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Abstract

Reclaimed Asphalt Pavement (RAP) is a useful alternative to virgin aggregates in hot-
mix asphalt (HMA) as it reduces cost, conserves energy, and enables reuse of existing asphalt
pavement. However, use of higher percentage of RAP sometimes leads to drier mixes that are
often susceptible to early cracking. In this study, cracking resistance of Superpave mixtures with
varying asphalt and RAP contents were investigated. HMA specimens were prepared based on
Superpave mix design criteria for 12.5-mm (1/2-inch) nominal maximum aggregate size
(NMAS). Specimens were compacted using the Superpave gyratory compactor. Static and
repeated semi-circular bending (SCB) tests and Texas overlay tests (OT) (TEX-248-F) were
performed in order to evaluate cracking resistance of Superpave mixtures containing three
different asphalt contents (5.2%, 4.9%, and 4.6%) and three RAP percentages (20%, 30%, and
40%) from two distinct sources. Results from both crack tests showed that, with decreased
asphalt content, cracking propensity increases. In general, higher percentage of RAP decreases
cracking resistance. Statistical analysis of the results indicated a strong positive correlation
between the asphalt film thickness and the number of load cycles before failure. Comparison of
mean test results suggested that the Texas overlay test could do better evaluation of cracking
resistance than the R-SCB test. This study was limited to mixtures with two sources of RAP.
Because of such limitations and conflicting results from these RAP sources, a general conclusion
regarding the minimum binder and maximum RAP contents without compromising cracking
resistance could not be made. However, separate conclusions were drawn depending upon the

characteristics of the RAP source.



Table of Contents

TS 0 o 0 OSSPSR v
LISt OF TaDIES ...t e et e e et e e et e e rae e e nnre e e anree e vii
ACKNOWIBAGEMENTS ...ttt ettt et e st et ennneenree s X
D=1 o3 U1 o] o SRR OPRRTR Xi
Chapter 1 - INTrOAUCTION ......ooiiieiii ittt ettt 1
N ST T (o ] £ 10 T PR O TP UPR PP 1
1.2 ProbIem STAEMENT ...ttt e e e et e e et e e e ene e e s nae e e nraaeeenreeeanes 2
RS O] o] 1=Tot 1Y TPV U PP PP PP 2
1.4 Organization Of TRESIS. .......oiuiiiiieiie ittt 3
Chapter 2 - LItErature REVIBW .........ueiiiieiiiiiiee ittt 4
2.1 Cracking RESISLANCE TESES ......uviiiiiiiiieitie ettt ettt 4
2.1.1 Semi-Circular Bending (SCB) TESE......ccuiiiiiiiieiiieeiie st 4
2.1.1.1 Static Semi-Circular Bending (SCB) TEeSL........coiviiiieiiiiiieiiie e 5
2.1.1.2 RePEALEA SCB TESt ....uiiiiiiieiiiie ettt et e e et e et e et a e s e e e et e e anneeeanneas 6

2.1.2 TexXas OVErlay (OT) TSt ...uueiieeeeiieeeiieeesieeeeiee e st e e st e e s stae e e sree et e e enta e e snaeeesnneeeaneeas 9
2.1.3 Indirect Tension (IDT) TeSE .....ueeeiiie ettt e et e e e e enes 11
2.1.4 DireCt TeNSION (DT) TESE...ueiiieeeeiiieeiieeeetee e s itre e et e e st e e s ste e e e e e a e e snaeeesnaeeeanneeeanes 14

2. 1.5 FENIX TSttt ettt ettt a bt bt et e e bbb 15

2.2 SUPBIPAVE. ..tteteeeeeeeeeitte ettt e e e e e e s sttt bttt e e e e e s s s bbb bbbt e e e e e e e e e s bt bbbt e e e e e e e e e e bbb bbb e et e e e e e e e n bbb e r e e s 16
2.3 DUrability OF HMA ...t e e e et e e nneas 17
2.4 Efects OF MIXIUIE AQING ...cccieeiieiie ettt e et e et e e tae e et e e e st e e aneeas 18
2.5 Effects of Varying Asphalt CoNtent ............coovviiiiee i 19
2.6 Voids in Mineral AQgregate (VIMA) .....covie oottt 19
2.7 ASPhalt FIImM THICKNESS ....eiiiiie et e e e e e e e ennnas 20
2.8 Effect of Reclaimed Asphalt Pavement (RAP) inHMA ... 21
2.8.1 Obstacles in using High RAP contents in HMA ... 22
2.8.2 Mix Design Consideration for RAP..........ccii i 22
2.8.3 Performance of Mixtures With RAP .........cooiiiiiiieee e 23

2.9 SUIMMIATY ...ttt e ettt e e e e e e e s bbb et et e e e e e e s e st bbb et e e e e e e e e esstbbe e et e e e e e e e e snnsbbbeeeaeeas 24



Chapter 3 - MethOdOIOGY ........cooiiiiiiei e 26

3.1 Virgin Aggregates, RAP and BINGET ..........oooiuiiiiiiie et seee e 26
3.2 Gradation and Aggregate BIending .........cocuuoiiiiiiiiiieiii e 26
3.3 Test Specimen Preparation for Cracking Resistance TestS .......cccovvviviveiiiiesiiiee e 31
3.3.1 MixXing and COMPACTION.........eiiiiiiiieiie ettt 31
3.3.2 Determination of Air VVoid of Specimen by Gmm and Gup TeSt......oovveiiiiiiiieiieiiee, 33
3.3.2.1 Gm TSt PrOCEAUIE ....eeeeiie ettt e e eneeeeenes 33
3.3.2.2 G TESE PrOCEAUIE ... 35

3.4 Cracking ResiStance TeSt PrOCEAUIES..........coiuiiiieiiiesiie ettt 36
3.4.1 Semi-Circular Bending (SCB) TESE......ccuuiiiiiiiiiiieiiiesiee et 36
3.4.1.1 SEALIC SCB TS, .ueieiiiieeiiie et e et et ee s e e st e e st e e sne e e e snaeeesnteeenneeeeanes 37
3.4.1.2 REPEALEA SCB TESL ....cvvieiieiiieitie ettt ettt 38
3.4.2Texas OVErIAaY (OT) TESE ..cueiiieeiieeiie ettt 40
Chapter 4 - Analysis and RESUIES ............ooiiiiiiiie e 44
4.1 SCB TESE RESUILS. ......eeeeieiie ettt e et e et e e anaaeeenteeeennes 44
4.1.1 Static SCB TSt RESUILS .....cueiiiiiiiieti et 44
4.1.2 Repetitive SCB TSt RESUILS .......cciiiieiiieccee et 47
4.1.3 Crack Initiation and Propagation INVeStigation ..............ccveiviveiiieesiiieecieeeciie e 54

4.2 Texas Overlay (OT) TeSt RESUILS......c.uvieiiieeiiie ettt e e e 60
4.3 SEAISTICAl ANAIYSIS ...eeeeiieee e 62
4.3.1 Correlation ANAIYSIS ........coiiieiiie it 62
4.3.2 Comparison DEtWEEN IMEANS ........cccuveiiiiiee ettt saae e saee e 82
Chapter 5 - Conclusions and ReCOMMENdAtiONS ...........ccveeiiireiiiire i 90
5.1 CONCIUSIONS ......eetie ettt sttt ettt et e bt e e b e et e e s e e e b b e e sbeeebeeanbeenree s 90
5.2 RECOMMENUALIONS ..ottt sttt ettt et e st e e abb e et e e e e anbeenreeas 91
RETEIENCES ... ettt bbb et e s st e e b b e e bt e et e e nbe et e e be e nbe e 93
Appendix A - Volumetric Properties and Cracking Test ReSUIS.........cccccccveeviveeiiie i, 99



List of Figures

Figure 1.1 (a) Typical RAP stockpile (www.pavementinteractive.org) (b) RAP

(VWL WJOTAVES.COM) ..ttt etttk et et et ettt e bt et et e e e et 2
Figure 2.1 SCB teSt CONTIGUIATION .......eoiiiiiiieiii it 5
Figure 2.2 Texas overlay test specimen inside AMPT JIg ....c.ooviiiiieiieiieeee e 10
Figure 2.3 IDT test Setup (Wen, 2003).......coiuiiiiieiiieiie ittt 13
Figure 2.4 Demonstration of DT failure modes (Walubita et al., 2010).........cccccveviieiiiiiiennnnne 14
Figure 2.5 Test setup of Fénix test (Pérez et al., 2010).........ccceeiiiiiiiiiiieeeeee e 16
Figure 3.1 0.45 power gradation chart for SM-12.5A MIXTUIE..........cccceeiiriiiiiiiieniie e 28
Figure 3.2 0.45 power gradation chart for SR-12.5A mixture with first source of RAP.............. 30
Figure 3.3 0.45 power gradation chart for SR-12.5A mixture with second source of RAP ......... 30

Figure 3.4 (a) Mixing of aggregates with binder in mixer; (b) HMA mixture undergoing short-
TEIM AGING N OVEIN .ttt et e bt e bbb et e anbeennee s 32

Figure 3.5 (a) SGC mold with loose HMA inside; (b) Specimen being compacted in SGC; (c)
Final comMPACted SPECIMEN .......viieiiie ettt e e et e e e s e e e anteeeanneas 33

Figure 3.6 (a) Loose HMA inside flask filled with water; (b) Trapped air taken out by vacuum
application; (c) Weight of loose specimen in water being taken ............ccccceevvveviieenivnnenne, 34

