content  

 
The cyclic compression creep rate and the flexibility index results of these two mixtures are 
summarized in Fig. 4. On the horizontal axis, the two mixtures are displayed while the 
primary and secondary vertical axes show the test results. The acceptable result range for 
each of the test results is shown in the figure as well (defined in [26]). 

It can be seen that both mixtures pass the creep rate requirement but only the mixture with 
6.2% recycling agent content (mixture B) passes the flexibility index (FI) requirement.  
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Fig. 4 Optimization of bitumen type and recycling agent content for ACB22H mixture 

Since the results of the mixture B only barely pass the FI requirement, we prepared another 
mixture (C) with a higher binder content. This C mixture contains 4.2% rather than 4.0% 
binder content. The FI and creep rate results are shown in Fig. 5. In this case, the horizontal 
axis demonstrates the bitumen content of the mixtures.  

As expected, a higher bitumen content increases the flexibility index and also increases the 
creep rate. Even at the higher bitumen content, both requirements are fulfilled thus we put 
forward mixture C as the best of the three designs.  

 

Fig. 5 Optimization of bitumen content for ACB22H mixture 

According to the performance-based mix design principles described in [15], we used 
volumetric and conventional tests to enable better decision-making when optimizing the 
mixture design. Tab. 2 summarizes the design parameters, Marshall air void content, and 
recovered bitumen properties of the three ACB22H mixture designs.  

All ACB22H mixtures fulfill the requirements set by the road agency for Marshall air voids, 
recovered penetration, and elastic recovery, but none of the mixtures fulfills the requirements 
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for the recovered softening point. Considering that the RAP binder has a softening point of 
62.4 °C, the likely reason for the inability to reach the required 70 °C softening point, is the 
elevated RAP content (60%). The added virgin binder can not compensate for this despite 
having a softening point of 100.5 °C for the PmB 45/80-80 and 86.8 °C for the PmB 90/150-
80.  

In such a situation, one solution would be to lower the RAP content and repeat the mix design 
procedure. Another solution could be to select a different virgin binder, perhaps with a higher 
polymer content. In this case, however, with the acceptance of the road agency, it was 
decided to change the target binder grade from PmB 45/80-80 to PmB 45/80-65. For the 
PmB 45/80-65, the recovered binder softening point requirement of 60°C is fulfilled by all 
the HighRAP mixtures.  

Based on the aforementioned discussion, the final design used in the Uster test section 
mixtures is design C.  

Tab. 2 Design parameters and test results of the three ACB22H design mixtures 

Mix Added binder Bind
er 
cont, 
% 

Rec. 
agent
, %  

Marshall 
air 
voids, % 

Penetration, 
0.1mm 

Softening 
point, °C 

Elastic 
recovery, 
% 

G-R, 
kPa 

BTSV 
temp, 
°C 

BTSV, 
phase 
angle, ° 

A 4.0% 90/150-80 4.0 0 4.55 26 68.7 64 167 67.8 65.0 
B 4.0% 45/80-80 4.0 6.2 4.05 32 66.5 61 54 63.6 64.4 
C 4.2% 45/80-80 4.2 6.2 4.22 37 64.8 61 37 60.8 65.7 
Requir
ement 

   ≥4.0 30…65 ≥70* 
≥60** 

≥60    

 *for target grade 45/80-80  ** for target grade 45/80-65    

 

The mixture design process for all other mixtures was similar and for brevity, it will not be 
reported here. All the test results of each final design mixture (abbreviated with "Des") are 
included in the following sections along with the results from the test section.  

4.4. Design Parameters of all mixtures 
Tab. 3 summarizes the main mixture design parameters of the AC8H, ACB22H, and 
ACT22S mixtures. The table lists the mixtures from the test section (highlighted in bold) as 
well as the reference mixtures that were used throughout the study for comparison. The 
reader is reminded that the plant-produced mixtures (abbreviated with "HighRAP") 
contained RAP that was different from the RAP used in the design stage. The virgin binder 
and recycling agent content for these mixes were adapted based on the regular RAP quality 
control results available before production.  

As shown in Tab. 3, the ACB22H and ACT22S mixtures also include reclaimed aggregates. 
This material is produced by exposing the coarser fractions of RAP to high mechanical 
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impact, which separates the bulk of mortar from the coarse RAP aggregates. The resultant 
"reclaimed aggregates" contain less than 1 % binder and can be used as a substitute for virgin 
materials in the asphalt production process. In this way, the total amount of recycled material 
that is used in the mixtures for the base and binder layers is higher than the RAP content. In 
this paper, however, when referring to the RAP content, only the RAP is considered, without 
including the "reclaimed aggregates".  

It can be seen in Tab. 3 that the RAP content of the ACT22S design mixture was 80 % while 
for the mixtures paved in the test section it is 65 % and 75 %. The reason for this is that the 
RAP gradation that was available at the time of construction was finer than that of the RAP 
that was used during the mixture design phase and it did not allow to fulfill the particle size 
distribution requirements. Moreover, it has been reported that the use of fine RAP can have 
a detrimental effect on the mixture cracking resistance [11].  

Tab. 3 Design parameters of the mixtures 

Abbreviation Sample 
preparation 
method* 

RAP 
content 
and 
fraction**, 
mm 

Reclaimed 
aggregates and 
size**, mm 

Recycling 
agent 
content, % of 
RAP binder  

Design 
binder 
content, 
%*** 

Target binder 
grade 

AC8H Lab Lab-Lab 0% 0%  none 6.0 PmB E 45/80-65 
AC8H Des Lab-Lab 30% 0/11 0%  6.2 6.0 PmB E 45/80-80 
AC8H HighRAP Plant-Lab 30% 0/11 0% 6.2 6.0 PmB E 45/80-80 
AC8H Ref Plant-Lab 0% 0% none 5.9 PmB E 45/80-80 
AC8H Plant1 Plant-Lab 20%  0% N/A  6.0 PmB E 45/80-80 
AC8H Plant2 Plant-Lab 0% 0%  N/A 6.0 PmB E 45/80-65 
ACB22H Des Lab-Lab 60% 0/16 10% 11/16,16/22 6.2 4.2 PmB E 45/80-80 
ACB22H 
HighRAP 

Plant-Lab 60% 0/16 10% 11/16,16/22 6.2 4.3 PmB E 45/80-80 

ACB22H Ref Plant-Lab 30% 0/16 ≤20% 11/16,16/22 none 4.1 PmB E 45/80-80 
ACB22H Plant1 Plant-Lab 50% 10%  N/A 4.0 PmB E 45/80-80 
ACB22H Plant2 Plant-Lab 30%  N/A  N/A 4.0 PmB E 25/55-65 

