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ABSTRACT: In Europe, Poroelastic Road Surface (PERS) material is being tested to a level at which 
it can be applied on different types of roads as a noise-reducing pavement. Traffic noise 

reductions around 10-12 dB have been achieved using PERS in comparison to a conventional 

dense asphalt concrete. The PERS material is designed as an open-graded mix to have at least 

20% air voids by volume. The objective of this research study was to evaluate the effect of six 

different confinement levels on the E*dynamic modulus testing of PERS mixtures. The major aim 
of utilizing confinement on PERS materials was specifically to simulate and assess field 

performance characteristics of those mixes in the laboratory. Furthermore, the choice for 

confinement is essential in order to obtain realistic test results for a porous or open-graded 

aggregate structure of the PERS mix. AASHTO TP 62-07 was utilized for dynamic modulus E* 

testing; for confined tests, a lateral air pressure was provided that simulated confining effect on 
the samples. Confined tests were conducted only on the two variants of the PERS mixtures that 

had about 50% or greater amount of aggregates by volume of the mix. Moduli (E*) and phase 

angle () master curves were established using the test results. For both mixes, at all temperatures 

and frequencies, the samples tested at the highest confinement level had the highest E*(a two-fold 

increase) compared to unconfined tests. Additionally, the samples tested confined had relatively 

small variations in  between the different confinement pressures; but were higher than the 

unconfined test results. Based on the evaluation of the different confinement levels, this study also 

recommended that 138 kPa be considered a reasonable minimum confinement level for the PERS 

mixes for any future testing purposes. Overall, confined tests on the PERS variants were able to 
distinguish material parameters reasonably well within (for different confinements) the same mix, 

and between the different mixtures with varying mix designs. This study is anticipated to provide a 

basis for the selection of an appropriate confinement level for the PERS mixtures to correlate field 

test results in future. 
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1. Introduction 

The concept of using a Poroelastic Road Surface (PERS) material in pavement 

applications was invented and patented for the f irst time in Sweden more than 30 years 

ago as a means to reduce tire / road noise (Nilsson, 1979). However, intensive research 

began only in the mid-1990s and has since continued until the present time, but only 

with less success. 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).  

The PERSUADE project aims at advancing PERS to a level at which it can be 

applied on different types of roads as a noise-reducing pavement, capable of providing 

better cost-benefit options than noise barriers, and useful and effective in many 

situations when noise barriers would be ineffective (Sandberg et al, 2010).  

The rubber used in the PERS materials is in the form of granules from scrap tires. 

This is an effective way of using recycled tire rubber. Use of recycled tire rubber 

facilitates a sustainable and clean environment. At the end of the life of the PERS, it ca n  

be reused in many applications including recycling as new PERS or as an energy source. 

Some PERS materials have shown excellent wear resistance coupled with low emission 

of particulates (Sandberg et al, 2005). Despite the multi-faceted merits of the PERS as a 

noise-reducing pavement, the number of problems associated with the PERS application  

is also manifold such as low wet friction, and poor adhesion between PERS and base 

course. There is not yet any open solution to a durable and effective PERS, which is 

acceptable from all points of views (Sandberg et al, 2010). 

Unlike conventional dense-graded asphalt concrete mixtures which have a design air 

voids content of about 4-7% in the field, the design air void content of a PERS material 

is at least 20% by volume and the gradation is open-graded (Sandberg and Ejsmont, 

2002). Different stresses and strains occur under the traffic load in an elastic pavement 

such as PERS. The estimation of the various stresses and strains in a PERS structure is a 

fundamental basis for its performance prediction analyses. The shear stresses in the 

horizontal direction may cause a significant effect in the fundamental properties of the 

PERS material by applying a lateral confinement to the surface course during the loading 

time of the traffic. The aim of applying confinement to a pavement sample during 

laboratory testing is to simulate the field lateral confinement within the pavement layers 

under different traffic loadings. Previous studies had indicated that confinement effect 

predominantly influenced test results in asphalt mixtures, especially when the aggregate 

gradations were either gap or open graded (Kaloush, 2001; Zeiada et al, 2011). 