Figure 3.7 (a) Weight of dry compacted specimen being taken; (b) Specimen submerged in

water; (c) Wet specimen rolled out in damp tOWEl ...........ccveiiiiiiiii e 36
FIGUIE 3.8 SCB S SELUD ...eeiuvveeeiiie ettt et e e te e e e e e e st e e et e e st a e e sraa e e nsaaeennaneeanseeeas 37
Figure 3.9 A typical SCB specimen after fracture failure............ccccoveeiiiiine e, 38
FIgUre 3.10 R-SCB 1ESt PrOCESS ... .eeiitiieeiiieeiire e ettt e e sie e e s te e e sae e e sta e e st e e e stae e e ssaeeesnaaeesnreeeanneeens 39
Figure 3.11 SCB test setup With Clip-0n Qauge .........cocivveiiiii e 40
Figure 3.12 Trimming of OT specimen (TeX-248-F) .......ccoiiiiii e 41
Figure 3.13 Glued OT specimen on metal base Plates............cccvveiiieeiiiie i 42
Figure 3.14 Typical OT test setup Within AMPT ..o 42
FIgUrE 3.15 OT tESLING PrOCESS .....vvieetieeeiitie e ittt e etee e e sttt e e sttt e e et e e st e e e ba e e et e e e ssaeeesnaeeesntaeesnreaeas 43
Figure 4.1 Stress-displacement curve for SM-12.5A MIXIUI€.........ccceeviieeiiiee i 46
Figure 4.2 Stress-displacement curve for SR-12.5A mixture with first source of RAP ............... 46
Figure 4.3 Stress-displacement curve for SR-12.5A mixture with second source of RAP........... 47



Figure 4.4 R-SCB percent load relationship curve for SM-12.5A ..., 49
Figure 4.5 R-SCB percent load relationship curve for SR-12.5A with first source of RAP......... 51
Figure 4.6 R-SCB percent load relationship curve for SR-12.5A with second source of RAP ....53

Figure 4.7 Crack length against number of load repetitions for SM-12.5A mixture................... 55
Figure 4.8 Crack length against number of load repetitions for SR-12.5A mixture (first source of
RAP) ..ottt ettt 56
Figure 4.9 Crack length against number of load repetitions for SR-12.5A mixture (second source
oL 2T Y =) OO 57
Figure 4.10 Comparison of estimated N; and predicted Nj ..........cccooeiiieiiiiiieiiiec e 59
Figure 4.11 Scatter plot matrix for SM-12.5A mixX (R-SCB test) .......cccccovviiiiiiiiieiieeie 64
Figure 4.12 Scatter plot matrix for SR-12.5A mix with first source of RAP (R-SCB test).......... 67
Figure 4.13 Scatter plot matrix for SR-12.5A mix for second source of RAP (R-SCB test)........ 70
Figure 4.14 Scatter plot matrix for SM-12.5A MiX (OT teSt) ....ceeeviviiiriiieiieiie e 72
Figure 4.15 Scatter plot matrix for SR-12.5A mix with first source of RAP (OT test)................ 75
Figure 4.16 Scatter plot matrix for SR-12.5A mix with second source of RAP (OT test) ........... 78
Figure 4.17 Normal probability plots for R-SCB test OULPULS............ccccvveiiireeiiieeiiee e e 83
Figure 4.18 Normal probability plots for OT test OULPULS.........ceeeriireiiiieiiiee e 84
Figure 4.19 R-SCB test results with 95% confidence intervals.............cccccoovveiviie i, 87
Figure 4.20 OT test results with 95% confidence intervals.............cccccoovveiiive e 88

Vi



List of Tables

Table 2.1 Current VMA requirements given By KDOT .......coooiiiiiiiieiiieieie e 20
Table 3.1 AQQregate gradation ...........coceeiiieiieiiie ittt 27
Table 3.2 Percentages of aggregates in SM-12.5A MIXLUIES ........cccevvveeiiireiiiiies e siee e 27
Table 3.3 Aggregate blending for SM-12.5A mixture with KDOT requirements ....................... 28
Table 3.4 Percentages of aggregates and asphalt in SR-12.5A MIXtUreS..........ccccccoveeivveenineenne. 29
Table 3.5 Aggregate blending for SR-12.5A mixture with KDOT requirements...............c.c........ 29
Table 3.6 Compaction parameters fOr SGC ........ccuoiiiiiiiiiie e 32
Table 4.1 Average StatiC SCB teSt FESUILS .......vveieeeeeiie e 45
Table 4.2 R-SCB test results for SM-12.5A MIXIUIE .......cc.oeeiiieeiiieeiiiee e 48
Table 4.3 Comparative cracking resistance improvement with increasing asphalt content.......... 49
Table 4.4 R-SCB test results for SR-12.5A mixture with first source of RAP ..........cccccvevvnennne. 50
Table 4.5 Comparative cracking resistance improvement with increasing RAP content (first RAP
SOUICER) etttk h ekttt Rt b et R bbbttt b 51
Table 4.6 R-SCB test results for SR-12.5A mixture with second source 0f RAP..........cccccvevieenn 52
Table 4.7 Comparative cracking resistance improvement with increasing RAP content (second
A S 1o 10 ol OSSR 53
Table 4.8 Crack lengths and stress intensity factors of MiXtures .........cccccoccveevive i ccee e, 54
Table 4.9 Number of load repetitions for crack initiation .............ccccoevve i, 58
Table 4.10 Average OT test results for SM-12.5A MIXTUIE.........ccceeviieeiiiie i 60
Table 4.11 Average OT test results for SR-12.5A mixture for first source of RAP..................... 61
Table 4.12 Average OT test results for SR-12.5A mixture for second source of RAP ................ 61
Table 4.13 Interpretation of correlation (Mendenhall, and Sincich, 2003) ............cccceeviveevinenne, 62
Table 4.14 Correlation matrix for SM-12.5A mixture (R-SCB test).........cccceevvveivie e, 63

Table 4.15 Correlation matrix for SR-12.5A mixture with first RAP source (R-SCB test) ......... 65
Table 4.16 Correlation matrix for SR-12.5A mixture with second RAP source (R-SCB test).....68

Table 4.17 Correlation matrix for SM-12.5A mixture (OT test).......ccovveivireiiiie e, 71
Table 4.18 Correlation matrix for SR-12.5A mixture with first RAP source (OT test) ............... 73
Table 4.19 Correlation matrix for SR-12.5A mixture with second RAP source (OT test)........... 76
Table 4.20 Summary of correlation analysis of R-SCB test results (SM-12.5A mixture)............ 79

vii



Table 4.21 Summary of correlation analysis of OT test results (SM-12.5A mixture).................. 79

Table 4.22 Summary of correlation analysis of R-SCB test results (SR-12.5A mixture) ............ 80
Table 4.23 Summary of correlation analysis of OT test results (SR-12.5A mixture) .................. 81
Table 4.24 Normality test results 0f R-SCB teSt QULPULS ..........cooviiiieiiieiieiee e 82
Table 4.25 Summary of Tukey’s multiple comparisons (R-SCB test) ..........cccevviveiviiireiiieeennnn. 83
Table 4.26 Normality test results 0f OT tESt QULPULS ........ccuveiiieiiiiieiiie e 84
Table 4.27 Summary of Tukey’s multiple comparisons (OT Test) ......cccccovvveiiiiiiiiieiiiiiieniieene 85
Table 4.28 Summary of Bonferroni method comparisons (R-SCB test) .........ccccccveviviiieiiieeninnn 86
Table 4.29 Summary of Bonferroni method comparisons (OT test) ........ccccvevverivieiiieiiieniieninnn 88

Table 4.30 Virgin asphalt as a percentage of total asphalt content for both sources of RAP ....... 89

Table A.1 R-SCB test results for SM-12.5A (5.2% asphalt content) ...........ccccevvieieiiieniiennen, 99
Table A.2 R-SCB test results for SM-12.5A (4.9% asphalt content) ...........cccevvveiiiiiieniiennnn 99
Table A.3 R-SCB test results for SM-12.5A (4.6% asphalt content) ............ccocevviiiiiiiiennnnne, 100
Table A.4 R-SCB test results for SR-12.5A (20% RAP content from first RAP source) .......... 100
Table A.5 R-SCB test results for SR-12.5A (30% RAP content from first RAP source) .......... 101
Table A.6 R-SCB test results for SR-12.5A (40% RAP content from first RAP source) .......... 101

Table A.7 R-SCB test results for SR-12.5A (20% RAP content from second RAP source).......102
Table A.8 R-SCB test results for SR-12.5A (30% RAP content from second RAP source).......102
Table A.9 R-SCB test results for SR-12.5A (40% RAP content from second RAP source).......103
Table A.10 Volumetric properties of R-SCB test specimens (SM-12.5A) .......cccccovveeviieeiiinnnn, 103
Table A.11 Volumetric properties of R-SCB test specimens (SR-12.5A, first source of RAP) .104
Table A.12 Volumetric properties of R-SCB test specimens (SR-12.5A, second source of RAP)

........................................................................................................................................ 104
Table A.13 OT test reSUlts For SM-12.5A ..o 105
Table A.14 Volumetric properties of OT test specimens (SM-12.5A) ......cccccccvveevieeeiineesiinn, 105
Table A.15 OT test results for SR-12.5A (first source 0Of RAP).........ccoviiiiie i 106
Table A.16 Volumetric properties of OT test specimens (SR-12.5A, first source of RAP) ....... 106
Table A.17 OT test results for SR-12.5A (second source 0f RAP) .........coovveiiiie v 107
Table A.18 Volumetric properties of OT test specimens (SR-12.5A, second source of RAP)...107
Table A.19 Tukey's multiple comparison of R-SCB test reSults...........ccccoveiviieiviee e, 108
Table A.20 Bonferroni's pairwise comparison of R-SCB test results............ccccoveeiiiiiieeniinnen. 109

viii



Table A.21 Tukey's multiple comparison of OT test results.......
Table A.22 Bonferroni's pairwise comparison of OT test results



Acknowledgements

First, I would like to pay my utmost respect to Almighty Allah for granting me this
wonderful opportunity to work and to live.

| hereby acknowledge my sincere appreciation and due gratitude to my major professor
Dr. Mustaque Hossain for academic guidance, mentorship, and continuous encouragement
throughout my graduate studies.