ACT22S Des Lab-Lab 80% 0/16, 
16/22 10% 11/16,16/22 7.3 4.1 50/70 

ACT22S 
HighRAP 65% Plant-Lab 65% 0/16, 

16/22 15%11/16,16/22 7.3 4.0 50/70 

ACT22S 
HighRAP 75% Plant-Lab 75% 0/8, 

8/22 
10% 4/8, 8/11, 
11/16,16/22 6.2 4.0 50/70 

ACT22S Ref Plant-Lab 65% ≤20%  none 4.0 50/70 
ACT22S Plant1 Plant-Lab 65% 15%  N/A 4.0 50/70 
ACT22S Plant2 Plant-Lab 50%  N/A  N/A 4.0 50/70 

*the first word refers to the mixing location and the second word refers to the compaction method 
**the aggregate size of mixtures designated with "Lab" and "Plant" is not known since these where not paved in the test section  
*** binder + virgin binder + recycling agent content 

5. CONSTRUCTION OF A TEST SECTION 

The test section is located in Uster, between Aathalstrasse houses No.81 and No.41 on the 
right lane going towards the city center. The reference mixture AC8H was paved on the left 
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lane of the same street while the ACT22S and ACB22H reference mixtures were paved on 
the connected Sulzbacherstrasse. Fig. 6 shows the location of the test site and the asphalt 
plant. 

 

Fig. 6 Location of the test section (highlighted in red) and the asphalt plant  

The construction of all test section mixtures, except for the ACT22S HighRAP 75%, took 
place between September and October 2021. The construction of ACT22S HighRAP 75 % 
took place in April 2022.  

The asphalt production was carried out using an Ammann Schweiz batch asphalt plant with 
a dedicated RAP heating drum. A production temperature that is conventionally used for the 
particular asphalt mixture types could be ensured for all the mixtures regardless of the RAP 
content. 

Recycling agent was added in the mixer via an integrated additive dosage system. The 
dosage was calculated based on the pre-determined RAP binder content.  

Samples of the mixture were gathered on each day of production at the asphalt plant. 

Photos from the construction are shown in Fig. 7 and a video is shown in Fig. 8. 

 

Fig. 7 Construction of the test section in Uster 

AC8H 

AC8H HighRAP 
ACB22H HighRAP 
ACT22S HighRAP 

 

ACB22H reference 
ACT22S reference 

  

Asphalt plant 

Test site 

15 min 

AC8H HighRAP 
ACB22H HighRAP 
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Fig. 8. Video from the test section construction (scan the QR code or follow this link: 
https://youtu.be/MvyCwyrMNOs) 

A highly SBS polymer-modified virgin binder (polymer content ≥6%) was used in the study. 
The binder producer, however differed in the design and construction phases. It can be seen 
in Tab. 4 that even though both binders are classified as 45/80-80, their properties 
substantially differ. For example, the softening point temperature differs by 20 °C and the 
penetration differs by 21 0.1mm. Because of these differences, the properties of the extracted 
binder and the mixtures used in the construction should not be expected to be the same as 
those from the mixture design phase.  

Tab. 4 Properties of the PmB that were used in the design and construction phases of the 
project 

Material Mixtures Penetration, 
0.1mm 

Softening 
point, °C 

Elastic 
recovery, 
% 

BTSV MSCR 

TBTSV, 

°C δBTSV, ° 
R3.2kPa, 
% 

Jnr 3.2kPa, 
kPa-1 

PmB 
Rec* 

AC8H Des 
ACB22H Des 

54 100.5 98 53.6 55.4 98.7 0.007 

PmB 
Prod** 

AC8H HighRAP 
AC8H Ref 
ACB22H HighRAP 
ACB22H Ref 

75 79.7 97 51.1 56.8 97.0 0.024 

*Binder used in the mixture design 
**Binder used in plant production of mixtures for the test section 

 

The reclaimed asphalt (abbreviated as RAP1) for mixture design was sampled in October 
2020 while the reclaimed asphalt (RAP2) that was used in production was sampled on the 
first day of production of the test section mixtures in October 2021. The properties of these 
two RAP materials are summarized in Tab. 5 and it can be seen that the only major difference 
is the binder content. The reclaimed asphalt (RAP3) that was used in the trial of ACT22S 
HighRAP 75% was not tested.  
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Tab. 5 Properties of the three RAP materials that were used in the design and construction 
phases of the project 

RAP Mixture where the RAP was 
used 

Binder 
content, % 

Penetration, 
0.1mm 

Softening 
point, °C 

BTSV 
TBTSV, °C δBTSV, ° 

RAP1 
0/16 mm 

ACB22H Des 
ACB22S Des 

4.4 24 62.4 62.9 74.9 

RAP2 
0/16 mm 

AC8H HighRAP 
AC8H Ref 
ACB22H HighRAP 
ACB22H Ref 
ACT22S HighRAP 65% 
ACT22S Ref 

6.0 26 62.6 62.8 73.3 

RAP3 
0/22 mm 

ACT22S HighRAP 75% 
N/A N/A N/A N/A N/A 

 

6. PERFORMANCE OF EXTRACTED BINDER 

The binder test results reported here include results from all final mixture designs, the results 
from extracted binder from mixtures paved in the test section, as well as the reference 
mixtures from projects unrelated to the test section (designated with "Lab" and "Plant").  

6.1. Conventional binder properties 
The penetration results are summarized in Fig. 9. The agency's minimum requirements for 
the recovered binder for the respective target grade are illustrated in the figure as well. It can 
be seen that all the HighRAP mixtures fulfill the requirements.  

The penetration of both plant-produced ACT22S HighRAP mixtures differ substantially 
from the binder properties in the design mixture (ACT22S Des). The binder properties 
substantially differ also between the plant-produced HighRAP mixtures with 65 % and 75 % 
RAP content. These two mixtures were produced on separate occasions using different RAP. 
The recycling agent dosage for the production of 75 % RAP mixture was slightly reduced 
based on the test results of the 65 % RAP mixture. The reduction of recycling agent from 
7.3 % to 6.2 % should not, however, have caused a reduction of penetration from 52 0.1mm 
to 26 0.1mm. Such a large penetration change indicates the likelihood that the RAP binder 
properties had changed between the two production instances. At an elevated RAP content, 
any changes in the RAP binder properties would significantly affect the properties of the 
final mixture.  
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Fig. 9. Penetration results 

The softening point results are summarized in Fig. 10. It can be seen in the figure that the 
AC8H HighRAP mixture nearly fulfills the softening point requirements. Use of a binder 
with a higher softening point (similar to one used in the AC8H Des mixture (see Tab. 4)) 
would likely allow ensuring correspondence to the requirement.  