2. Objective 

The objective of this research study was to evaluate the effect of six different 

confinement levels on the E* dynamic modulus testing of PERS mixtures. The major 
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aim of utilizing confinement on the PERS materials was specifically to simulate and 

assess field performance characteristics of the mixes in the laboratory. Furthermore, the 

choice for confinement is essential in order to obtain realistic test results for a porous or 

open-graded aggregate structure such as the PERS mixtures. It is envisioned that the 

information emanating from this study will help in designing an optimum PERS mix for 

pavement application that is durable (strong) and noise-reducing as well. 

3. Dynamic (Complex) Modulus E* Test 

The E* dynamic modulus test is performed in the laboratory at different temperatures 

and frequencies combination within the linear viscoelastic range. 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 (Guide, 2004; AASHTO TP 62-07, 2007). The E* 

has a real (E’) and an imaginary (E”) part that define the elastic and viscous behavior o f  

the linear viscoelastic material. These components are: 

E* = E’ + iE”   [1] 

The absolute value of the complex modulus  is defined as the dynamic 

modulus. Mathematically, 

 = (  )   [2] 

Where: 

  = peak to peak dynamic stress amplitude (kPa) 

  = peak to peak recoverable strain (mm/mm) 

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’   [3] 

Where: 

  = phase lag or angle (degrees); 0 (pure elastic) ≤  ≤ 90o (pure viscous) 

4. Materials  

Table 1 presents the different types of PERS mixtures based on the various 

combinations of the material components used in  this research study. The air voids 

content was 30-37% depending on the compaction of the material. It is worth 

mentioning that these compaction levels were chosen so as to simulate field compaction 

levels used after laying down the PERS materials without a  roller compaction, which has 

been the normal procedure for the in-field sections. The three materials used in the 

preparation of the PERS mixtures are as follows: 
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• Crumb rubber: produced as granules from car tires, sieved and freed from other 

tire materials. The density was 1.17 g/cm 3. 

• 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 binder product Stobielast S 131.87 is one-component prepolymerized 

MDI polyurethane produced by Stockmeier Urethanes, France. In an uncured 

state, the binder is light brown/yellow liquid with a density of 1.07 g/cm 3 and 

viscosity of 4700 mPa•s at 20 oC. 

Table 1.  Mix Designs of the PERS Mixtures 

Mix 

Air 

Void 

Content 

(%) 

% 

(W/W) 

rubber 

% 

(W/W) 

aggreg. 

% 

(W/W) 

binder 

Compact 

density 

(g/cc) 

% 

(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) = Vol fraction excl. Air cured 

 

4.1. Sample Preparation 

All samples were prepared in cylindrical moulds with 100 mm diameter and 150 mm 

height. Two replicate samples per mix type were prepared for testing. The PERS sample 

preparation process is documented elsewhere by the same authors (Biligiri et al, 2011). 

4.2. PERS Confined E* Test Setup 

To assess and evaluate the effect of confinement on the PERS mixtures, AASHTO 

TP 62-07 standard was utilized for both unconfined and confined complex dynamic 

modulus E* testing (AASHTO TP 62-07, 2007); for confined testing, a lateral air 

pressure was provided that simulated confining effect for the samples. Figure 1 shows a 

typical test sample sealed using a latex membrane and then instrumented with studs to 

house transducers for testing and recording deformations. The figure also shows an 

actual confined test setup used in E* testing. Tests were conducted at five different 

confinement levels, namely 69, 138, 207, 276 and 345 kPa , and were compared with the 

unconfined (0 kPa) test results for the two testable PERS mixes. 
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Figure 1. Confined Test Sample (Left); Actual E* Dynamic (Complex) Modulus 

Confined Test Setup (Right) 

 

The unconfined and confined E* tests were performed using a controlled stress mode, 

which produced strains smaller than 200 micro-strain and that the response of the tested 

material was linear across the temperature range used in the study. All E* tests were 

conducted in a temperature-controlled chamber. 