I would like to thank Dr. Robert W. Stokes and Dr. Sunanda Dissanayake for being part
of my thesis committee and for their encouragement.

| sincerely appreciate the financial support provided by the Kansas Department of
Transportation (KDOT) for this unique research study.

| gratefully thank Ryan Benteman, Brandon Bortz, Nassim Sabahfar, Daniel Mealiff,
Alex Wu, Andrew Brunner and Andrew Wiederholt for their help regarding specimen
preparation and test set-up fabrication. 1 also appreciate on-time help provided by Mr. Adam O’
Neill from Instrotek and Mr. Steve King (IPC Global- Australia) regarding the test process.

Finally, I wish to express my sincere respect and gratitude to my parents for their
understanding, blessings, and love that helped me to be what | am today. | would like to

especially thank my husband for his patience, support, and appreciation.



Dedication

This thesis is dedicated to my parents, Dr. Syed Azizul Haque and Dr. Nilufar Begum,
my younger brother, Syed Reefat Aziz, and my husband, S M Shafiul Alam.

Xi



Chapter 1 - Introduction

1.1 Background

Durability of an asphalt mixture is a prerequisite for durable asphalt pavement. Asphalt
durability is determined in terms of its performance in service life. Traffic and climate are two
key factors determining the duration until when asphalt pavement can maintain a serviceable
condition. Initially, the design of asphalt pavements was solely based on future traffic load,;
however, more emphasis is currently given to environment or climate.

Currently, approximately 94% of the highway network pavements in the United States
are asphalt surfaced (flexible pavements), while the rest are either concrete or composite
pavements (concrete pavements overlaid with asphalt) (FHWA, 2008). About 89% of the total
paved-road network in Kansas is asphalt surfaced. Common pavement distresses on asphalt
pavements can be partially mitigated by proper selection of construction materials and by
developing suitable mix design. According to the National Asphalt Pavement Association
(NAPA), approximately 4,000 asphalt plants exist in the United States, which produce 500 to
550 million tons of asphalt pavement materials worth more than $30 billion annually (NAPA,
2013). These materials include large quantities of reclaimed asphalt pavement (RAP).

Recent rise in crude oil price, emphasis on sustainability, and limited virgin aggregate
availability have increased RAP materials usage. Nationwide, approximately 100 million tons of
RAP are produced each year. Approximately 80 million tons are reused in various aspects of
pavement construction (MAPA, 2010). RAP contains long-term aged binder, thus asphalt mixes
containing RAP could be a matter of concern, especially for durability and long-term pavement
performance. Asphalt binder present in RAP is stiffer than the virgin binder. Stiffer mix has
benefits, such as being less susceptible to permanent deformation or rutting. However, it
decreases fatigue and thermal cracking resistance. There is a limitation to the maximum amount
of RAP that could be used in surface layers, certain mixture types, and, in some instances, large
or critical projects. Traditionally, the amount of RAP used has been limited to 15 percent or
lower if no binder-grade changes are necessary. Current national guidelines indicate that a softer
binder will be required if more than 15% RAP is used in the HMA mix (AASHTO M 323).

Softer binders are expensive, however. Henceforth, it is necessary to come up with a certain



percentage of RAP which would be cost effective as well as provide sufficient cracking

resistance.

(b)
Figure 1.1 (a) Typical RAP stockpile (www.pavementinteractive.org) (b) RAP

(www.wjgraves.com)

1.2 Problem Statement

Some Superpave hot-mix asphalt (HMA) mixtures currently used in Kansas are found to
be susceptible to moisture damage. Kansas standard test method, KT-56, measures this moisture
susceptibility. Again, some mixtures are produced with asphalt content lower than the design
asphalt content. As a result, relatively “drier” mixture is obtained, often leading to early
cracking. This type of phenomena is severe for mixtures with recycled asphalt pavement (RAP).
Recently, the Kansas Department of Transportation (KDOT) took some initiatives to ensure
sufficient amount of asphalt in their mixtures. The contractors, however, instead of adding extra
binder, introduced dust into the mixtures for lower Ngesign Superpave mixtures. The rutting and
moisture susceptibility of mixtures with lower binder content have already been investigated, but

cracking resistance is yet to be evaluated.

1.3 Objectives
The main objectives of this study were:
a) Evaluate varying asphalt content on cracking resistance of Superpave mixtures;
b) Evaluate the effect of varying RAP content on cracking resistance of Superpave
mixtures;

c) Evaluate the effect of RAP source on the cracking resistance; and



d) Establish the minimum asphalt content and maximum RAP content while

ensuring cracking resistance.

1.4 Organization of Thesis

This thesis consists of five chapters. Chapter 1 presents a brief introduction, problem
statement, research objective, and thesis outline. Chapter 2 provides an overview of cracking
resistance tests and related research work followed by a literature review on the relationship of
the mixture durability with the voids in mineral aggregate (VMA) and asphalt film thickness. In
addition, the effect of RAP on mixture performance has been discussed. Chapter 3 describes the
materials used in this research as well as test procedures. Chapter 4 discusses the results obtained
from the semi-circular bending (SCB) and Texas overlay (OT) tests, followed by statistical
analysis. Chapter 5 presents conclusions from this project and recommendations for future
research.



Chapter 2 - Literature Review

An extensive search was conducted to gather information about available cracking
resistance tests for hot-mix asphalt (HMA) currently in use. In addition, a brief background on
the Superpave mix design and aspects related to the durability of hot mix asphalt (HMA) are

presented in the later part of this chapter.

2.1 Cracking Resistance Tests

In HMA pavements, cracking is considered as one of the prevailing distresses. Currently,
no standardized laboratory cracking tests have been widely accepted for routine mix design or
screening for HMA cracking potential (Walubita et al., 2010). Generally, durability and rutting
are considered as the primary factors of any acceptable mix design. Still, a simple and practical
cracking test is necessary, which could be frequently conducted in the laboratory and would
identify whether the mixture is prone to early cracking. Indirect tension test (IDT), direct tension
test (DT), Fénix test, semi-circular bending (SCB), and Texas overlay (OT) tests are the most
commonly used cracking resistance tests.

In this study, semi-circular bending (SCB) and Texas overlay (OT) tests were selected to

evaluate the cracking resistance of Superpave mixtures.

2.1.1 Semi-Circular Bending (SCB) Test

Chong and Kuruppu (1984) were the first group of researchers who used the SCB test for
fracture testing of rock materials. For HMA, the test is conducted on a half disc-shaped
specimen; typically 6 inches in diameter and 2 inches thick. The specimen is subjected to a three-
point loading in compression. Using the Superpave gyratory compactor, 4-inch tall samples are
prepared. The air void content of test specimen is 7 + 1%. Thus, from each sample, four SCB test
specimens are obtained. The test configuration is shown in Figure 2.1. The SCB test specimen
sits on two roller supports, spaced at a distance of 0.8 times the specimen diameter. Based on
successful experimentation by various researchers, 0.05 inch/minute has been selected as the

loading rate for statically or monotonically loaded SCB test.
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Figure 2.1 SCB test configuration

Specimen fabrication and preparation for the SCB test is simple and quick. A notch is cut
at the base of the specimen to ensure that the crack initiates at the center of the specimen. Test
temperatures considered for several SCB test studies typically range between 50° F (Huang et al.,
2009) and 77° F (Walubita et al., 2010).

2.1.1.1 Static Semi-Circular Bending (SCB) Test

The loading configuration for static or monotonically loaded SCB test is straightforward.
Static load at a rate of 0.05 inch/min is applied until the specimen fails at 77° F. SCB tensile
stress is directly measured in the specimen. Vertical ram displacement and stress at the
maximum load (failure point) are used as measures of HMA ductility and crack-resistance
potential, respectively. From the test data, stress occurring in a notched specimen is determined

as follows:

4.263%XP
ST:
DXT

(2.1)

Where, St = Tensile stress, (MPa);
P = Axial load, (N);
t = Specimen thickness, (mm); and

D = Specimen diameter, (mm).



2.1.1.2 Repeated SCB Test

Repeated SCB (R-SCB) Test is a two-step process involving the establishment of input
loads via monotonic or static SCB testing and the use of a fraction of maximum SCB failure load
as the R-SCB input load. Repeated load of 10 Hz frequency with no rest period is applied to the
specimen at 77° F. The cracking resistance potential of a mix under this test setup is
characterized by the number of SCB load repetitions to cracking failure, where failure is
tentatively considered as full crack propagation through the HMA specimen. R-SCB test shows
greater potential for use than its monotonic counterpart, in characterizing the cracking resistance
of HMA mixes.