The binder extracted from the ACB22H HighRAP mixture does not fulfill the softening point 
requirement for PmB 45/80-80 grade. This was expected for the reasons discussed in section 
4.3. However, the softening point requirements of PmB 45/80-65 are fulfilled.  
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Fig. 10. Softening point results 

The elastic recovery results are summarized in Fig. 10. It can be seen that the requirement 
for the minimum elastic recovery by binder extracted from both mixtures is fulfilled. Due to 
the higher RAP content, the elastic recovery of the ACB22H binder is lower. For the 
ACT22S testing of elastic recovery is not required since this mixture does not contain PmB.  

 

Fig. 11. Elastic recovery results 
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6.2. Multiple Stress Creep Recovery (MSCR) test results 
The MSCR test results are summarized in Fig. 12. The results of the virgin PmB that was 
used in the mixtures are also included in the figure: the "PmB Rec" binder was used in the 
mixture design stage and the "PmB Prod" was used in the production of the mixtures for the 
test section. 

In the figure, the percent recovery is displayed on the vertical axis and the creep compliance 
(Jnr) is shown on the horizontal axis. The gray line in the figure signifies the threshold 
according to the USA standard AASHTO R 92–18. Binders above this line are considered 
sufficiently elastic due to the presence of elastic polymers. In the USA, the provided 
threshold would apply for tests performed at the performance grade (PG) grade high 
temperature. Here the test temperature of 60 °C was used.  

It can be seen that indeed the tested polymer-modified binders are above this line while the 
non-polymer modified binders fall below the line. This concurs with the findings of Yan et 
al. [10] who showed sufficient elastic response in the MSCR test for PmB mixtures with up 
to 40% RAP content. The binder from the ACB22H HighRAP mixture is on the border of 
the threshold because, due to the RAP content (60%), the polymer content in the binder is 
diluted. From this, it can be inferred that the 60% RAP binder is at the borderline of the 
maximum amount of this particular RAP that can be added to still ensure a sufficient elastic 
response at 60°C. A smaller RAP content (e.g. 50%) or a higher polymer content in the virgin 
binder are recommended to provide a margin of safety for ensuring sufficient elastic 
response [6,8]. Testing of the elastic response using MSCR is recommended in either case.  

The Jnr value (horizontal axis) has been proposed as an indication of a binder's resistance to 
rutting (AASHTO 332 standard in the USA). The results demonstrate the expected trend: 
the binders with a higher polymer content overall have a lower Jnr than the binders with 
smaller or no polymer content. Based on the Jnr value, AC8H HighRAP mix has a similar 
performance to the reference mixture, while the ACT22S HighRAP and ACB22H HighRAP 
designs have a lower resistance to rutting compared to the corresponding reference materials. 
This is likely due to the use of recycling agents to soften the binder (for the ACT22S mixture) 
and a smaller polymer content (for the ACB22H mixture). Similar reduction of Jnr for PmB 
containing mixes holding RAP has been reported by Bernier et al. [6].  

The ACT22S mixture with 75% RAP has a lower Jnr value compared to the reference which 
is, as by penetration results, likely a result of the harder binder present in this mixture.  
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Fig. 12 MSCR results of binder from all mixtures. The gray line signifies the threshold 
according to the USA standard AASHTO R 92–18 

6.3. BTSV Results 
The BTSV test results are illustrated in Fig. 13 through Fig. 15. The figures also contain the 
rectangles that, based on the research at Braunschweig University [27], demonstrate result 
range for binders from select binder grades.   

The BTSV test results of AC8H in Fig. 13 demonstrate that the BTSV temperature for the 
binder extracted from the AC8H Ref and AC8H HighRAP mixtures is similar. The phase 
angle results of all the mixtures is in a similar range of results compared to the reference 
mixtures from other jobsites (shown with gray rhombs).  

Compared to the other binders, the AC8H Des binder has a notably higher BTSV 
temperature and lower phase angle, which supports the observation from the softening point 
test discussed earlier. The lower phase angle is likely a result of higher polymer content in 
the binder.   

 

Fig. 13 BTSV results of binder from AC8H mixtures (in red – samples from test section) 
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The BTSV results of the ACB22H binders in Fig. 14 show that the binder from the reference 
mixture has a higher BTSV temperature and a lower phase angle compared to the binder 
form the HighRAP mixture and the design mixture (Des). This was expected considering the 
elevated RAP content, and the observations from the previous test methods.  

 

Fig. 14 BTSV results of binder from ACB22H mixtures (in red – samples from test section) 

The BTSV results of the ACT22S binders in Fig. 15 demonstrate that the mixtures from the 
test section (in red) have a similar phase angle but the reference mixture has by about 3 °C 
higher BTSV temperature. The design mixture has by approximately 5 ° lower phase angle 
compared to the plant-produced mixtures.  

 

Fig. 15 BTSV results of binder from ACT22S mixtures (in red – samples from test section) 
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The binder results from ACT22S mixtures despite not being polymer-modified in Fig. 15 
are positioned in the boxes where polymer-modified binder results would be expected. The 
reason for this is that typically RAP binder containing recycling agent has a lower phase 
angle compared to the source virgin binders [27,28]. For this reason, the BTSV results of a 
binder containing recycling agent can be similar to PmB results. The use of BTSV test alone 
therefore does not allow to decisively classifying binders based on polymer content.  

6.4. Glover-Rowe Parameter Results 
The G-R results of AC8H binder in Fig. 16 shows that the results of the plant-produced 
reference and HighRAP mixtures are nearly identical. This suggests that the binder from the 
HighRAP mixture can be considered similarly resistant to cracking compared to all other 
tested binders despite the 30 % RAP content.  

 

Fig. 16 Glover-Rowe parameter results for binder extracted from AC8H mixtures (in red-
samples from test section) 

The G-R results of ACB22H binder in Fig. 17 show that the HighRAP mixture has a lower 
G-R parameter (16 kPa) compared to the reference mixture (58 kPa) and the design mixture 
(52 kPa). This shows that the HighRAP binder has a superior crack resistance compared to 
the other binders. This result is likely related to the softer binder that was present in this 
mixture compared to the design mixture (evident also in other test results).  