Confined E* tests were conducted only on the two variants of the PERS mixtures, 

namely, mix # 3 and 5. Mixes # 3 and 5 had 33 and 17% volume of rubber fraction by 

weight of the mixtures, respectively (Table 1); also, the volume of aggregates fraction 

was 50 and 66%, respectively for mixes # 3 and # 5. Confined E* tests could not be 

conducted on the other PERS mix types owing to a high percentage of rubber in the 

mixtures and lower aggregate contents. For the PERS mixes # 1, 2 and 4, the rubber 

percentages were in the order of 84 to 68% by weight of the mix. This high amount of 

rubber in those three PERS mixes made the materials very soft and when confinement 

was applied to the samples draped with latex membranes, each of the samples became 

one very stiff solid rubber-like material. An enormous amount of loading, in order of 

greater than 100 kN vertical loading, much higher than the laboratory machine 

capabilities, would have been required to give measurable strains on those samples. So, 

confined tests on those samples were not feasible. However, for PERS mixes # 3 and 5 

which had at least 50% aggregates by weight of the mix, confined testing was possible. 
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5. Test Results and Analyses 

Table 2 presents the |E*| and  test results for the PERS mix # 3 at six different 

confinement levels, which also includes one unconfined test at five temperatures and six  

test frequencies. At all test temperatures and frequencies, the sample tested at the highest  

confinement level (345 kPa) had the highest moduli values, and the same mix tested 

unconfined (0 kPa) had the lowest moduli; furthermore, showing substantial incremental 

differences with increasing confinement levels, temperatures and loading frequencies. 

The increase in the moduli values can be attributed to the effect of la teral confinement. 

Notable two-fold higher moduli values were observed when the confinement was 

increased from 0 to 345 kPa. It is interesting to note that the effect of confin ement was 

more prominent to observe at higher temperatures when there is a movement of mix ’s 

particles such as rubber or aggregates rather than at lower temperatures when the mix is 

glass-like stiff material. 

The samples tested confined between each of the confinement levels had relatively 

small variations in  values at all test temperatures and frequencies. However, when the 

values of  of confined tests were compared to the unconfined test results, the values f o r 

confined samples were about 5-10° higher than the unconfined  values. For all 

temperatures, the effect of confinement shrunk the material owing to a high amount of 

air pockets, and rubber inclusions assisting in the shrinking of the mix as observed 

during the testing. However, confinement on the rubber-clad samples had a pronounced 

effect on the material, making it less elastic. An expansion of the interconnected pores 

took place in the PERS mix in lateral direction when axial loads were applied during 

confined testing. This made the mixture less dense and increased its viscous response. 

Thus, the phase angles were higher at confined test conditions. 

On an important note, unlike the conventional asphalt mixtures, where phase angle 

starts to increase until a  peak phase value (until a  critical temperature), there was no such 

behaviour observed for the PERS mix; in fact, phase angle values decreased with 

increasing temperatures throughout. This kind of behaviour can be attributed to the 

abundant amount of rubber in the PERS mixtures. Similar kind of results was obtained 

from modulus tests conducted on cured rubber materials as illustrated in the literature 

(Bose Corporation, 2006). The research team is still investigating the reasons behind this 

kind of unusual trend with PERS materials’ phase angle responses. 

Based on the actual test results, E* and  master curves were established for the 

mixes using the principles presented in another literature by the same authors (Biligiri et 

al, 2011). Figure 2 (a) and (b) shows the average |E*| and  master curves for the PERS 

mix # 3 at different confinement levels, also including one unconfined level. 

Table 3 presents the |E*| and  test results for the PERS mix # 5 at six different 

confinement levels for five temperatures and six frequencies. Similar to the mix # 3, 

higher the confinement, higher were the |E*| moduli values for the mix # 5. Also, similar 
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to the mix # 3, the samples of the mix # 5 tested at different confined conditions had 

relatively small variations in  values at all test temperatures and frequencies. But, 

unlike the mix # 3 that had a differential of 5-10o, the  values of the confined tests for 

mix # 5 were about 10-20o compared to the unconfined test results. 

