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The main purpose of this paper was to characterize the fundamental material properties of the Poroelastic Road Surfaces (PERS ) 

mixtures regarding their stiffness (strength) and other mechanical properties relevant for pavement design. The research study 

encompassed preparation of five different types of PERS mixtures based on the combinations of rubber, aggregate, and binder 

components conforming to the definition of the PERS material using cylindrical moulds with 100 mm diameter and 150 mm heigh t . 

Two standard test procedures were utilized, namely, stress-strain sweep test and the Dynamic Modulus E* test.  

 A simple stress – strain sweep test was performed at 1 mm/min strain rate, and 120 s per cycle time interval to investigate 

the mixtures’ stress-strain characteristics. Hysteresis loops were plotted between force and strain change. The results indicated that 

all the PERS mixes had a similar behaviour in that the first cycle always was nearly non-elastic (higher deformation incurred) after 

which, during the next consecutive cycles, the samples stabilized against permanent deformation. Under real traffic scenarios , one 

can expect that the higher the rubber content, the less the plastic (or non-elastic) deformation incurred. At rest, a ll samples recovered 

to their original dimensions and the samples exhibited no permanent deformation; all samples behaved as viscoelastic solids. 

Dynamic modulus E* test was performed at five temperatures and six frequencies. The average dynamic moduli values f o r 

the mix with 85% rubber (by weight), and 0% aggregates were the lowest; and for the mix with ~9% rubber and ~82% aggregates 

were the highest amongst the five mixtures. All the PERS mixes ha d relatively small variations in phase angle values at all test 

temperatures and frequencies. E* and  master curves were plotted using the raw data . A typical asphalt concrete mix had about 20 -

1500 times higher moduli values than the PERS mixtures. 

The methods employed so far cover only a few aspects of the PERS performance; mainly focusing on stress-strain, and 

stiffness characteristics, which could be used in pavement design and to estimate some factors related to rolling resistance and 

noise-reducing properties. This is just a  start of a much more comprehensive laboratory test program; nevertheless, these tests along 

with the upcoming laboratory tests will hopefully aid in selecting the most promising PERS materials for application on traff icked 

roads. This study has contributed to the understanding of how well certain laboratory tests estimate essential properties of the PERS  

mixtures, and how they relate and interact with each other. 

Keywords: Poroelastic road surfaces; Stress-strain; Dynamic modulus E*; Phase angle; Master curve. 

 
_____________________ 

*Corresponding author: Research Scientist, Arizona State University, Tempe, Arizona, USA 
Visiting Research Scientist, Swedish National Road & Transport Research Institute, Linkoping, Sweden 
Tel: +46-70-836-5394; Fax: +46-13-14-14-36. Email: Krishna.Biligiri@asu.edu, kpb@vti.se 

 
§Email:  bjorn.kalman@vti.se 

annelie.samuelsson@vti.se 

 

 
 

 
 

mailto:Krishna.Biligiri@asu.edu
mailto:kpb@vti.se
mailto:bjorn.kalman@vti.se


Biligiri, Kalman, and Samuelsson 2 

1. Introduction 

The concept of using a Poroelastic Road Surface (PERS) material in pavement applications as a low noise 

road surface was invented and patented for the first time in Sweden more than 30 years ago (Nilsson, 1979). 
In field trials with PERS, noise reduction of 8-12 dB(A) relative to an old dense asphalt pavement (0/11) has 

been achieved (Sandberg and Kalman, 2005). The PERS outlined in the original patent were made of rubber 
granules and adhesives. It soon became apparent that the wet friction could be below regulatory limits for this 
kind of surface. This problem was considered to have been solved by additives (Meiarashi, 2004) but a test on 

a Japanese highway with 7300 AADT had to be terminated 7-8 months after completion since the friction 
coefficients had decreased below regulatory limits (Sandberg et al, 2010). A potential means of increasing the 

wet friction coefficient of PERS is to add aggregate to the mix (Kawamada et al, 2000). Some field tests in 
Japan on mixes with a large proportion of aggregate have performed well with respect to wet friction 
(Sandberg et al, 2010). Aggregates in the PERS mixtures will change the performance characteristics of the 

road surface material compared to a mix with only rubber granules and adhesives, e.g. tire road noise reducing 
capability may change and the mechanical moduli will change (Hamet and Klein, 2004). This paper focuses 

on the mechanical characteristics of the PERS composed of a mixture of rubber granules, aggregates and a 
polyurethane adhesive.  