25 

 

 

Fig. 17 Glover-Rowe parameter for binder extracted from ACB22H mixtures (in red-
samples from test section) 

The G-R results for the binder extracted from ACT22S mixtures in Fig. 18 shows  that the 
binder from ACT22S HighRAP 65% has a lower G-R parameter (5 kPa) compared to the 
binder from the reference mix (17 kPa). This demonstrates that the use of recycling agent 
has allowed to reduce the cracking susceptibility despite the 65 % RAP content. The 
HighRAP 75% RAP binder, however, has a higher G-R parameter (89 kPa) compared to any 
other binder. This is likely related to the harder RAP binder in this mixture (due to RAP 
inhomogeneity). It can be seen in the figure that the binder is still not in the crack danger 
zone but with aging the G-R parameter will continue to increase and it will likely arrive in 
the damage zone sooner than any of the other tested binders. Similar negative effect of RAP 
on the G-R parameter has been reported by Zhou et al. [29].  
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Fig. 18 Glover-Rowe parameter for binder extracted from ACT22S mixtures (in red-
samples from test section) 

7. PERFORMANCE OF MIXTURES 

The volumetric properties of all test section samples as well as the corresponding HighRAP 
mix designs are summarized in Tab. 6. It can be seen that in some instances the minimum 
air void requirement is not achieved. However, the focus of this research is on the evaluation 
of mixture performance properties.  

The bitumen content of the HighRAP and the respective reference mixture is relatively close 
(difference <0.3 %) in all cases, except for ACT22S HighRAP 75% mixture (for this mixture 
the binder content is 3.9 % compared to the 4.5 % for the reference). This consistency in 
bitumen content will allow interpreting the following performance-based test results simpler, 
since the bitumen content, except for the ACT22S HighRAP 75%, should not significantly 
impact the test results.  

The bitumen content of the HighRAP mixture designs, however, is always smaller than that 
of the test section mixture results. This is related to the lower RAP binder content in the RAP 
that was used in the mix design (4.4 %) versus the RAP that was used in production (6 %). 

Tab. 6.  Volumetric properties of asphalt mixtures 

Mixture Air voids*, % Bitumen content, 
% 

Max density, t/m3 

AC8H Des 5.1 5.5 2.472 
AC8H HighRAP 2.2 6.4 2.440 
AC8H Core HighRAP 3.1  - - 
AC8H Ref 4.8 6.1 2.447 
AC8H Core Ref 5.2 - - 
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Requirement 3.0…6.0 ≥5.8 - 
ACB22H Des 4.3 3.7 2.532 
ACB22H HighRAP 4.7 4.2 2.534 
ACB22H Core HighRAP 2.4  -  - 
ACB22H Ref 5.3 4.5 2.529 
ACB22H Core Ref 4.3  -  - 
Requirement 4.0…7.0 ≥4.0 - 

ACT22S Des 5.2 3.7 2.547 
ACT22S HighRAP 65% 3.0 4.4 2.53 
ACT22S Core HighRAP 65% 3.2  -  - 
ACT22S HighRAP 75% 4.7 3.9  - 
ACT22S Ref 2.3 4.5 2.513 
ACT22S Core Ref 2.5  -  - 
Requirement 4.0…7.0 ≥4.0 - 

*the air voids for road cores refer to the core test results after cutting the respective layer, while 
for all other samples these are the air voids after Marshall compaction. Requirements are 
according to the relevant cantonal standard  

 

The gradation of the mixtures is provided in Fig. 19 along with the respective limits for each 
mix type. It can be seen that the AC8H and ACB22H mixtures correspond to the respective 
requirements of each mixture type and the differences between the reference and the 
HighRAP curves for each particular mix type are not substantial. Due to a combination of a 
higher RAP content and RAP inhomogeneity, the ACT22S HighRAP mixtures diverge from 
the reference mix gradation slightly more  

Mixtures with high content of RAP typically have a high filler content. However, it can be 
seen in the figure that in this case the requirement toward mass passing the 0.063 mm sieve 
have been fulfilled in each case. This shows the effectiveness of the crushing and sieving 
approach used in the plant (see Tab. 3).  
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Fig. 19 Gradation of AC8H (a), ACB22H (b), and ACT22S (c)mixtures 

7.1. Crack Propagation Resistance 
The Flexibility Index (FI) and fracture energy results from SCB are illustrated in Fig. 20 
through Fig. 22 along with air void content and binder test results. The minimum target value 
for FI as defined in [26], is displayed in the figures as well. 

The results in Fig. 20 show that both the HighRAP and the Reference AC8H mixtures have 
an FI of approximately 14 which is considerably higher than the proposed requirement of 5. 

a)

b)

c)
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These and the following results concur with the findings of Zhou et al. [30] who showed an 
overall high FI of polymer-modified mixtures for RAP contents up to 50 %.  

The FI of the cored samples is 72 for the HighRAP mixture and 54 for the reference. The 
core results are significantly higher because, due to the pavement layer thickness, the sample 
thickness was approximately 30mm instead of the 50mm of the laboratory-compacted 
samples. A thinner sample increases the compliance and thus reduces the angle of the post-
peak slope, which in turn increases the FI index [31]. 

    

Fig. 20 Flexibility Index of AC8H type mixtures. Dash line indicates min required FI, the 
numbers in columns refer to fracture energy (the error bars represent one standard 

deviation) 

The FI of the ACB22H mixtures, illustrated in Fig. 21, demonstrates that all the samples 
fulfill the FI requirement of 1.5. The FI results of cores are considerably higher than the 
results of the lab-compacted mixtures (in this case, the sample dimensions were equivalent 
between the two). One possible explanation for the discrepancy is the aging of asphalt 
mixture in storage (for organizational reasons the testing was performed approximately a 
year after sample collection).  

The results between the reference samples and the respective HighRAP samples (either cores 
or mixtures) are similar, thus demonstrating a similar crack propagation resistance.  
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Fig. 21 Flexibility Index of ACB22H type mixtures. Dash line indicates min required FI, 
the numbers in columns refer to fracture energy (the error bars represent one standard 

deviation) 

The FI of the ACT22S mixtures, illustrated in Fig. 22, shows a slightly better crack 
propagation resistance of the reference mixtures as compared to the HighRAP mixtures 
having 65% RAP content. All of them exceed the FI threshold of 1.5.  