Table 2. Confined |E*| Dynamic Modulus Test Results, PERS – Mix # 3 

 

 

 

 

0 69 138 207 276 345 0 69 138 207 276 345

25 122 144 159 171 181 192 19 30 30 28 27 26

10 105 123 137 147 157 168 18 28 27 26 25 24

5 92 110 123 132 143 153 17 26 26 25 24 23

1 72 87 95 103 111 121 16 24 23 22 21 21

0.5 66 80 86 93 102 110 15 23 22 21 20 20

0.1 55 65 71 77 85 92 14 20 20 19 19 18

25 70 93 105 115 126 136 15 24 23 23 22 21

10 62 82 94 104 114 123 14 23 21 21 20 19

5 56 74 84 94 105 115 13 22 20 20 19 18

1 47 60 69 77 87 95 12 20 19 18 17 16

0.5 44 56 65 71 81 89 12 19 18 18 17 16

0.1 39 48 57 62 71 78 11 18 17 17 16 16

25 45 69 79 87 89 93 12 18 17 18 16 15

10 40 65 76 81 83 88 11 18 17 16 15 14

5 37 61 71 76 78 83 11 16 16 15 13 14

1 32 53 64 67 68 74 10 16 15 14 13 13

0.5 30 50 59 64 64 70 10 16 15 14 12 13

0.1 27 44 51 56 57 64 10 16 15 14 12 13

25 38 49 56 62 68 76 8 15 14 14 14 14

10 36 46 52 58 65 73 8 14 14 14 13 14

5 34 43 50 57 63 70 8 13 13 13 13 13

1 31 38 45 50 54 64 8 14 15 13 13 13

0.5 30 36 43 47 52 61 7 15 15 14 13 12

0.1 28 32 37 41 47 56 7 15 15 15 13 13

25 34 46 51 55 59 67 7 16 13 15 14 14

10 32 43 46 50 55 63 7 15 13 14 14 15

5 31 42 44 47 53 60 7 15 14 14 15 15

1 28 36 37 40 46 54 7 15 16 15 16 16

0.5 27 33 35 38 43 52 6 17 16 15 17 17

0.1 26 29 31 34 39 47 6 16 15 14 16 17

Phase Angle (degrees)

-10

4

21

37

54

Temp 

(
o
C)

Freq 

(Hz)

Dynamic Modulus (MPa)
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Figure 2. (a) |E*| Master Curves (b)  Master Curves, Different Confinement Pressures, 

PERS Mix # 3 
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Table 3. Confined |E*| Dynamic Modulus Test Results, PERS – Mix # 5 

 
 

The reasons for the higher  differentials of 10-20o for the mix # 5 in comparison to 

the differentials of 5-10o for the mix # 3 between unconfined and confined test results 

may be attributed to a 50% change (rubber contents of 33% for mix # 3 and 17% for mix  

# 5) in the rubber content between the two mixes. Although binder contents in the two 

mixes are very similar, rubber as a standalone material being an elastic material 

produced lower viscous response resulting in lower  for the mixture with higher rubber 

percentage. Furthermore, the average air voids in the mix # 5 was about 2% higher than 

mix # 3, which perhaps produces higher dampening effect in the mix, and hence, higher 

. This argument is also supported by the observations from Tables 2 and 3 in that the 

highest value of  at any temperature-frequency combination for confined levels is 30o 

for mix # 3, and 37o for mix # 5. However,  values at unconfined test condition for both  

the mixes have insignificant differences between the values at all test temperatures and 