The compressive load is applied vertically at the top of the specimen in such a manner as
to produce constant crack mouth opening displacement (CMOD) rate. CMOD is measured at the
bottom of the specimen using a clip-on gauge. Wells (1961) pioneered the introduction of
CMOD. Crack extension takes place when material at the crack mouth attains maximum
allowable strain. One limitation of this concept is that fracture strength cannot be calculated
directly. Due to application of repeated loads, cracks will grow with time. As a crack becomes
longer, higher stress concentration is induced, indicating that the crack propagation rate is
dependent on time (Broek, 1987).

Load line displacement (LLD) is measured using a vertically-mounted extensometer
attached to the bottom of the specimen, supported by a pair of metal blades. From the measured
CMOD, crack length and stress intensity factor are calculated. Crack length is calculated from
the relationship, shown in equation 2.2. This relationship was obtained by the finite element
analysis method (FEM) conducted by van Rooijen and de Bondt (2008):

C

(g) = 0.1642 X 10ge( CMODy

W) +0.1413 2.2)
Where, ¢ = Length of crack, (mm);

h = Maximum length of crack (height of SCB specimen = 1/2 diameter);

CMOD-=1) = CMOD at the beginning of the test; and

CMODy = CMOD after N load cycles.

The stress intensity factor provides an estimate of the stress-strain scenario at the mouth
of the crack. It is linearly dependent on the applied stress and is a function of the geometry of the

structure and crack length (Mobasher et al., 1997). Stress intensity factor is related to available



energy for crack propagation by unit length and it is calculated from the relationship shown in
equation 2.3 (CROW, 2006):

K = ogcp ¥ f(ﬁ) (2.3)

The stress level agp is calculated by (CROW, 2006):

4.263 XF(SCB,N=1)

OscB = IsceXtscB (2.4)
Where, Fiscgn=1) = (Fmax — Fmin) at the beginning of the test, (N);
Isce = Length of the specimen, (mm); and

tscs = Thickness of the specimen, (mm).
f (ﬁ) is a geometry factor determined by the FEM analysis. For the SCB test, the

geometry factor was found to be (CROW, 2006):

5 4 3 2

f(£) =13986- (5) -2709.1- (1) +21419-(£) - 799.94- (£) +155.58 - () - 49965 (2.5)
On the basis of micro-fracture model, the number of load repetitions required for crack

initiation was determined by a past study conducted by Lytton et al. (1993). The relationship was

derived using regression analysis and is given in equation 2.6 (Lytton et al., 1993).

|Oglo N;=bo+bs +byom+ bz {(Gm) 2}*E + (b4 |0g10(5m + bs |0910E) (% AC)
+ [{bs (om) 2} / E + by logioom] (% Air) + {bg (om / E) + b 10g106m} (om / E) (2.6)

Where, N = Number of load cycles to crack initiation;
om = Mean stress, (psi);
E = Asphalt concrete modulus, (psi);
% AC = Asphalt content by weight percent, (%);

% Air = Air voids content, (%);

by = 4.415936:
b, = -5.421 x 10°:
b,=1.11x10":

bs = -8.51796 x 10™*:



b, = -0.838837,

bs = 0.314813;

be = 3.089278;

b; = -0.114846;

bg = 35,787,201; and
by =-12,144.

Among many factors affecting crack propagation, the most critical ones are thickness of
the specimen, type of materials (aggregate and asphalt binder) used, temperature, topographic
location, batch-to-batch variation, and environment. The influence of surrounding environment is
the most unpredictable factor (Broek, 1987).

SCB test was investigated by many researchers. Li and Marasteanu (2004) studied SCB
test as a candidate for low-temperature cracking. Based on the fracture energy, a split-plot
analysis was performed and results showed that the binder type effect was significant.

Van Rooijan and de Bondt (2008) performed cyclic SCB on notched specimens at
relatively low temperature. The duration of crack propagation was relatively short for different
binders. The authors commented that crack propagation duration could be improved by a shorter
notch length (approximately 5 mm). They could not obtain any correlation among parameters
from the asphalt mixture testing. They recommended using a finer and more binder-rich asphalt
mixture for comparing binder performance.

According to Wu et al. (2005), no fracture resistance parameter (vertical displacement or
peak load) was able to correctly rank fracture resistance of various HMA mixes in a consistent
order. However, the fracture resistance was consistent with that based on vertical displacement
but was different from fracture resistance based on peak load.

Mull et al. (2002) investigated the fracture resistance of chemically modified crumb
rubber asphalt (CMCRA) mixture. They used the J-integral concept and monotonic loaded SCB
test procedure. Test specimens were 6 inches in diameter and 2.5 inches thick and had notches of
various depths. Results were compared to crumb rubber asphalt (CRA) mixture and a control
mixture. The study concluded that CMCRA had better cohesion to binder and strong adhesion to
aggregates compared to other asphalt mixtures. CRA mixture showed a slightly higher fracture

resistance than the control mixture. However, Scanning Electron Microscopic examination of the



fracture surface of each mixture proved that CMCRA mixture had significantly higher fracture
resistance in comparison to the control mixture.

Krans et al. (1996) compared SCB test results to that of obtained from the bending beams
test, indirect tensile test (IDT), and direct tensile test (DT). They described SCB test as an easy,
simple test which also ensures stable crack growth. When compared to the IDT test, smaller
loads can be chosen and undesirable effect or local failure near load was prevented by the SCB
test. No gluing is needed and more stable crack propagation is ensured by the SCB test.

Walubita et al. (2010) concluded that repeated load SCB test shows the most promise
among available surrogate cracking tests. They performed DT, OT, static, and repeated IDT and
static and repeated SCB test. Among these tests, the repeated IDT and OT were considered
second and third best, respectively. They suggested a few SCB test improvements, including the
development of the repeated SCB test protocol, determination of appropriate failure criterion,
and correlation of laboratory performance with field performance. The only drawback of the
SCB test identified was the requirement of a Universal Testing Machine, which may be a
hindrance, especially for large-scale application.

2.1.2 Texas Overlay (OT) Test

Texas Overlay Tester (OT) test pervasively has been used in many Texas Department of
Transportation (TXxDOT) mix designs for mix screening and as an indicator of cracking
(reflective) resistance for HMA overlays. TEX-248-F is the standard test procedure for the OT
test. Past research showed that OT test results indicated strong correlation with field performance
(Von Holdt, and Scullion, 2005). Thus, OT test results were used as the standard for comparative
evaluation of test duration, repeatability, and the ability to predict cracking resistance of other
test methods.

Generally, the OT test is run at a fixed opening displacement of 0.025 inch and with a
cyclic triangular loading rate of one cycle per 10 seconds (5 seconds to open, 5 seconds to close)
and is typically run at 77°F (Zhou et al., 2007). The specimen is 6 inches long, 3 inches wide and
1.5 inches thick. The specimen is prepared by cutting the Superpave gyratory compacted sample.
Final air void content of the test specimen is 7 £ 1%. This test can be performed in the Asphalt
Mixture Performance Tester (AMPT), and load, displacement, and temperature are recorded

automatically during the test. OT test specimens require gluing which is why a relatively long



time lag, approximately two days, exist between specimen fabrication and actual testing due to
gluing and curing processes. This processing time makes the OT test unfavorable for routine
application. Figure 2.2 illustrates OT test specimen inside the AMPT jig.

Figure 2.2 Texas overlay test specimen inside AMPT jig

In general, OT specimen is tested until the initial load decreases by 93 percent. The
number of cycles to this load reduction constitutes the number of cycles to failure and is
indicative of the HMA mix cracking resistance. Zhou et al. (2007) recommends tentative failure
criterion of 300 cycles (minimum) for dense-graded mixes and 750 cycles (minimum) for the
crack attenuating mixes (CAM). Therefore, a straightforward comparison can be made between a
better and poor crack-resistant mixture by simply analyzing the number of cycles to OT failure.
The test is terminated when 93% load reduction or 1,000 cycles, whichever occurs first. As a
tentative mix screening criteria, mixes that last over 300 cycles are considered satisfactory with

respect to laboratory cracking resistance. The sample molding height is 4.5 inches, while the
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final OT test specimen is only 1.5 inches thick. Thus, larger mixing batches are required, which
is material and labor intensive. Field cores can be tested without any difficulty using OT test.
However, previous research indicated that this test had variability and repeatability issues
(Walubita et al., 2010). Under these circumstances, the coefficient of variation (COV) of up to
30 percent is considered as an acceptable level of variability for the OT test.

Zhou et al. (2007) claimed that OT test correlates well with field performance. The test is
simple, practical, and easy to test field cores. However, the variability and repeatability of OT is
a matter of concern as the COV for the number of OT cycles of failure often exceeds the limiting
value (less or equal 30%).

Hu et al. (2011) identified the most significant factors affecting cracking performance by
performing OT and establishing corresponding cracking performance prediction models. The
number of cycles to failure (Nor) of each sample was determined from 93% reduction of
maximum load recorded during the first cycle. They also prepared Nor prediction models which
yielded very high coefficient of determination (R? = 0.9). Using these models, the authors
recommended minimum asphalt content during mix design.