The HighRAP mixture with 75% RAP content proved to be very brittle with the SCB sample 
exhibiting a brittle failure during the test. For this reason, the FI of this sample is zero. The 
probable cause of the poor performance of this mixture in this test is the hard binder that was 
present in the mixture.  
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Fig. 22 Flexibility Index of ACT22S type mixtures. Dash line indicates min required FI, the 
numbers in columns refer to fracture energy (the error bars represent one standard 

deviation) 

7.2. Rutting Resistance – cyclic compression test 
The cyclic compression creep rate between 2,500 and 5,000 cycles is summarized in Fig. 23 
through Fig. 25. The figures also contain the maximum permitted creep rate for each mixture 
type as defined in [26].  

In Fig. 23, the creep rate of the AC8H mixtures is presented. It can be seen that the reference 
mixture performs worse compared to the HighRAP mixture. Overall, the plant-produced 
AC8H mixtures and also the other mixture types (reported in the following figures) have a 
poorer resistance to plastic deformations compared to the respective mixture design and the 
samples from other jobsites where the same mix type was paved.  

 

 Fig. 23 Creep rate between 2,500 and 5,000 cycles, µm/m/loading cycles for AC8H type 
mixtures (error bars represent min and max values) 

The creep rate of ACB22H mixtures in Fig. 24 shows that the HighRAP mixture has a 
significantly worse performance compared to the reference mixture. The core reason for this 
is probably the softer binder. For the reference mixture, the softening point is 73.7 °C while 
for the HighRAP mixture – 61.7 °C (close to the CC test temperature of 60 °C). The Jnr 
value in the MSCR test also indicate a lower rutting resistance. As discussed earlier, the 
reason for this is the high content of RAP.  



32 

 

 

Fig. 24 Creep rate between 2,500 and 5,000 cycles, µm/m/loading cycles for ACB22H type 
mixtures (error bars represent min and max values) 

The cyclic compression results of the ACT22S mixtures in Fig. 25 show that the reference 
mixture has the poorest performance in this test compared to any other mixtures that were 
tested. This result is unexpected, given that the binder in this sample has a higher softening 
point value and lower Jnr value compared to the HighRAP mixtures. The air void level and 
the binder content between this and the ACT22S HighRAP 65% mixtures are similar and 
thus these are unlikely causes of the differences. To verify these results, the ACT22S Ref 
sample was prepared again, but the test resulted in a similar performance. At this point, no 
further explanation for the poor performance of this sample can be offered.  

 

Fig. 25 Creep rate between 2,500 and 5,000 cycles, µm/m/loading cycles for ACT22S type 
mixtures (error bars represent min and max values) 
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7.3. Rutting Resistance – French Rut Tester 
French Rut Tester (FRT) results of the AC8H mixtures in Fig. 26 show that the HighRAP 
mixture has a slightly lower rut depth compared to the reference mixture. This ranking agrees 
with the cyclic compression results reported earlier (Fig. 23). The requirement for rut depth 
in the Swiss specifications (SN EN 13108-1 NA) for this mixture type is less than 10 % rut 
depth up to 30,000 cycles. Even though for one of the reference samples this limit is slightly 
exceeded, on average both mixtures fulfill the requirement.  

The FRT results of ACB22H mixtures in Fig. 26 show that the HighRAP mixture has a 
slightly higher rut depth compared to the reference mixture. This ranking agrees with the 
cyclic compression results but the relative difference in the FRT is considerably smaller than 
it is in the cyclic compression results. Overall, both mixtures have a smaller rut depth 
compared to the AC8H samples and both fulfill the Swiss standard requirements.  

 

Fig. 26 Rutting progression with FRT of AC8H and ACB22H mixtures 

7.4. Stiffness 
The stiffness results at 10 °C for all three mixture types are summarized in Fig. 28. It can be 
seen that for the AC8H HighRAP mixture, the stiffness at all frequencies is nearly the same 
as that of the reference mixture.  

Among the ACB22H mixtures, the HighRAP mixture is 23 to 35 % less stiff compared to 
the reference (depending on the test frequency) which is likely related to the softer binder 
present in the HighRAP mixture.  

Among the ACT22S mixtures, the HighRAP mixtures are stiffer than the reference. For the 
ACT22S 75% RAP mixture, this was to be expected because of the lower penetration. 
However, the higher stiffness of the ACT22S 65% compared to the reference is surprising, 
considering that this mixture has similar gradation (Fig. 19) and nearly equal binder and air 
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void content while the binder penetration is by 13 0.1mm higher (meaning the binder is 
softer) compared to the reference mixture.  

From the pavement design perspective, higher stiffness is a desirable property because it 
limits strains in the pavement. However, one must make sure that other performance 
requirements are fulfilled because a stiff pavement can be more cracking adverse.  

 

Fig. 27 Stiffness modulus results for the mixtures paved in test section (the error bars 
represent one standard deviation) 

7.5. Fatigue Resistance 
In Fig. 29 through Fig. 31, the vertical axis shows the number of cycles to a macro crack 
while the horizontal axis shows the strain at 100 cycles. A typical way to interpret fatigue 
results is to calculate the initial strain to reach one million cycles (ε6) so this result is shown 
in the figures as well. It can be seen that in all cases the coefficient of determination (R2) is 
above 0.9, which in the German SP-Asphalt 09 standard is defined as an acceptable 
repeatability. However, it is important to note that less than the required nine samples were 
tested. 

The results in Fig. 29 show that both AC8H mixtures have nearly identical resistance to 
fatigue despite the fact that the HighRAP mixture contains 30 % more RAP. The 
performance of these wearing course mixtures is better compared to the base and binder 
mixtures (reported next), probably due to the higher binder content.  
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Fig. 28 Fatigue test results of AC8H mixtures 

The results in Fig. 30 show that the fatigue resistance of the ACB22H reference mixture is 
slightly better than that of the HighRAP mixture. Part of the reason for this is likely the 
smaller air void content of the reference mixture (3.7 % versus 5.0 %). Even though the 
samples were compacted using a gyratory compactor to the same target air voids, the 
measured air voids after cutting the samples are different in this case. Other research papers 
have shown that RAP can affect mixture fatigue test results both in a positive [32] and in a 
negative way [33]. 

 

Fig. 29 Fatigue test results of ACB22H mixtures 
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The results in Fig. 31 show that the fatigue resistance of the ACT22S reference mixture and 
the HighRAP mixture with 65 % RAP content is nearly identical. The HighRAP mixture 
with 75 % RAP content, however, has a significantly lower resistance to fatigue. This is 
likely the result of a combination of a lower binder content (3.9% compared to 4.5% for the 
reference) and higher binder viscosity (penetration 26 0.1 mm compared to 39 0.1mm for 
the reference).  