Sandberg and Ejsmont define PERS as follows (Sandberg and Ejsmont, 2002): “A PERS is a wearing 

course for roads with a very high content of interconnecting voids so as to facilitate the passage of air and 
water through it, while at the same time the surface is elastic due to the use of rubber (or other elastic 

products) as a main aggregate. The design air void content is at least 20 % by volume and the design rubber 
content is at least 20 % by weight”. 

The rubber used in the PERS materials is in the form of granules or fibers from scrap tires. This is an 

effective way of using recycled tire rubber as large amounts of rubber are required. Use of recycled tire rubber 
facilitates a sustainable and clean environment. Some PERS materials have shown excellent wear resistance 

coupled with low emission of particulates (Sandberg et al, 2005). It is believed that PERS materials may 
provide better acoustical longevity than perhaps any other low-noise surface if they are sufficiently elastic to 
prevent dirt from permanently getting stuck in pores. PERS pavements have provided substantial acoustical 

relief when used on a roadway. Traffic noise reductions around 10-12 dB in comparison to a conventional 
dense asphalt, or Stone Mastic Asphalt have been achieved when using PERS mixtures (Sandberg et al, 

2005). 
 

2. Objective and scope of the work 

The main purpose of this paper is to characterize the fundamental material properties of the PERS mixtures 
regarding their stiffness (strength) and other mechanical properties relevant for pavement design. The 

information gathered could also be used to estimate influence the of mix composition on some factors 
pertinent to rolling noise and rolling resistance. It is envisioned that the information emanating from this study 
will help in designing an optimum PERS mix for pavement application that is not only durable (strong) but 

also noise-reducing. 



Biligiri, Kalman, and Samuelsson 3 

3. Materials and sample preparation 

3.1 Materials 

In accordance with the definition of PERS with respect to the range of volumetric percentages of rubber and 
aggregate components, the research study encompassed preparation of five different types of PERS mixtures 

based on combinations of the components (Table 1). The exception was the fifth mix which is not really a 
PERS according to the definition, but which was included in order to give a wider perspective regarding the 
influence of rubber (Sandberg and Ejsmont, 2002). The PERS material used in this study was made of 

uniform fractions of rubber granules and aggregates mixed together with moisture curing MDI polyurethane. 
The air voids content varied between 30-37%. The very resilient mixes were loosely compacted and cured 

without external pressure to simulate the compaction level that would be achieved in the field if the material 
was laid with an asphalt screed as the only means of compaction of the mix. The ratio of rubber granules to 
aggregates varied between the samples.  

 
The three materials used in the preparation of the PERS mixtures are as follows: 

• Crumb rubber: produced as granules from car tires, sieved and freed from other tire materials. The 
density was 1.17 g/cm3. Shortly before mixing with aggregates and binder a small aliquot of water was 

sprayed on the granules to act as catalyst for the binder.  

• Aggregates: produced at the Skärlunda quarry near Norrköping, Sweden. Skärlunda granite is mainly a 
red-grey fine grained massive rock having a density of 2.66 g/cm3. 

• Binder: The polyurethane binder product Stobielast S 131.87 was produced by Stockmeier Urethanes, 
France. This MDI polyurethane binder is mainly designed for the production of base layers for sport 

surfaces. The uncured binder is light brown/yellow liquid with a density of 1.07 g/cm3 and viscosity of 
4700 mPa•s at 20 oC. 

Figure 1 shows a pictorial representation of the sieve size distribution of aggregates and rubber granules. The 
different types of PERS mixtures are reported in Table 1. 
 

3.2 Sample preparation 

All samples were prepared at VTI using cylindrical moulds with 100 mm diameter and 150 mm height. Two 

replicate samples per mix type were prepared for testing. 
 