0 69 138 207 276 345 0 69 138 207 276 345

25 283 309 343 352 350 369 19 36 37 35 32 35

10 241 268 295 303 307 326 18 34 32 30 28 27

5 213 235 263 268 277 297 17 32 30 27 26 26

1 167 181 198 205 217 233 16 26 25 24 23 23

0.5 152 177 194 189 199 216 15 25 23 22 21 21

0.1 127 131 146 156 168 185 14 23 21 20 20 20

25 130 177 190 204 222 248 16 22 24 25 24 23

10 114 147 165 178 197 223 15 21 24 24 22 23

5 103 133 150 163 181 208 13 20 22 22 21 23

1 86 110 123 135 151 176 11 19 20 20 20 22

0.5 81 102 115 126 141 166 11 19 20 20 20 22

0.1 73 89 99 110 124 145 10 17 18 18 19 21

25 102 94 107 128 150 179 11 21 22 24 26 24

10 91 84 97 115 135 160 10 20 22 23 24 23

5 84 78 91 108 127 151 9 18 20 22 22 22

1 75 68 80 93 111 133 9 16 18 20 21 20

0.5 72 65 76 89 105 126 9 16 17 19 21 20

0.1 66 60 69 81 96 116 8 15 16 18 20 19

25 81 81 93 107 122 137 9 20 21 24 23 22

10 69 74 86 99 110 128 8 19 21 22 23 21

5 65 69 82 94 106 123 7 18 19 20 23 19

1 59 61 72 84 94 111 7 17 18 19 21 18

0.5 57 59 69 81 90 106 7 16 18 19 20 17

0.1 54 54 64 75 84 96 6 16 18 19 20 16

25 63 74 83 92 112 109 6 19 22 21 20 16

10 55 69 77 85 108 105 6 19 21 21 19 14

5 53 65 73 82 104 101 6 19 20 21 19 14

1 49 57 64 73 95 91 6 18 20 20 19 15

0.5 48 54 61 70 91 88 5 18 19 20 18 15

0.1 45 50 57 65 84 82 5 16 19 20 17 14

54

4

21

37

Temp 

(
o
C)

Freq 

(Hz)

Dynamic Modulus (MPa) Phase Angle (degrees)

-10
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frequencies. Confinement simulates field conditions so the true values of viscoelastic 

property in a mix is retrieved from the confined tests rather than the unconfined tests, 

which is supported by the data presented in Tables 2 and 3 for both the PERS varieties. 

More so, the binder contents in both the mixes are similar, which also could be the cause 

for similar  values between the mixes, irrespective of the other components’ 

proportions in them. 

However, it was interesting to note that unlike the mix # 3,  values did not have an 

increasing trend amongst the different confinement pressures. However, at higher 

temperatures, and in particular, at 54 oC, from 69 until 207 kPa, the  values increased 

and then with further increase in confinement to about 345 kPa, the values decreased and 

were even lower than the 69 kPa values. One outcome of this kind of behaviour is that 

confinement beyond 207 kPa may likely be inessential to actually simulate the 

confinement that takes place within a PERS layer in the field. Additionally,  the 

viscoelastic response of the mix at higher confinements is also diminished from the point 

of view that higher application of lateral pressure could be detrimental to the mix’s 

dampening response (or tire / road noise-reducing capacity). It is however noteworthy 

that the phase values of the PERS mixes (both # 3 and 5) show a continuous decreasing 

trend with increasing temperature unlike the asphalt mixtures, which show an increasing 

trend of  values until a  critical temperature after which the drying a way of the bitumen 

in the mix takes place, in turn reducing the values at higher temperatures. 

Figure 3 (a) and (b) shows the average |E*| and  master curves for the PERS mix # 5  

at different confinement levels, also including one unconfined level.  

 

6. Optimal Confinement Level for |E*| Testing on PERS Mixtures 

It was observed from the previous analyses that there is at least a  two-fold increase 

between unconfined and the four higher confinement pressures for mix # 3, i.e., between 

0 and 138 kPa confined pressure and higher. However, there was a non -significant 

change in moduli observed until a  pressure of 138 kPa for mix # 5; meaning, the 

difference in values is about 1 from 0 to 138 kPa confinement pressures. Furthermore, 

for mix # 5, the difference in moduli was between 1.5 and 1.8 for the highest two 

confinement pressures in comparison to 0 kPa test condition.  