 

Fig. 30 Fatigue test results of ACT22S mixtures 

It is worth noting that the results of both ACB22H mixtures are similar to those of ACT22S 
mixtures (except for the ACT22S with 75% RAP), all having ε6 value in a narrow range 
between 0.044 and 0.047. Considering that the gradation and the binder content of all these 
mixtures is similar, this result shows that the test method likely was not sensitive to the 
presence of polymer-modified binder (ACB22H contains PmB unlike ACT22S).  

7.6. Model Mobile Load Simulator results 
The Model Mobile Load Simulator (MMLS3) results for the ACB22H mixtures are 
summarized in Fig. 32. This is the only mixture that was tested using the MMLS3 since the 
above reported tests revealed potentially inferior performance of the HighRAP mixture.  

The evolution of maximum deflection amplitude at the middle of the slab, directly above the 
notch is shown in the figure. Snapshots of the principal tension strain obtained with the 
digital image correlation system are also illustrated, showing the progression of the cracks 
at one side of the specimen. 
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It can be seen in the figure that initially both slabs experience the same stiffness, manifested 
by the same deflection amplitude. After about 10,000 cycles, the HighRAP mixture 
experiences a significant increase in deflection amplitude compared to the reference mixture. 
A higher deflection amplitude is caused by the progression of the crack due to the continuous 
wheel loading. This initiation of macro crack progression is evident also in the DIC 
snapshots. Compared to the fatigue test results of cylindrical specimens, the difference in 
performance is more pronounced in the MMLS3 results. 

 

Fig. 31 Model mobile load simulator results of ACB22H mixtures 

8. SUMMARY 

The test section mixtures, recovered binder, and road cores were tested for various 
performance-based properties that are summarized in Fig. 33. The figure shows a relative 
comparison of the HighRAP design mixtures to the respective reference mixtures (indicated 
with a circle) on an arbitrary five-level scale.   
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Fig. 32 Summary of the performance of the test section mixtures 

Overall, the AC8H mixture with 30% RAP (target grade 45/80-80) performed similarly to 
reference mixture that had 0% RAP. The ACB22H mixture with 60 % RAP performed worse 
than the reference mixture holding 30 % RAP (target grade 45/80-80) due to the high dilution 
of polymer content. However, we consider that adding of 40-50 % RAP along with high 
polymer content virgin binder would allow ensuring good elastic response and 
correspondence to the requirements of PmB 45/80-65 grade requirements.  

The ACT22S mixture with 65 % had a similar performance to the reference mixture while 
the 75 % RAP mixture performed considerably worse, likely due to RAP properties that did 
not correspond to the properties of RAP that was used in the mixture design.  

It has to be mentioned that for the base and binder course mixtures, up to 15 % more 
reclaimed material was used in the mixtures in the form of "reclaimed aggregates". That is 
– coarse RAP aggregates that were stripped of most binder and used as a replacement of 
virgin aggregates.  

9. CONCLUSIONS AND RECOMMENDATIONS 

Three mixture types containing 30-75 % Reclaimed Asphalt Pavement (RAP) content were 
designed using performance-based methods and paved in a test section on a high traffic 
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intensity street along with reference mixtures. The wearing and binder coarse mixtures 
contained polymer-modified binder. The mixtures, the recovered binder, and road cores were 
tested for various performance-based and conventional properties. 

9.1. Conclusions 
From the research results, we draw the following conclusions:  

− At 30 % RAP content, it is considered possible to fulfill the of 45/80-80 polymer-
modified binder grade requirements if a virgin binder with high polymer content 
is used. At 50 % RAP, it is considered possible to achieve the 45/80-65 polymer-
modified binder grade requirements.  

− It was possible to produce polymer-modified wearing course mixture with 30% 
RAP content having similar performance to the reference mixture holding 0 % 
RAP. Mixture volumetric requirements can be fulfilled as well.  

− As a consequence of diluted polymer content, the properties of the ACB22H 
mixture containing 60% RAP in most performance-tests were slightly worse than 
those of the reference mixture containing 30 % RAP. Nevertheless, the 
requirements toward the crack propagation and rutting resistance using the French 
Rut Tester were fulfilled. To improve the elastic response, either higher polymer 
content in the virgin binder or reduction of the RAP content are recommended.  

− The design of ACT22S mixture with 80 % RAP content was possible in the 
laboratory but due to the unsuitable properties of the RAP at the time of production, 
it was only possible to produce a mixture with 65 % RAP that was similar to the 
reference mixture.  

− The SCB Flexibility Index was found a useful method for use in performance-
based mixture design since it was sensitive to binder content and binder properties.   

− The cyclic compression test in some instances had a high variability and it did not 
correlate well with the French Rut Tester results.   

− The fatigue test was not sensitive toward the use of polymer-modified binder.  

9.2. Recommendations regarding mix design 
The following framework for designing mixtures containing elevated RAP content for high-
traffic roads is proposed:  

1. Optimize recycling agent content based on penetration test results to reach the target 
grade.  

2. Determine the recycling agent aging resistance using RTFO plus two PAV cycles 
by testing mass loss and penetration (or using another binder test) before and after 
aging.   
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3. Use a plastic deformation and a cracking test to determine the design binder content. 
The SCB proved in this research a good method for crack resistance testing while 
the locally used rutting test can be adapted for testing plastic deformations. 

4. Validate the designed mixture using any additional necessary binder and mixture 
tests before approving the final designs. These can be the tests that are locally used 
for mix approval.  

9.3. Recommendations regarding RAP use in high traffic 
intensity pavements 

Based on the research results, we propose the following recommendations regarding RAP 
use in high traffic intensity pavements:  

− If the RAP properties permit, allow the use of at least to 30 % RAP in polymer-
modified mixtures on pavements intended for very high traffic intensity (in this 
research target binder grade 45/80-80), including wearing course mixtures.  

− If the RAP properties permit, allow the use of at least 50 % RAP in polymer-
modified binder intended for pavements with high traffic intensity (in this research 
target binder grade 45/80-65).  

− Ensure the correspondence to conventional binder properties regardless of the RAP 
content. 

− Consider using the MSCR test for quality control of binder properties in polymer-
modified mixtures. 

− Use a performance-based mixture design procedure to provide a higher degree of 
certainty in the expected mixture performance. Implement this approach starting 
with a trial period during which it performance-test should be used as an addition 
(rather than a replacement) to conventional tests.  

− The use of high RAP content in mixtures should only be permitted if high 
homogeneity of RAP can be ensured.  