4. Material characterization tests 

4.1 Introduction 

The main objective of this paper is to understand and characterize the fundamental material properties of the 

prepared PERS mixtures regarding their stiffness properties. Two standard test procedures used currently by 
the pavement community worldwide were utilized, which are described as follows. 
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4.2 Simple stress – strain sweep test 

A simple stress – strain sweep test was performed on the cylindrical samples. It was essential to understand if 

PERS mixtures were completely elastic or would show any viscoelastic behavior, owing to the presence of the 
polyurethane binder. A procedure similar to ASTM D1456 (although not identical) was followed to establish 

the stress – strain relationships since there is no standard test to correlate stress – strain relationships for 
PERS. A sweep test was conducted, involving both loading and unloading force responses in four equal 
intervals. Two strain rates, 1 and 2 mm/min, were employed as one cycle for PERS Mix 1 at four distinct time 

intervals/durations: 20, 60, 120 and 600 s. Table 2 presents the results, including three parameters. Note that 
only one type of PERS (Mix 1) was employed since the objective was to estimate the optimum strain rate and 

time interval, to further use the same input parameters to perform stress – strain sweep test with more than one 
cycle for the other PERS mixtures; the major goal being to obtain hysteresis characteristics of the mixtures. 

Figure 2 presents relationships between stresses and strains for one strain rate and two time intervals. 

A non-linear partially elastic relation between stress and strain was observed, similar to that of viscoelastic 
materials. Figure 3 presents a relationship between strain and time for two strain rates, and four time intervals. 

Although relations between forces, stress and strain versus time intervals were drawn, only the relationship 
between strain and time is shown in the paper as the objective of this particular task was to capture the 
optimum strain rate that does not allow any plastic damage to these PERS mixes. Essentially, it was made 

sure that the forthcoming non-destructive tests used to estimate modulus (stiffness) of the mixes would be in a 
linear viscoelastic range without any generation of plastic deformation.  

It was concluded that owing to the softer characteristics of the PERS mixtures, the lower strain rate, 1 
mm/min and 120 s per cycle time interval, was good enough to investigate the mixtures’ stiffness 
characteristics. Furthermore, it was observed that with increase in time intervals, stress levels increased 

linearly. Note that at a strain rate of 1 mm/min and 120 s time interval, the strain incurred was approximately 
1%, which is close to a strain level of 100 micro-strains (linear viscoelastic range). 

Hysteresis loops for the PERS mixtures # 1, 2, 3, and 5 were plotted between force (load) and 
deformation (strain change) for five 120 s long test cycles at 1 mm/min strain rate (using triangular loading 
sequence) as shown in Figure 4. Note that hysteresis loops were not established for mix # 4 as it was similar 

to mix # 2. The results indicated that all the PERS mixes, regardless of the different compositions of each 
type, behaved similar in that the first cycle always was nearly non-elastic (higher deformation incurred) after 

which, during the next consecutive cycles, the samples stabilized against permanent deformation. Under real 
traffic scenarios, one can expect that the higher the rubber content, the less the plastic (or non-elastic) 
deformation incurred.  

With an increase in rubber content, the lower the hysteresis losses would be; same for the dissipated 
energies through the pavement. This will be useful in determining the optimal rubber percentage in the PERS 

mix, with regard to rolling resistance, but one must consider also other effects on surface properties such as 
friction, durability, smoothness, etc. The major reason for this kind of behavior is the presence of an abundant 
amount of rubber (Ciesielski, 1999). At rest, all samples recovered to their original dimensions and the 

samples exhibited no permanent deformation; all samples behaved as viscoelastic solids. 
With the peak loads from the stress – strain sweep tests being in linear viscoelastic range, non-

destructive tests were conducted to estimate the initial stiffness (strength properties) of the PERS mixtures at 
various temperatures, covering a wide range of field pavement temperatures and frequencies (loading at 
different traffic speeds); see further the next section. 
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4.3 E* dynamic modulus test 

The objective of this task was to summarize test data and master curve parameters obtained from E* dynamic 

modulus testing and analysis. The goal was to develop a database of dynamic moduli of the mixtures to assess 
their stiffness response. 

The E* test is performed in the laboratory at different temperatures and frequencies combination 
within the linear viscoelastic range. For linear viscoelastic materials, the stress-strain relationship under a 
continuous sinusoidal loading is defined by its complex dynamic modulus (E*) (Pellinen, 2001; Witczak et al, 

2002; Guide, 2004). This is a complex number in the frequency domain relating stress to strain for materials 
subjected to continuously applied sinusoidal loading. The complex modulus is defined as the ratio of 

amplitude of the sinusoidal stress  (at any given time, t, and angular load frequency, ) and amplitude of the 

sinusoidal strain , which is fractional extension, at the same time and frequency that results in a steady state 

response (Figure 5): 
 