In a recent study conducted by Walubita et al. (2013), fracture energy (FE) index was
explored to characterize and differentiate the cracking resistance potential of HMA. They
performed OT under monotonic tensile loading rate of 0.123 inch/min in the laboratory at room
temperature. After evaluating a few commonly used HMA mixtures in Texas, it was concluded
that FE index has the potential to be used as a fracture parameter. It also can be used to
discriminate and rank the cracking resistance potential of HMASs in the laboratory. However, this
concept requires further investigation with more mixes and validation with field data for

subsequent consideration in routine use.

2.1.3 Indirect Tension (IDT) Test
The indirect tension test (IDT) has been used to characterize properties of HMA for more
than 30 years and has shown the potential for accurately predicting cracking resistance properties
of HMA mixes (Walubita et al., 2002). A typical IDT setup requires a servo-hydraulic closed-
loop testing machine capable of axial compression (Huang et al., 2005). According to standard
test specifications given in Tex-226-F, AASHTO T283, and ASTM D6931, the loading rate of 2

inch/min is typically used. Test temperatures range from -4° F to 77° F. According to Ruth et al.
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(2002), the horizontal tensile strength at the center of the specimen is sensitive to aggregate
gradation; however, tensile strength can be determined accurately only below 599 F. The
specimen is diametrically loaded in compression, thus indirectly inducing horizontal tensile
stresses in the middle zone of the specimen which ultimately cause fracture. Figure 2.3 shows a
typical IDT test setup. In order to evaluate the tensile properties of HMA mixes, the permanent
deformation under the loading strip is undesirable (Kim and Wen, 2002). Therefore, the
compressive load was distributed using loading strips which are curved at the interface to fit the
radius of curvature of the specimen.

The fracture energy of the IDT specimen is calculated using the vertical strain at the
center of the specimen, determined from the displacements with a 2-inch gauge length using
linear viscoelastic solutions. However, past research indicated that the gauge length of the linear
variable displacement transducers (LVDTSs) used in IDT setup may cause some difficulties (Kim
and Wen, 2002). If the length is too short, then it can affect displacement measurements between
gauge points, specifically if large aggregates exist in the middle of the specimen (for coarse-
graded mixes). Thus, special caution is required to avoid these potential problems and account
for them in subsequent data analysis and interpretation of results. The IDT test data includes

time, applied load, and horizontal and vertical specimen deformation.
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Figure 2.3 IDT test setup (Wen, 2003)

One disadvantage of the IDT test is the existence of a biaxial stress state (Matthews et al.,
1993). The stress field in the IDT specimen is complex, and the failure mode of the IDT
specimen is a combination of tension, compression, and shear. In fact, if the compressive
strength of the tested mixture is less than three times its tensile strength, the crack may be
initiated by compression rather than in tension (Matthews et al., 1993). Compressive failure is
undesirable, because the tensile properties are commonly used to predict fracture resistance.
Similarly, high stress concentration at the supports (upper and lower) may cause local and thus,
total specimen failure. The combined effect of these stress complexities causes analysis problems
and raises questions as to the accuracy of IDT results. Therefore, more accurate IDT analysis
models still need to be developed. However, Texas Department of Transportation (TXDOT)
continues to apply the IDT test for comparative HMA mixture evaluation and screening for
fracture resistance. According to Walubita et al. (2002), this test can be used for developing a

model for predicting remaining fatigue life of the surface layer of in-situ pavements.
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2.1.4 Direct Tension (DT) Test

The direct tension test (DT) is the most recent addition to cracking resistance analysis.
This test has the simplest analysis equation of all test methods as the specimen is tested in
uniaxial tension. Variability in test results and test repeatability are also reasonable. The
specimen is typically a cylinder 6 inches in height and 4 inches in diameter (Walubita et al.,
2010). Test specimens are compacted to 6.9 inches in height using the Superpave gyratory
compactor (SGC) and are cored afterwards. The loading rate during the test is typically 0.05
inch/min (Walubita et al., 2010). The specimen requires gluing of plates at the bottom of the
specimen in order to attach it to a servo-hydraulic closed-loop testing system. This critical part of
the test requires special caution to ensure accurate results. Gluing could be time-consuming,
since the whole process, including curing, requires approximately 24 hours. Proper gluing
techniques must be ensured, otherwise the specimen may fail around the glued area, indicating
that the HMA may not have failed before the test termination and, thus, calculated stresses and
strains will be inaccurate. Since the LVDTSs are attached to the specimen, HMA stiffness
determination is possible with this test. The DT test can be run at either 68° F or room
temperature (Walubita et al., 2002). The DT test data include the load, vertical displacement, and
time.

Instances of
dectred middle
zone fadure for
6-inch high
specimens
. e

Edge failure — undesired
(most comman for the 6-

failure — typical for e

the 4-inch hizh

Figure 2.4 Demonstration of DT failure modes (Walubita et al., 2010)
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DT fracture resistance parameters (tensile strength and axial strain) are highly sensitive to
aging condition and binder type. Based on these factors, the 6-inch high DT test was
recommended as a good surrogate mix screening test (Walubita et al., 2006). However, the
specimen preparation and fabrication of test setup are tedious and comparatively prolonged
processes requiring meticulous attention. In general, special guidance regarding specimen
fabrication, gluing, and test setup is necessary, which at times may be costly. At the same time,
these drawbacks may be an obstacle towards practical application and regular use of the DT test
for HMA cracking resistance characterization. Research has shown that 6-inch high DT axial
strain had difficulty differentiating between modified binders (Walubita et al., 2006).
Additionally, the DT test is not readily applicable for testing field cores as fracture energy
obtained from the DT test failed to show significant difference between fatigue performances of
field mixtures (Walubita et al., 2006).

2.1.5 Fénix Test

The Road Research Laboratory of the Technical University of Catalonia, Barcelona,
Spain has developed a new test to evaluate cracking resistance of asphalt concrete mixtures,
named Fénix test (Pérez et al., 2010). They used dissipated energy during the cracking process,
which is a combination of all the energies released during HMA deformation and cracking. The
test procedure consisted of subjecting one-half of a 2.5 inches thick cylindrical specimen with a
diameter of 4 inches, prepared by the Marshall or the Superpave gyratory compactor. The
specimen underwent a constant displacement velocity of 0.04 inches/min. A 0.25 inch notch was
cut at the midpoint of the bottom of specimen, similar to semi-circular bending test specimen and
glued to steel plates with thixotropic adhesive mortar containing epoxy resins (Peréz et al.,
2010). Fénix test provided evidence making it a practical and efficient method to characterize
cracking behavior of HMA mixtures. This test gives an estimation of fatigue behavior of

mixtures in terms of the relationships between parameters.
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Figure 2.5 Test setup of Fénix test (Pérez et al., 2010)

2.2 Superpave

Superpave stands for Superior Performing Asphalt Pavements, and this mix design was
originally intended to replace Hveem and Marshall methods (Roberts et al., 1996). The Hveem
method was developed by California Division of Highways in the late 1920s, and the
Marshall method was developed by the Mississippi Department of Transportation in the late
1930s. With rapid increase in asphalt usage and significant change in traffic volume, an
increased demand arose for an improved asphalt mix design method which considered heavy-
duty pavement load applications. Thus, in 1993, Superpave mix design was developed as a
principal outcome of the $50 million Strategic Highway Research Program (SHRP). The
volumetric analysis of Superpave mix design is similar to the Hveem and Marshall methods of
mix design and accounts for traffic loading and environmental conditions. Superpave mix design
has gained considerable popularity among various states across the country, including Kansas,
because it possesses distinct advantages when compared to traditional Hveem and Marshall Mix

Design methods.
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The advantages are:

e This method, by means of additional requirements, enables the selection of
aggregates with relevant properties.

e Superpave gyratory compactor (SGC) provides replicate simulation of field
compaction and traffic conditions.

e This method enables selection of asphalt binders which permit broader range of
service temperatures.

Volumetric design procedure assumes that the number of gyrations applied by the
Superpave gyratory compactor represents traffic conditions to which the mixture will be
subjected. This method includes performance-based specifications. Though few differences are
present in the Superpave mix design procedure, this method uses the same basic steps and strives
for an optimum asphalt binder content that results in 4% design air void at the design number of
gyrations, to that of Hveem and Marshall methods. (Asphalt Institute, 1995).

During compaction in the Superpave gyratory compctor, the mold is tilted at an internal
angle of 1.16%at a constant speed of 30 revolutions per minute while being subjected to a
compaction pressure of 87 £ 0.87 psi. Compacting effort in the SGC is expressed in terms of the
number of gyrations (N) applied to the specimen. Nini, Nges, and Nmax are the three gyration levels
considered in mix design. These levels of gyration represent the density of the mix at various
stages of the pavement over the design life. The design number of gyration (Nges) is a function of
the 20-year design ESALS. Mixtures subjected to heavy traffic condition require higher
compaction effort. Maintaining accurate density is important as high density at Nj, may result in
stability-related problems in the mixture, while high density at Nmax Can cause rutting and

bleeding.

2.3 Durability of HMA

Durability is one of the important aspects of asphalt. When asphalt is mixed with
aggregates or subjected to heating, durability resists the changes in properties and protects from
hardening with time. Past research has shown that ensuring durability by incorporating minimum
desirable asphalt content was the reason behind the minimum voids in mineral aggregate (VMA)
requirements for a conventional asphalt mix (Kumar and Goetz, 1977). Film thickness has also

proven to be closely related to durability. Thus, the basis of determining minimum VMA should
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be minimum asphalt film thickness instead of minimum asphalt content (Kumar and Goetz,
1977).