CREDIT AUTHOR STATEMENT 

Martins Zaumanis: conceptualization, methodology, validation, formal analysis, 
investigation, data curation, writing – original draft, visualization, project administration, 
funding acquisition; Lily Poulikakos: writing – review & editing, funding acquisition; 
Martin Arraigada: formal analysis, investigation, writing – review & editing; Bernhard 
Kunz: methodology, resources, funding acquisition; Urs Schellenberg: methodology, 
resources, funding acquisition; Christoph Gassmann: methodology, resources, funding 
acquisition.  



41 

 

10. ACKNOWLEDGEMENTS 

This paper is a part of the HighRAP project. The authors would like to thank the following 
for financial and in-kind contribution to the project: Swiss Federal Roads Office (FEDRO), 
Swiss Federal Office for the Environment (FOEN), Office of Waste, Water, Energy and Air 
(AWEL) of Canton Zürich, Office for the Nature and Environment (ANU) of Canton 
Graubünden and industry partners, including Ammann Schweiz AG, BHZ AG, Reproad AG, 
EWP AG, and Catram AG. We also than the members of the project supervisor committee 
and the project participants for their valuable input. 

Likewise, we thank the asphalt production crew at BHZ AG plant as well as the paving crew 
at Uster test section. Finally, we thank the technicians at Empa and Quinn Taylor for 
performing the necessary testing.  

11. REFERENCES 
[1] B.A. Williams, J.R. Willis, J. Shacat, Annual Asphalt Pavement Industry Survey on Recycled Materials 

and Warm-Mix Asphalt Usage: 2021, Greenbelt, Maryland, 2022. 
https://doi.org/10.13140/RG.2.2.23149.26081. 

[2] A. Eltwati, Z. Al-Saffar, A. Mohamed, M. Rosli Hainin, A. Elnihum, M. Enieb, Synergistic effect of 
SBS copolymers and aromatic oil on the characteristics of asphalt binders and mixtures containing 
reclaimed asphalt pavement, Constr. Build. Mater. 327 (2022) 127026. 
https://doi.org/10.1016/j.conbuildmat.2022.127026. 

[3] S. Kim, G.A. Sholar, T. Byron, J. Kim, S. Kim, G.A. Sholar, T. Byron, Performance of Polymer-
Modified Asphalt Mixture with Reclaimed Asphalt Pavement, Transp. Res. Rec. J. Transp. Res. 2126 
(2009) 109–114. https://doi.org/10.3141/2126-13. 

[4] A. Mansourkhaki, M. Ameri, M. Habibpour, B. Shane Underwood, Relations between colloidal indices 
and low-temperature properties of reclaimed binder modified with softer binder, oil-rejuvenator and 
polybutadiene rubber, Constr. Build. Mater. 239 (2020) 117800. 
https://doi.org/10.1016/j.conbuildmat.2019.117800. 

[5] D. Daryaee, M. Ameri, A. Mansourkhaki, Utilizing of waste polymer modified bitumen in combination 
with rejuvenator in high reclaimed asphalt pavement mixtures, Constr. Build. Mater. 235 (2020) 
117516. https://doi.org/10.1016/j.conbuildmat.2019.117516. 

[6] A. Bernier, A. Zofka, I. Yut, Laboratory evaluation of rutting susceptibility of polymer-modified 
asphalt mixtures containing recycled pavements, Constr. Build. Mater. 31 (2012) 58–66. 
https://doi.org/10.1016/J.CONBUILDMAT.2011.12.094. 

[7] M. Kim, L. Mohammad, M. Elseifi, Characterization of Fracture Properties of Asphalt Mixtures as 
Measured by Semicircular Bend Test and Indirect Tension Test, Https://Doi.Org/10.3141/2296-12. 
2296 (2012) 115–124. https://doi.org/10.3141/2296-12. 

[8] D. Singh, S. Girimath, P.K. Ashish, Effect of recycled asphalt binder on high and intermediate 
temperature performance of polymer modified asphalt binder, Int. J. Pavement Res. Technol. 12 (2019) 
486–496. https://doi.org/10.1007/S42947-019-0059-3/METRICS. 

[9] M. Zaumanis, R.B. Mallick, Review of very high-content reclaimed asphalt use in plant-produced 
pavements: state of the art, Int. J. Pavement Eng. 16 (2015) 39–55. 
https://doi.org/10.1080/10298436.2014.893331. 

[10] Y. Yan, R. Roque, C. Cocconcelli, M. Bekoe, G. Lopp, Evaluation of cracking performance for 
polymer-modified asphalt mixtures with high RAP content, 
Https://Doi.Org/10.1080/14680629.2016.1266774. 18 (2016) 450–470. 
https://doi.org/10.1080/14680629.2016.1266774. 



42 

 

[11] B. Park, J. Zou, R. Roque, G. Lopp, Y. Yan, H. Moseley, Development of characteristic-based 
guidelines to determine maximum allowable reclaimed asphalt pavement content in polymer-modified 
asphalt mixture, Https://Doi.Org/10.1080/10298436.2021.1873330. 23 (2021) 2856–2869. 
https://doi.org/10.1080/10298436.2021.1873330. 

[12] D. Singh, S. Girimath, Influence of RAP sources and proportions on fracture and low temperature 
cracking performance of polymer modified binder, Constr. Build. Mater. 120 (2016) 10–18. 
https://doi.org/10.1016/J.CONBUILDMAT.2016.05.094. 

[13] E. Rinaldini, P. Schuetz, M.N. Partl, G. Tebaldi, L.D. Poulikakos, Investigating the blending of 
reclaimed asphalt with virgin materials using rheology, electron microscopy and computer 
tomography, Compos. Part B Eng. 67 (2014) 579–587. 
https://doi.org/10.1016/j.compositesb.2014.07.025. 

[14] EN13108-1, EN 13108-1 Bituminous mixtures. Material Specifications - Part 1: Asphalt Concrete, 
(2022). 

[15] M. Zaumanis, L.D. Poulikakos, M.N. Partl, Performance-based design of asphalt mixtures and review 
of key parameters, Mater. Des. 141 (2018) 185–201. https://doi.org/10.1016/j.matdes.2017.12.035. 

[16] M. Witczak, O. Fonseca, Revised Predictive Model for Dynamic (Complex) Modulus of Asphalt 
Mixtures, Transp. Res. Rec. J. Transp. Res. Board. 1540 (1996) 15–23. https://doi.org/10.3141/1540-
03. 