( ) )sin(

sin
*

0

0

0

0
















−
===

− t

t

e

e
E

ti

ti

     (1) 

 
Where, 

0 = peak (maximum) stress, kPa 

0  = peak (maximum) strain 

  = phase angle, degrees 

 = angular velocity, radians 

t  = time, seconds 
 

For a pure elastic material,  = 0, and the complex modulus (E*) is equal to the absolute value, or 

dynamic modulus. For pure viscous materials,  = 90°. Mathematically, the dynamic modulus is defined as 

the absolute value of the complex modulus: 

 

 = (  )     (2) 

 

E* tests are conducted using a controlled compressive stress mode at -10, 4, 21, 38 and 54 °C for 25, 
10, 5, 1, 0.5 and 0.1 Hz loading frequencies. A 60 second rest period is used between each frequency to allow 

some specimen recovery before applying the new loading at a lower frequency. The E* has a real and an 
imaginary part that define the elastic and viscous behavior of the linear viscoelastic material. These 
components are:  

 

E* = E’ + iE’’      (3) 

With  

E’ = (  ) cos      (4) 

and 

E” = (  ) sin      (5) 

Where: 
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  = peak to peak dynamic stress amplitude (kPa or psi). 

  = peak to peak recoverable strain (mm/mm or in/in). 

  = phase lag or angle (degrees). 

The E’ value is generally referred to as the storage (elastic) modulus component of the complex 

modulus, while E” is referred to as the loss (viscous) modulus. The loss tangent (tan ) is the ratio of the 

energy lost to the energy stored in a cyclic deformation and is equal to: 

tan  = E” / E’      (6) 

By current practice, dynamic modulus testing of asphalt materials is conducted using a uniaxially 
applied sinusoidal load. Under such conditions, the sinusoidal stress at any given time t, is given as: 

t =  sin (t)     (7) 

Where: 

  = angular frequency in radian per second. 

t  = time (sec). 

The subsequent dynamic strain at any given time is given by: 

t =  sin (t - )     (8) 

The phase angle is simply the angle at which the  lags , and is an indicator of the viscous (or elastic) 

properties of the material being evaluated. Mathematically this is expressed as: 

 = (ti / tp) x (360o)     (9) 

Where: 

ti = time lag between a cycle of stress and strain (sec). 

tp = time for a stress cycle (sec). 

4.4 Summary of the test method 

The NCHRP 1-37A Test Method DM-1 was followed for E* testing (Guide, 2004; AASHTO TP 62-07). For 
each type of PERS mix, two replicate cylindrical samples were prepared (using mould # 1). For each 

specimen, E* tests were conducted at temperatures -10, 4, 21, 37 and 54 °C, and at 25, 10, 5, 1, 0.5, and 0.1 
Hz loading frequencies. A 60 s rest period was used between each frequency sweep to allow some recovery 
before applying the new loading at a lower frequency. The E* tests used a controlled stress mode, which 

produced strains < 200 micro-strain. This ensured, to the best possible degree, that the response of the 
material was linear across the temperatures used. The dynamic stress levels were 38-382 kPa for colder 

temperatures (-10 to 21 °C) and 19-191 kPa for higher temperatures (37-54 °C). All E* tests were conducted 
in a temperature-controlled chamber. 

Axial deformations of the specimens were measured through two spring-loaded Linear Variable 

Differential Transducers placed vertically on diametrically opposite sides of the specimen. Two pairs of brass 
studs were glued on the two opposite surfaces of a cylindrical specimen; each stud in a pair being 100 mm 

apart and located at similar distance from the top and bottom of the specimen. Figure 6 shows the schematic 
representation of the instrumentation of the actual test sample used in this test. 
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4.5 Test results 

Table 3 presents the E* dynamic modulus and phase angle test results for the five PERS mixtures at five 

temperatures and six test frequencies. PERS mix # 5 showed the highest moduli values and mix # 1 the lowest 
moduli at all test temperatures and frequencies; showing substantial differences depending on mix, 

temperature and loading frequency. All the PERS mixes had relatively small variations in phase angle values 
at all test temperatures and frequencies. 