Among several factors that control hardening, oxidation and volatilization appear to be
the most crucial and require careful control. Lack of proper control during mixing operation can
significantly reduce pavement life. In case higher mixing temperature is used, service life is
decreased at the outset of the construction operation within a very short period. Therefore,
during the construction phase, it is necessary to prevent damage of asphalt in order to extend
pavement durability (Monismith et al., 1989). Specifications related to oven aging test and flash
point test help control hardening. Oxidation and volatilization of asphalt is highly influenced by
air void percentage, as lower air voids affect these properties.

Durability of asphalt mixture is enhanced by higher asphalt binder content, dense graded
aggregate, and uniformly compacted mixtures. All these factors enable the mixtures to be
protected against water, air, and water vapor. High asphalt content contributes to high average
film thickness on mixtures and decreases gap sizes between aggregates, thus enabling the
mixture to be impervious to air and water. Dense aggregate gradation, in combination with
desired amount of asphalt and proper compaction, can provide low permeability to air and water
(Monismith et al., 1989).

2.4 Effects of Mixture Aging

Brown and Scholz (2000) investigated the effect of oven-storage on the stiffness modulus
of commonly used asphalt mixtures prior to compaction. This study considered mixtures
commonly used in the United Kingdom. Their study concluded that storage of loose asphalt
mixtures at 275° F before compaction significantly increased stiffness of compacted asphalt
mixtures. The results provided strong evidence to show that storing dense-graded loose mixtures
for approximately 2 hours at 275° F would represent the aging occurred from mixing, storage,
and transportation in an actual construction site. Long-term aging was also addressed in this
study and the conclusion was made that long-term aging protocol, involving a force-draft oven at

185° F for 120 hours in absence of light, produces useful practical results.
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2.5 Effects of Varying Asphalt Content
To obtain a durable mix, asphalt content must be monitored in HMA mixes. Insufficient
amount of binder can lead to problems, such as cracking and raveling, while extra binder in
HMA may lead to rutting or flushing (Kandhal and Cross, 1993).

2.6 Voids in Mineral Aggregate (VMA)

VMA are the volume of inter-granular void spaces between aggregate particles of a
compacted paving mixture. This void space includes air voids and effective asphalt content,
which is the total asphalt content minus the quantity of asphalt lost to absorption into aggregate

pores (Asphalt Institute, 2007). VMA can be computed from the following equation:

VMA = 100 — (fm2x%s) (2.7)

Gsp

Where, G, = Bulk specific gravity of compacted mixture;

G = Bulk specific gravity of aggregate; and

Ps = Percent of aggregate.

McLeod (1956) discussed the volumetric relationship between the binder content,
aggregate air voids, and the total number of aggregates in a compacted paving mixture. He
suggested restricting the VMA to a minimum of 15%, the percentage of air voids (within the
VMA) to 3- 5%, which would consequently restrict binder volume in the compacted mixture to a
permissible minimum of 10% by volume (4.5% by weight).

For the past few decades, no emphasis has been given to the adjustment of minimum
VMA requirements based on air voids percentages. In 1993, VMA requirements corresponding
to 3%, 4%, and 5% air void contents were established and incorporated into the Superpave mix
design procedures. Though some older mix design methods had minimum VMA as a suggestion,
Superpave included VMA as a requirement (Cross and Purcell, 2001). After an extensive
analysis of data, Coree and Hislop (1999) suggested that the combination of air void between 3 -
5% and voids filled with asphalt (VFA) between 68-77% would be acceptable. Other researchers
assumed a minimum film thickness and calculated VMA by considering gradation and
volumetric properties (Hinrichsen and Heggen, 1996). Later, they stated that considering
nominal maximum aggregate size (NMAS) of the mix as the basis for VMA criterion would
eliminate percentages of aggregate gradations which otherwise would have resulted in

satisfactory performance.
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In Superpave mix design, the design binder content is determined using percent air voids.
Air voids, VMA, and VFA are considered determining factors for mixture performance.
Superpave design process adopted the minimum VMA requirement to ensure durability and

avoid bleeding problems, by conforming to, required binder content as well as air voids.

Table 2.1 Current VMA requirements given by KDOT

Nominal Maximum Aggregate size (mm) Minimum VMA (%)
9.5 15.0
12.5 14.0
19 13.0
25 12.0
37.5 11.0

2.7 Asphalt Film Thickness

The thickness of the asphalt cement film around a particular aggregate is a function of the
diameter of the aggregate, absorption of the aggregate, and the percent of asphalt cement in the
mixture. The current technique for calculating film thickness is based on surface area factors.
Film thickness is indirectly administered by controlling the gradation (surface area) and
minimum VMA (minimum asphalt content). Surface area of aggregates is dependent on
gradation. For example, surface area of fine aggregates in per unit weight is higher than that of
coarse aggregates (Brown et al., 2009). The asphalt cement film thickness is calculated using the

following formula:

— Vasp
Tp = 22 X 1000 (2.8)

Where, T = Average film thickness, (microns);

Vasp = Effective volume of asphalt cement, (liters), (total volume minus absorbed
volume);

SA = Surface area of the aggregate, (m” per kg of aggregate); and

W = Weight of aggregate, (kg).

Calculated film thickness is the average film thickness that is generally correlated with
durability. If the asphalt film is too thin, air enters into compacted HMA and rapidly oxidizes

these films, causing HMA to become brittle and causing failure by cracking.
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Extensive research has been conducted on the relationship of asphalt film thickness with
durability of HMA mixtures. Campen et al. (1959) concluded that the asphalt content required
for obtaining minimum air voids increases with an increase in surface area. However, the rate is
significantly low to conclude it as a direct proportionality. Their recommendation is that 6 to 8
microns should comprise film thickness of most HMA mixes.

Kandhal and Chakraborthy (1996) evaluated the impacts of asphalt film thickness on the
aging of HMA mixes. They obtained a fair correlation between film thickness and the resilient
modulus of aged HMA mix. Their results agreed with results obtained by Goode and Lufsey
(1965).

Computation of film thickness involves inconsistency and inaccuracy because of
variation among the researchers in calculating surface area. Hinrichsen and Heggen (1996)
analyzed data from past few years and recommended a best-fit criterion for obtaining the surface
area. Another study conducted by Li et al. (2009) computed the surface area by an index method
in which aggregate shape is considered. They compared the results to that of conveniently-
obtained surface area and concluded that shape of aggregate plays a considerable role in surface
area calculation. In addition, they obtained a significant relationship between asphalt film
thickness and rutting performance (Li et al. 2009).

It is recommended that minimum average asphalt film thickness be used to ensure mix
durability instead of minimum VMA. An average minimum thickness of 8 microns is
recommended (Kandhal et al., 1998).

2.8 Effect of Reclaimed Asphalt Pavement (RAP) in HMA

Reclaimed Asphalt Pavement (RAP) is the recycled asphalt pavement material containing
aggregates and asphalt binder. RAP can be obtained from an existing asphalt pavement when it
undergoes rehabilitation or reconstruction or when a cut is made on roadways to access
underground utility lines. Removal of asphalt pavement is done either by full-depth removal or
milling whenever an existing wearing course is removed. Full-depth removal is conducted by
milling the HMA surface in several passes, depending on the depth, or ripping the surface with a
bulldozer. Once broken, RAP is crushed, screened, and stock-piled (Copeland, 2011). The
Federal Highway Administration (FHWA) estimated more than 90 million tons of asphalt

pavements were rehabilitated in the early 1990s. RAP can be used as a replacement of new
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aggregate along with asphalt cement in asphalt mixes as a stabilized base aggregate in sub-base
or as filler material in an embankment.
Copeland (2011) stated the following advantages of using RAP in HMA:

e Preservation of environment

e Preservation of resources

e Conservation of energy

e Reduction in construction and transportation costs

e Reduction in the use of non-renewable resources (virgin aggregate and asphalt

binder)

2.8.1 Obstacles in using High RAP contents in HMA

Currently, approximately half of the DOTs in the United States allow 20% RAP in HMA
mixtures, although up to 30% RAP can be used in various layers of pavement (Copeland, 2011).
A few obstacles exist that must be overcome in order to increase regular usage of a higher
percentage of RAP. As reported by a survey performed by State DOTS, the most common
obstacles to high RAP usage include limitation of RAP specifications, lack of RAP availability,
and variability of RAP. Also, specifications assume that complete blending takes place between
virgin and RAP binder. However, in reality, the blending occurs in an intermediate stage,
somewhere between no blending and complete blending. Currently, research is being conducted
to evaluate blended binder properties by means of dynamic modulus. Some DOTSs are imposing
constraints depending on past bad experience with RAP. Also, because of issues related to
maintaining required dust and moisture content and strict prerequisites for quality control (QC),

contractors are not willing to add higher percentages of RAP (Copeland, 2011).

2.8.2 Mix Design Consideration for RAP
One crucial factor related to RAP is knowledge of the exact amount of asphalt present in
RAP. The aged binder in RAP is harder, which denotes higher PG grade. Mixtures with more
than 20% RAP require consideration of the rheological and physical properties of the asphalt
binder residue. In order to maintain a balance for the presence of hardened binder in RAP, a
relatively softer virgin PG binder grade is selected, especially when more than 15% of RAP is

used in the mixture.
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Gradation of aggregates in RAP is an important characteristic and determined by Kansas
test method KT-2 (AASHTO T27). After gradation, bulk specific gravity (Gs,) of RAP is
required. In case Gg, is not available, effective specific gravity (Gse) can be used as a
replacement. This substitution is valid as G is always greater than Gg,. In case none are
available, the asphalt absorption is assumed based on past experiences from similar locations
(Copeland, 2011).