[17] M.L. Williams, R.F. Landel, J.D. Ferry, The Temperature Dependence of Relaxation Mechanisms in 
Amorphous Polymers and Other Glass-forming Liquids, J. Am. Chem. Soc. 77 (1955) 3701–3707. 

[18] Y. Ruan, R.R. Davison, C.J. Glover, An Investigation of Asphalt Durability: Relationships Between 
Ductility and Rheological Properties for Unmodified Asphalts, Pet. Sci. Technol. 21 (2003) 231–254. 
https://doi.org/10.1081/LFT-120016946. 

[19] Gaylon Baumgardner, Matthew Corrigan, David A. Anderson, Lyndi Davis Blackburn, John 
D’Angelo, Joseph DeVol, Darren G. Hazlett, Gayle King, Bruce Morgenstern, Ioan. I. Negulescu, 
Jean-Pascal Planche, Gerald Reinke, Geoff Rowe, Karl Zipf, Pamela Marks, Mark Buncher, FHWA 
Asphalt Binder Expert Task Group (ETG) Meeting  Technical ReportTask Group (ETG) “Friends” of 
the ETG in attendance included, Ames, IA, 2017. 

[20] M. Zaumanis, M. Arraigada, S.A. Wyss, K. Zeyer, M.C. Cavalli, L.D. Poulikakos, Performance-based 
design of 100% recycled hot-mix asphalt and validation using traffic load simulator, J. Clean. Prod. 
237 (2019) 117679. https://doi.org/10.1016/j.jclepro.2019.117679. 

[21] M. Zaumanis, R.B. Mallick, R. Frank, Determining optimum rejuvenator dose for asphalt recycling 
based on Superpave performance grade specifications, Constr. Build. Mater. 69 (2014) 155–166. 
https://doi.org/10.1016/j.conbuildmat.2014.07.035. 

[22] M. Zaumanis, Rejuvenator dosage calculator for Reclaimed Asphalt Pavement (RAP), (2022). 
https://doi.org/10.5281/ZENODO.7441761. 

[23] L. Poulikakos, M. Zaumanis, M.C. Cavalli, M.M. Fernandez, N. Heeb, Sustainable fully recycled 
aspahlt concrete, Duebendorf, 2018. 

[24] H. Ozer, I.L. Al-Qadi, J. Lambros, A. El-Khatib, P. Singhvi, B. Doll, Development of the fracture-
based flexibility index for asphalt concrete cracking potential using modified semi-circular bending 
test parameters, Constr. Build. Mater. 115 (2016) 390–401. 

[25] H. Ozer, I.L. Al-Qadi, P. Singhivi, T. Khan, J. Rivera-Perez, A. El-Khatib, Fracture characterisation 
of asphalt mixtures with high recycled content and using Illinois semicircular bending test method and 
flexibility index, Transp. Res. Rec. J. Transp. Res. Board. 2 (2016) 130–137. 

[26] M. Zaumanis, L.D. Poulikakos, L. Boesiger, B. Kunz, H. Mazzoni, P. Bruhin, D. Lötscher, U. 
Schellenberg, Highly Recycled Asphalt Pavement (HighRAP), Duebendorf, 2023. 
https://www.empa.ch/web/s308/highrap. 

[27] A. Alisov, C. Riccardi, J. Schrader, A. Cannone Falchetto, M.P. Wistuba, A novel method to 
characterise asphalt binder at high temperature, Road Mater. Pavement Des. 21 (2020) 143–155. 
https://doi.org/10.1080/14680629.2018.1483258. 

[28] A. Walther, S. Büchler, A. Cannone Falchetto, D. Wang, C. Riccardi, M.P. Wistuba, Experimental 



43 

 

investigation on asphalt mixtures prepared with reclaimed asphalt pavement and rejuvenators based on 
the BTSV method, Road Mater. Pavement Des. 20 (2019) 1695–1708. 
https://doi.org/10.1080/14680629.2019.1594053. 

[29] Z. Zhou, X. Gu, J. Jiang, F. Ni, Y. Jiang, Fatigue cracking performance evaluation of laboratory-
produced polymer modified asphalt mixture containing reclaimed asphalt pavement material, Constr. 
Build. Mater. 216 (2019) 379–389. https://doi.org/10.1016/J.CONBUILDMAT.2019.05.031. 

[30] Z. Zhou, X. Gu, Q. Dong, F. Ni, Y. Jiang, Low- and intermediate-temperature behaviour of polymer-
modified asphalt binders, mastics, fine aggregate matrices, and mixtures with Reclaimed Asphalt 
Pavement material, Https://Doi.Org/10.1080/14680629.2019.1574233. 21 (2019) 1872–1901. 
https://doi.org/10.1080/14680629.2019.1574233. 

[31] I.L. Al-Qadi, H. Ozer, J. Lambros, A. El Khatib, P. Singhvi, T. Khan, J. Rivera-Perez, B. Doll, Testing 
Protocols to Ensure Performance of High Asphalt Binder Replacement Mixes Using RAP and RAS 
Testing Protocols to Ensure Performance of High Asphalt Binder Replacement Mixes Using RAP and 
RAS Illinois Center for Transportation, Illinois, 2015. 
https://apps.ict.illinois.edu/projects/getfile.asp?id=3713 (accessed December 21, 2018). 

[32] I.L. Al-Qadi, Q. Aurangzeb, S.H. Carpenter, W.J. Pine, T. J., Impact of high RAP content on structural 
and performance properties of asphalt mixtures, Illinois DOT, Springfield, IL, 2012. 

[33] R. Ghabchi, M. Barman, D. Singh, M. Zaman, M.A. Mubaraki, Comparison of laboratory performance 
of asphalt mixes containing different proportions of RAS and RAP, Constr. Build. Mater. 124 (2016) 
343–351. https://doi.org/10.1016/J.CONBUILDMAT.2016.07.029. 

 


	Research Paper Review by ChatGPT
	Manuscript Review: "Asphalt recycling in polymer modified pavement: A test section and recommendations"
	Title
	Abstract
	Introduction
	Objective
	Methods
	Results
	Discussion
	Conclusions
	Appendix

	Overall Assessment
	Alternative Titles
	Keywords

	Research Paper Reviewer by GPT.pdf
	Research Paper Review by ChatGPT
	Title
	Abstract
	Introduction
	Objective
	Methods
	Results
	Discussion
	Conclusions
	Appendix
	Overall Recommendations

	Assessment against journal's scope
	Summary of Journal's guide for authors
	Assement of paper against the journal's guide for authors