4.6 E* Master curve 

The data in Table 3 would most commonly be plotted as one curve of E* versus frequency for each 
temperature and for each mix; i.e. 5 curves for each mix in our case. These curves normally have more or less 

different shapes. To better represent the mix in a summarized way, a system to reduce the data into a “master 
curve” has been developed; in fact several systems are in use, but with the common objective to obtain a 
master curve. The principle is called time-temperature superposition (TTS), where time refers to the inverse of 

frequency. In its simplest way one can describe the principle as shifting each curve of E* versus frequency for 
the measured temperature by a certain calculated shift factor to a curve representing a reference temperature. 

Usually this reference temperature is 21 oC (70 oF). This is made for each temperature in a way which creates 
the best fit of the various curves into one continuous curve over the entire range. The shift factors will appear 
to extend the frequency range to a wider (virtual) one, and in order to distinguish from the original frequency, 

a new frequency variable “reduced frequency” is nominated. This is simply the original frequency multiplied 
by the mentioned shift factors. The TTS principle, now accepted as an AASHTO method and also that finds 

reference in the Mechanistic-Empirical Pavement Design Guide (MEPDG) of the United States, is described 
in (Witczak et al, 2002; Guide, 2004; AASHTO TP 62-07). 

In this study, the master modulus curve was mathematically modeled by a sigmoidal function 

described as: 

     LogE*
)(log

1 rte





+
+

+=             (10) 

Where, 

tr  = reduced time of loading at reference temperature, s 

  = minimum value of E*, MPa 

+  = maximum value of E*, MPa 

  = parameters describing the shape of the sigmoidal function 

 
Figure 7 shows the average E* master curves for the five PERS mixtures calculated using the original 

test data shown in Table 3. The figure can be used for general comparison of the mixtures, but specific 
temperature-frequency combinations need to be evaluated separately.  

It appears that at all test temperatures and frequencies, the average dynamic moduli values for mix # 1 

(assumed to be reference PERS mix here) with 85% rubber (by weight), and 0% aggregates were the lowest, 
and the average dynamic moduli values for mix # 5  with ~9% rubber and ~82% aggregates were the highest 

amongst the five PERS mixtures. Furthermore, mix # 2 and 4 that have the same rubber to aggregate ratio 
have very similar average dynamic moduli values, despite mix # 4 had about 5% reduced binder relative to 
mix # 2. The increase in the moduli or stiffness or strength values can be attributed to the presence of 

aggregates. A notable 15-16 times higher moduli values were observed when the percentage of aggregates 
increased from 0 (reference PERS) to about 82%. The figure also presents master curve for a typical asphalt 

concrete mix (Arizona DOT specifications). As observed, the moduli values of the typical AC mix are about 
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150-1500 times higher than PERS mix # 1 (no aggregates), and about 20-200 times higher than PERS mix #5 
(82% aggregates), depending on the various temperature and frequency combinations. 

 

4.7  Master curve 

Similar to the |E*| analysis, the phase angle of an asphalt mixture is dependent on both time of loading and 
temperature. A method that was utilized to construct E* dynamic modulus master curve was used to construct 

a phase angle master curve as well. This method is in essence similar to the one reported by Leverberg and 
Shah but also used by Biligiri (Leverberg and Shah, 2008; Biligiri, 2008; Biligiri et al, 2010). Recall the 
dynamic modulus E* master curve modeled by a Sigmoidal function described in the previous section and 

equation 10. Using the same principles, the storage modulus master (E’) curves were constructed . The loss 
modulus master curves were constructed using: 

 
E” = [(E*)2 – (E’)2]0.5     (11) 

 

It is noted that from these equations, E” = 0 at both extremes, i.e., when t r = 0 and ∞. This is the 

condition when the material is a linear viscoelastic solid that is essentially elastic, i.e.,  = 0. After 

optimization, the phase angle was predicted by: 

 

SIGMOIDAL = (E”/E’) predicted    (12) 

 

Plots of predicted phase angle versus reduced frequency (or reduced time) were performed on the five 
different mixtures. Figure 8 presents the final constructed phase angle master curve for a typical PERS mix 

(mix # 1). Using the same principles of sigmoidal master curve fitting, as illustrated in this section, phase 
angle master curves were constructed for the other four PERS mixtures (mix # 2, 3, 4, and 5), and one non-
PERS mix (mix # 6), as shown in Figure 9. As observed, and also as illustrated in Table 3, there is no 

difference in predicted master curve values for the five PERS mixtures. The PERS mix types had relatively 
small variations between each of the PERS mixtures in phase angle values at all test temperatures and 

frequencies. It is noteworthy to observe that phase angle increased with frequency unlike a typical asphalt 
concrete mix. 