Superpave mix design allows various additives into the HMA mixture while ensuring
specified gradation. Requirements for mixtures with higher percentages of RAP are similar to
those containing 100% virgin materials. After RAP has been characterized, it can be combined
with virgin aggregates to form a uniform blend gradation for mix design purposes. The selected
blend must pass between the control points in order to satisfy gradation requirements.

RAP usually contains significantly higher percentages of material passing a 0.075-mm
(US No. 200) sieve. For this reason, the amount of RAP able to be used in a mix design while
simultaneously satisfying volumetric specification is somewhat limited.

Asphalt binder content of the total mix comprises both virgin and reclaimed asphalt
binder. Thus, careful attention is required when determining asphalt binder content. RAP
material is usually heated separately at much lower temperatures (around 140°F) than needed for
mixing and compaction (approximately 320° F). To balance the lower RAP temperature, virgin
aggregates are heated at a higher temperature (around 350° F) so that the mix temperature
remains within the required mixing temperature range after mixing. This step is essential,
especially when a higher percentage of RAP is added to the mix. Since RAP contains aged
binder, this is done to prevent additional aging of the existing binder in RAP. RAP should meet

all test procedures and criteria as required for the virgin HMA (Brown et al., 2009).

2.8.3 Performance of Mixtures with RAP
In a study conducted by McDaniel (2002), laboratory mixtures from Indiana, Michigan,
and Missouri were compared to the plant-produced mixtures with identical materials and RAP
contents between 15% and 25%. In addition, a few mixtures were designed and tested in the
laboratory in order to investigate the effect of recycled materials on mixture performance with
RAP content up to 50%. Results showed that plant-produced mixes were similar in stiffness to

the laboratory mixtures at the same RAP content for Michigan and Missouri samples. Mixtures
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with up to 50% RAP could be designed with Superpave, provided RAP gradation and aggregate
quality were sufficient. It was observed that increasing RAP content in a mixture increased
stiffness and decreased shear strain, indicating an increased resistance to rutting. The conclusion
was made that when RAP properties are appropriately accounted for in the material selection and
mix design process, mixtures can perform very efficiently (McDaniel, 2002).

Carvalho et al. (2010) analyzed data of 18 projects from the long-term pavement
performance (LTPP) program executed across North America to evaluate short- and long-term
performance of RAP mixes. Results were compared with virgin HMA overlays over existing
flexible pavements. The study considered roughness, rutting, and fatigue cracking. The structural
performance of overlaid sections was also evaluated from deflection data. Analysis of variance
(ANOVA) results indicated that the performance of RAP mixes and virgin HMA are not
statistically different. Statistical similarity of deflections showed that RAP overlays can provide
structural improvement equivalent to virgin HMA overlays.

Huang et al. (2011) conducted a study on laboratory cracking resistance of asphalt
surface mixtures containing screened RAP. They used mixtures with 0, 10, 20, and 30 % RAP
with two types of aggregates and three types of binder. After evaluating the cracking resistance
through indirect tension test and semi-circular bending test, it was concluded that up to 20%
RAP generally improves the stiffness and indirect tensile strength of the mixture, but decreased
the cracking resistance. Mixture properties changed abruptly at 30% RAP content compared to
those with 10% and 20% RAP.

2.9 Summary

Indirect tension test (IDT), direct tension test (DT), Fénix test, semi-circular Bending
(SCB), and Texas overlay (OT) tests are the most commonly used cracking resistance tests.
Repeated SCB test is the most promising surrogate cracking test while OT test results can
correlate well with field performance. Ensuring durability enhances cracking resistance potential
of HMA mixture. Durability of asphalt mixture is enhanced by higher asphalt binder content,
dense graded aggregate, aging and uniformly compacted mixtures. Superpave mix design was
developed in 1993 and it included voids in mineral aggregate (VMA) as a requirement. Studies
recommended minimum average asphalt film thickness should be used to ensure mixture

durability instead of minimum VMA. An average minimum asphalt film thickness of 6-8
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microns is recommended. Using reclaimed asphalt pavement (RAP) is a recent practice in
Superpave mixtures which affects durability significantly. The aged binder in RAP is harder,
thus, mixtures with more than 20% RAP require consideration of the rheological and physical

properties of the asphalt binder residue.
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Chapter 3 - Methodology

3.1 Virgin Aggregates, RAP and Binder

In this study, 12.5-mm nominal maximum aggregate size (NMAS) Superpave mixtures
were evaluated. The design binder content of the base SM-12.5A (no RAP mixture) is 5.2%. To
investigate the effect of varying asphalt contents on cracking resistance, asphalt content was
reduced by 0.3% and 0.6%. Thus, SM-12.5A mixtures with 4.9% and 4.6% asphalt content were
also considered in this study. To investigate the effect of varying RAP content on cracking
resistance, SR-12.5A mixture with three RAP contents, 20%, 30%, and 40%, were investigated.
RAP used in SR-12.5A mixture was collected from two different sources to study the effect of
RAP source on mixture cracking resistance. The first and second RAP sources were from
Shilling Construction Co., located in Manhattan, Kansas, and Konza Construction Co., located in
Junction City, Kansas. Mix designs for the SR-12.5A mixtures were developed in a previous
study conducted by Sabahfar (2012).

Both SM-12.5A and SR-12.5A mixtures were prepared with identical virgin aggregates
and virgin binder PG 70-28. Five different virgin aggregates obtained from Shilling Construction
Company were coarse-crushed limestone (CS-1), fine-crushed limestone (CS-1A), manufactured
sand (MSD-1), crushed gravel (CG-5), and natural/river sand (SSG). In order to meet the
required dust-to-binder ratio specifications given by the Kansas Department of Transportation
(KDOT), one percent limestone dust obtained from the Los Angeles Abrasion machine was
added to the SM-12.5A mixtures with 4.9% and 4.6% asphalt contents. The PG grades of the
first and second sources of RAP used in SR-12.5A were 84-16 and 90-10, respectively.

3.2 Gradation and Aggregate Blending
Superpave gradation requirements include use of the Federal Highway Administration
(FHWA) 0.45- power chart, based on the Fuller gradation formula. Gradation performance is
evaluated based on the maximum density line of the 0.45-power chart which is obtained by
drawing a straight line from origin to the maximum aggregate size. Gradation of each aggregate
and RAP are given in Table 3.1. Both sources of RAP contained significant amounts of dust.

Percentages of individual aggregates in the aggregate blends and gradations for SM-12.5A are
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shown in Table 3.2 and 3.3, respectively. Blending of SM-12.5A mixtures are shown in Figure

3.1. All mixture gradation passes over the maximum density line in the sand sizes.

Table 3.1 Aggregate gradation

Material CS-1 CS-1A MSD-1 CG-5 SSG first RAP | second
RAP
Sieve Size % Passing
Ya 100 0 0 0 0 100 100
Y 59 100 100 100 100 98 96
3/8 20 100 100 100 100 94 92
#4 2 29 99 96 95 80 78
#8 2 6 63 77 77 64 64
#16 2 2 36 49 53 47 48
#30 2 1 22 30 31 33 35
#50 2 1 13 18 12 20 21
#100 2 1 9 11 4 13 15
#200 2 1 8 9 4 10 12
Table 3.2 Percentages of aggregates in SM-12.5A mixtures
Asphalt Limestone
Content COS-l CSo-lA MiD-l C:S-S SOSG Dust
%) (%) | (%) (%) | (%) | (%) %)
5.2 25 15 15 20 25 0
4.9 24 15 15 20 25 1
4.6 24 15 15 20 25 1
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Table 3.3 Aggregate blending for SM-12.5A mixture with KDOT requirements

Sieve size | P,=5.2% | P, =4.9% | Py, =4.6% KDOT
(mm) (%) (%) (%) Requirements (%)
19 0 0 0 0
12.5 10 10 10 0-10
9.5 20 19 19 10 Min
4.75 38 37 37
2.36 55 54 54 42-61
1.18 71 70 70
0.60 82 81 81
0.30 91 90 90
0.15 95 94 94
0.075 96 95 95 90-98
100 :
80 '
o 60 ///KS.Z% Pb
<
.g /% —e— 4.9% Pb
x40 / - 4.6% P
20 :
,//
o N S
SBP P P o~ S o°

Sieve Size (mm)

Figure 3.1 0.45 power gradation chart for SM-12.5A mixture
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Percentages of individual aggregates in the aggregate blends and gradations for SR-12.5A

mixtures are shown in Table 3.4 and 3.5, respectively. Blending of SR-12.5A mixtures with the

first and second sources of RAP are shown in Figure 3.2 and 3.3, respectively. The blends are

finer i.e. they have a predominance of fine or sand materials.