Based on the test results, one can observe that as the confinement level increases, the 

moduli values increase. Again, each mix has a different incremental change between the 

confinement levels. But, taking into consideration a notable change of difference (or 

shift of trend) in the moduli values at 138 kPa for both the mixes, it is recommended that 

138 kPa be considered a reasonable minimum confinement level for testing the PERS 

mixes for any future testing purposes. However, an optimal confinement level that could  

be used for |E*| testing shall be recommended in future publications. 
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Figure 3. (a) |E*| Master Curves (b)  Master Curves, Different Confinement Pressures, 

PERS Mix # 5 
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7.  Summary and Conclusions 

The aim of this research study was to evaluate the effect of six different confinement  

levels on the dynamic modulus E* test properties for the PERS mixtures. The major goal 

of utilizing confinement on the PERS materials was to evaluate the effect of lateral 

confinement on the PERS mixtures, specifically to simulate and assess field performance 

characteristics of the mixes in the laboratory. Furthermore, the choice for confinement 

was essential in order to obtain realistic test results for the porous or open -graded 

aggregate structure of the PERS surfaces. It is envisioned that the information emanating 

from this study will help in designing an optimum PERS mix for pavement applicatio n 

that is not only durable (strong) but also noise-reducing. 

The PERS materials used in this study were made of three main components, namely  

rubber granules, aggregates and moisture curing polyurethane binder. The air voids 

content of the PERS materials was about 30-37% depending on the compaction of the 

material. AASHTO TP 62-07 standard was utilized for both unconfined and confined 

complex dynamic modulus E* testing. E* tests were conducted at six different 

confinement levels: 0 (unconfined), 69, 138, 207, 276 and 345 kPa lateral confined stress 

levels for the two testable mixes. The tests were performed at five temperatures: -10, 4, 

21, 38 and 54 oC, and at 25, 10, 5, 1, 0.5 and 0.1 Hz. Moduli (E*) and phase angle () 

master curves were established using the test results for those mixes. 

Confined E* tests were conducted only on the two variants of the PERS mixtures that 

had higher amounts of aggregates, i.e. greater than 50% by volume of the PERS mix. 

Tests could not be conducted on the PERS mix types that had a high percentage of 

rubber and lower aggregate contents since those mixes were very soft and confinement 

pressure made them one stiff solid rubber-like material, very similar to a monolithic 

aggregate rock. A negligible effect of confinement was observed on those rock-like 

PERS materials.  

The results for the two tested PERS mixes indicated that at all test temperatures and 

frequencies, the samples at the highest confinement level (345 kPa) had the highest E* 

values and the same mix tested unconfined (0 kPa) had the lowest moduli. Additionally, 

the samples of the two mixes tested at confinement condition had relatively small 

variations in  values between the different confinement pressures. However, when the   

values of confined tests were compared to the unconfined test results, the values for 

confined samples were about 40-90% higher than the unconfined values. 

On an important note, unlike the conventional asphalt mixtures, where phase angle 

starts to increase until a  peak phase value (at a  critical temperature), there was no such 

behaviour observed for the PERS mixes; in fact,  decreased with increasing 

temperatures throughout. This kind of behaviour can be attributed to the abundant 

amount of rubber in the PERS mixtures. However, the research team is still investigating 
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the reasons behind this kind of unusual trend with PERS materials’ phase angle 

responses. 

The average E* master curves for the two PERS mixes at different confinement 

levels revealed a notable two-fold increase in moduli values when the confinement was 

increased from 0 to 345 kPa. Each mix had a different incremental change between the 

confinement levels. But, taking into consideration a notable change of moduli at 138 kPa 

for both the mixes, this study recommends that 138 kPa be considered a reasonable 

minimum confinement level for testing the PERS mixes for any future testing purposes. 

However, an optimal confinement level that could be used for |E*| testing shall be 

recommended in future publications. 

Overall, confined tests on the two different PERS varieties were able to distinguish 

material parameters reasonably well within (for different levels of confinements) the 

same mix, and between the two different mixtures with varying mix designs. The tests 

and the outcome of the test results have shown to be fairly robust in simulating the field 

conditions in the laboratory in order to assess the fundamental material properties o f  the 

PERS mixtures. This study is anticipated to provide pavement engineers with a basis for 

the selection of an appropriate confinement level for the PERS mixtures to correlate field 

test results in future. 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. 
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