 

5. Discussion and conclusions 

The aim of this study was to characterize the fundamental material properties of the PERS mixtures with 

varying degree of aggregate in the mixtures, regarding their stiffness and strength properties. These are 
important to understand other material aspects such as durability, rolling resistance, and indirectly also the 
potential noise-reducing properties. Two standard test procedures used currently by the pavement community 

worldwide were utilized, namely, stress-strain sweep test and the Dynamic Modulus E* test. Both the tests 
were able to distinguish material characteristics reasonably well between the mixtures; this is anticipated to 

provide pavement engineers with a basis for the selection of suitable materials for field testing of PERS 
mixtures. The tests and the outcome of the test results have shown to be fairly robust in understanding the 
fundamental material properties of the PERS mixtures. 

It is intended to use these results to select one or more materials for use in the field tests. However, it 
is important to note that the testing program documented in this paper is only a smaller portion of all the tests 

that are desired or required before field tests would commence. Tests not documented in this paper, but to 
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some extent already conducted, include wet friction by the pendulum method, adhesion to base course, wear 
by traffic, and emission of particulate matter, water penetration into the material and binder strength. These 

tests and their results will be presented in one or more papers in future. 
Based on the test results in this study, the following conclusions are made: 

• A simple stress – strain sweep test was performed on cylindrical samples at 1 mm/min strain rate, and 
120 s per cycle time interval to investigate the mixtures’ stiffness characteristics. Hysteresis loops for 

the PERS mixtures were plotted between force (load) and deformation (strain change) for five 120 s 
long test cycles at 1 mm/min strain rate. The results indicated that all the PERS mixes, regardless of 
the different compositions of each type, behaved similar in that the first cycle always was nearly non-

elastic (higher deformation incurred) after which, during the next consecutive cycles, the samples 
stabilized against permanent deformation. Under real traffic scenarios, one can expect that the higher 

the rubber content, the less the plastic (or non-elastic) deformation incurred. 

• Dynamic modulus E* test was performed in the laboratory at five temperatures and six frequencies 
within the linear viscoelastic range on all the PERS mixtures. The average dynamic moduli values for 

mix # 1 with 85% rubber (by weight), and 0% aggregates were the lowest; and the average dynamic 
moduli values for mix # 5 with ~9% rubber and ~82% aggregates were the highest amongst the five 

PERS mixtures. All the PERS mixes had relatively small variations in phase angle values at all test 

temperatures and frequencies. E* and  master curves were plotted using time-temperature 

superposition principles. A comparison of dynamic moduli was undertaken between a typical asphalt 
concrete mix and the PERS mixtures. The asphalt concrete mix had about 150-1500 times higher 
moduli values than the PERS mix # 1 (no aggregates), and about 20-200 times higher than PERS mix 

#5 (82% aggregates), depending on the various temperature and frequency combinations. 

• The methods employed so far cover only a few aspects of PERS performance; mainly focusing on 
stress-strain, and stiffness characteristics, which could be used in pavement design and to estimate 
some factors related to rolling resistance and noise-reducing properties. This is just a start of a much 

more comprehensive laboratory test program; nevertheless, these tests along with the upcoming 
laboratory tests will hopefully aid in selecting the most promising PERS materials for application on 
trafficked roads.  

• The two methods employed and documented in this paper seem to be able to distinguish between the 
test mixtures, and especially against conventional asphalt concrete mixtures. 

• These studies have contributed to the understanding of how well certain laboratory tests estimate 
essential properties of the PERS mixtures, and how they relate and interact with each other. 
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Table 1. Mix designs of the PERS mixtures. 
 

Mix 
# 

Air Void  
Content (%) 

% 

(W/W) 
rubber 

% 

(W/W) 
aggreg. 

% 

(W/W) 
binder 

Compact 
density 

% 

(V/V) 
rubber 

% 

(V/V) 
aggreg. 

% 

(V/V) 
binder 

1 33 85 0 15 1.15 84 0 16 

2 32 57 29 14 1.37 68 15 17 

3 35 20 70 10 1.89 33 50 17 

4 30 60 30 10 1.39 71 16 13 

5 37 9 82 9 2.14 17 66 17 

Notes (W/W) = Mass fraction 
(V/V) = Volume fraction excluding 

air after curing 
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Table 2. Results for stress-strain sweep test. 

Time (s) 

Strain Rate: 1 mm/min Strain Rate: 2 mm/min 

Force 
(N) 

Stress 
(kPa) 

Strain 
(%) 

Force 
(N) 

Stress 
(kPa) 

Strain 
(%) 

20 64 8 0.12 123 16 0.31 

60 184 23 0.47 313 40 0.99 

120 337 43 1.01 555 71 2.01 

600 1168 149 5.10 2021 257 5.54 
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Table 3. E* dynamic modulus results for the PERS mixtures. 

Temperature 
(oC) 

Frequency 
(Hz) 

Dynamic Modulus (MPa) Phase Angle (degrees) 

# 1 # 2 # 3 # 4 # 5 # 1 # 2 # 3 # 4 # 5 

-10 

25 17 27 122 29 283 19 19 19 19 19 

10 15 24 105 25 241 18 17 18 17 18 

5 13 21 92 22 213 16 16 17 16 17 

1 10 16 72 18 167 16 16 16 15 16 

0.5 9 15 66 16 152 15 15 15 14 15 

0.1 8 12 55 14 127 14 14 14 13 14 

4 

25 9 17 70 18 130 14 15 15 14 16 

10 9 15 62 16 114 13 14 14 13 15 

5 8 14 56 15 103 13 13 13 12 13 

1 7 11 47 12 86 13 12 12 12 11 

0.5 6 11 44 12 81 13 12 12 11 11 

0.1 5 9 39 10 73 11 11 11 10 10 

21 

25 7 11 45 13 102 11 11 12 11 11 

10 7 10 40 12 91 10 10 11 10 10 

5 6 10 37 11 84 9 9 11 9 9 

1 5 9 32 10 75 9 9 10 9 9 

0.5 5 8 30 9 72 9 9 10 9 9 

0.1 5 7 27 8 66 9 9 10 9 8 

37 

25 6 10 38 11 81 9 12 8 9 9 

10 6 9 36 11 69 8 8 8 8 8 

5 5 8 34 10 65 8 7 8 7 7 

1 5 8 31 9 59 8 8 8 7 7 

0.5 5 7 30 9 57 8 8 7 7 7 

0.1 4 7 28 8 54 7 7 7 7 6 

54 

25 5 9 34 9 63 8 9 7 8 6 

10 5 8 32 9 55 7 7 7 6 6 

5 5 8 31 9 53 7 6 7 6 6 

1 4 7 28 8 49 6 6 7 6 6 

0.5 4 7 27 8 48 6 6 6 6 5 

0.1 4 6 26 7 45 6 6 6 6 5 
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Figure 1. Gradations of rubber granules and aggregates (granite 2/4). 
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Figure 2. Relationship between stress and strain for: (a) 1 mm/min strain rate and 20 s time interval;  

(b) 1 mm/min strain rate and 600 s time interval. 
(Note that strain is expressed as percentage of the original strain value). 
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Figure 3. Relationship between strain and time for 1 and 2 mm/min strain rates, and four time intervals: 20, 

60, 120 and 600 s. 
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Figure 4. Relationships between load (force) and deformation for PERS mixes at 1 mm/min strain rate and 

five 120 s cycles. 
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Figure 5.  Stress – strain response in E* dynamic (complex) modulus test. The red curve shows the stress and 

the blue curve the strain. 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 

 

Time 

 

 

t 

 

 

t 

 

S
tr

e
ss

-S
tr

a
in

   

, 
ε   

, 
ε   

, 
ε   

, 
ε   

, 
ε   

, 
ε   

, 
ε  

 S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  S
tr

e
ss

-S
tr

a
in

 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

, 
ε 

  

 

  

 

  

 

 

   

o           o 

o sin(t – ) 

o sin(t) 

 



Biligiri, Kalman, and Samuelsson 21 

 
 

Figure 6. E* dynamic (complex) modulus test setup. 
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Figure 7. E* dynamic (complex) modulus master curves for five PERS mixtures at reference temperature 21 
oC. 
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Figure 8. Typical phase angle master curve for a mixture using sigmoidal distribution, unconfined E* tests. 
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Figure 9. Sigmoidal phase angle master curves for the different PERS mixtures and one non-PERS mixture, 

unconfined E* tests. 
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