Table 3.4 Percentages of aggregates and asphalt in SR-12.5A mixtures

Virgin Aggregates

Total Asphalt Content (%0)

RAP First RAP Second RAP
Content (%) CS-1 | CS-1A | MSD-1 | CG-5 | SSG Source Source
(%) (%) (%) (%) (%0) Total | Virgin Total Virgin
Asphalt | Asphalt | Asphalt | Asphalt
20 20 12 12 16 20 4.7 3.6 4.3 3.5
30 16 15 13 12 14 4.8 3.1 4.4 3.2
40 12 13 13 12 10 4.3 2.1 4.1 2.5
Table 3.5 Aggregate blending for SR-12.5A mixture with KDOT requirements
Sieve 20% RAP 30% RAP 40% RAP KDOT
size Requirements
(mm) First Second First Second First Second
RAP (%) | RAP (%) | RAP (%) | RAP (%) | RAP (%) | RAP (%)
19 0 0 0 0 0 0 0
12.5 8 7 6 9 8 6 0-10
9.5 17 15 12 18 15 13 10 Min
4.75 34 34 30 34 34 31
2.36 51 51 48 51 51 48 42-61
1.18 67 67 65 67 67 64
0.60 79 79 77 79 78 76
0.30 89 88 87 88 88 86
0.15 93 93 92 93 92 91
0.075 95 94 93 94 93 92 90-98
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Figure 3.3 0.45 power gradation chart for SR-12.5A mixture with second source of RAP
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3.3 Test Specimen Preparation for Cracking Resistance Tests

3.3.1 Mixing and Compaction
Samples were prepared following the Kansas Test Method KT-58 Procedure. The main steps
involved in preparing SCB and OT test specimens include drying aggregates to constant weight,
batching aggregates, heating the aggregates and binder to mixing temperature, mixing binder and
aggregates, conditioning (short-term aging), and compacting specimens to appropriate percent air
voids using the Superpave gyratory compactor (SGC). An illustration of mixing and short-term
aging is given in Figure 3.4. Detailed steps involved in the preparation of specimens are
described as follows:

1. Allrequired aggregates were weighed in steel pans separately.

2. Aggregates and binder were heated in the oven to appropriate mixing temperature (309 —
320° F). For mixtures containing RAP, the RAP was heated separately (approximately
122°F), much lower than the mixing temperature to prevent additional hardening of RAP
asphalt cement. In such case, the virgin aggregates were heated above the mixing
temperature (350° F) to compensate for the lower mixing temperature of RAP so that the
temperature of the total mix was within the actual range of the mixing temperature.

3. After the aggregates and binder reach the mixing temperature, heated aggregates were
transferred into a mechanical mixer and mixed thoroughly. The required amount of
binder was added and mixing continued until every particle was uniformly coated. Dust
was added at this step as required.

4. After mixing, the mixture was placed in a pan, spread evenly, and transferred to an oven
at compaction temperature (270 — 281° F) for approximately 2 hours + 5 minutes for
short-term aging. The mixture was stirred after 60 £ 5 minutes to maintain uniform aging.

Afterwards, the mixture was ready to be compacted using the SGC.
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(@) (b)
Figure 3.4 (a) Mixing of aggregates with binder in mixer; (b) HMA mixture undergoing

short-term aging in oven

For compaction, the molds, plates of SGC, and pouring pan were preheated to the
compaction temperature for approximately 45-60 minutes before the start of compaction. The
mold and base plate were removed from the oven and the mold was charged with the required
amount of mixture using a pouring pan. The mixture was leveled with a spatula and the top plate
was placed in the mold. To avoid the mixture sticking to the plates, paper disks were placed in
between the plates and the mixture. The mold was then transferred into the SGC and the SGC
was started. When the SGC reached the specified number of gyrations, it stopped automatically.
The mold was then removed from the SGC; the sample was extruded from the mold, and cooled
for 5 minutes in front of a fan. Figure 3.5 shows the compaction process. Inputs given to the
SGC are summarized in Table 3.6.

Table 3.6 Compaction parameters for SGC

Parameter SCB Test OT Test

Specimen Height 100 mm 112.5 mm
Pressure 600 + 18 kPa 600 + 18 kPa
Angle of Gyration 1.16° + 0.02° 1.16° + 0.02°

Number of Gyration Ninitial=7, Ndesign=75, Nmax=115 | Ninitia=7, Neesign=75, Nmax=115

Speed of Rotation 30 + 0.5 gyrations per minute 30 £ 0.5 gyrations per minute
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(@) (b) (©)
Figure 3.5 (a) SGC mold with loose HMA inside; (b) Specimen being compacted in SGC;

(c) Final compacted specimen

3.3.2 Determination of Air Void of Specimen by G, and G, Test
After compaction, the air voids in the test specimen were calculated using the bulk
specific gravity of the compacted specimen (Gms) and the theoretical maximum specific gravity
of loose mixture (Gmm). Gmp and Gmm Were determined by the Kansas Test method KT-15
(Procedure-111) and KT-39, respectively.

3.3.2.1 Gy Test Procedure

Theoretical maximum specific gravity (Gmm) of asphalt paving mixtures was obtained
using the Kansas Test Method KT-39 procedure. After loose HMA mixture was aged for 2 hours
+ 5 minutes, the required amount of mix is spread on a clean surface and allowed to cool
completely. Afterwards, this test is conducted.

In this test, the sample size depends on the nominal maximum size of aggregates
(NMAS). Since this study considered 12.5-mm NMAS mixtures, thus 3.31 lbs. were used. The
sample was cooled to room temperature, broken into pieces not larger than 0.25 inches, and put
inside a calibrated flask. The weight of the sample was recorded. Then, a sufficient amount of
water at 77°+ 2° F was added to the sample so that it was covered completely. Next, trapped air
in the sample was removed by applying gradually increased vacuum until the residual pressure
manometer reads 27 = 3 mm of Hg. Full vacuum was applied for 30 seconds and residual

pressure was maintained for 14 minutes + 0.5 minutes. The container and contents were agitated
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during the vacuum period using a mechanical device. At the end of vacuum period, the pressure
was released slowly and the container and contents were suspended in a water bath at 77°+ 2°F
for 10 minutes + 1 minute. Finally, the mass of loose sample in water was recorded. Gmm was

calculated using equation 3.1. Figure 3.6 shows graphical illustration of this test procedure.

(c)
Figure 3.6 (a) Loose HMA inside flask filled with water; (b) Trapped air taken out by

vacuum application; (c) Weight of loose specimen in water being taken
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A

e

(3.1)

Where, A = Mass of dry sample in air, (gm); and
C = Mass of water displaced by sample at 25°C, (gm).

3.3.2.2 Gy Test Procedure

Several approaches exist for determining bulk specific gravity. In this study, Kansas Test
Method KT-15, Procedure-111 was used. After compaction with SGC, the specimens are allowed
to cool to room temperature before performing this test. Usually, Gy, test is conducted
approximately 24 hours after compaction. Steps of the test procedure are explained as follows:

First, dry mass of the HMA specimen was recorded. Then, the HMA specimen was
soaked in a water bath at 77°+ 2°F for 4 + 1 minutes and its submerged mass was recorded.
Afterwards, it was removed from the water and rolled on a damp towel to remove excess water
from the sample surface. Finally, the saturated surface dry (SSD) mass was recorded. Bulk

specific gravity was calculated using equation 3.2. The test procedure is shown in Figure 3.7.

A

MUNCEY

(3.2)

Where, A = Mass of dry specimen in air, (gm);
B = Mass of saturated surface dry specimen, (gm); and

C = Mass of water displaced by specimen at 77°F, (gm).
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(c)
Figure 3.7 (a) Weight of dry compacted specimen being taken; (b) Specimen submerged in

water; (c) Wet specimen rolled out in damp towel

Once the Gynm and Gy, are calculated, the air void in a compacted specimen is determined

by equation 3.3.
-G
mb » 100 (3.3)

mm

) ; G
% Air void = m’g

3.4 Cracking Resistance Test Procedures

3.4.1 Semi-Circular Bending (SCB) Test
For this test, SGC compacted specimens were cut into 2-inch thick discs. Afterwards they

were cut from middle and finally, semi-circular specimen with a dimension of 2 inch thickness
and 6 inch diameter were obtained. A notch, 0.25 inch deep, was cut at the bottom of the
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specimen to ensure that the crack initiated at the center of the specimen. For each type of
mixture, three replicate samples were prepared and subjected to the SCB test. SCB specimens
were compacted to a target air void of 7 £ 1%.

3.4.1.1 Static SCB Test

The prepared specimen was placed inside the Universal Testing Machine (UTM-25),
resting upon a custom-made support system which would ensure that three-point bending would
occur. The specimen was aligned so that a notch in the middle of the bottom of the specimen is
directly beneath the point of load application. The load cell applied a compressive load to the
specimen at a rate of 0.05 inch/min until the specimen failed (full crack propagation through the
specimen). The loading rate was determined from a previous study (Walubita et al., 2010).
Failure was defined as the maximum load in the specimen. Once the peak load was achieved, the
test was stopped manually. The average peak load of three replicates was considered for this
analysis. Figure 3.8 illustrates the SCB test setup. Measurable parameters are the loading rate
(0.05 inch/min), the axial load, time, and specimen deformation (measured by the machine’s

vertical ram displacement). This test was performed at a temperature of 77° F to ensure

consistency among the test methods.

Figure 3.8 SCB test setup
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Figure 3.9 A typical SCB specimen after fracture failure

3.4.1.2 Repeated SCB Test

The repeated SCB test is a stress-controlled test performed with identical test setup as the
static SCB but with a repeated load of 10 Hz and no rest period. This rate was used in a study
conducted at the Texas Transportation Institute, to represent traffic loading patterns (Walubita et
al., 2010). Four fractional peak load (static SCB) levels obtained at 30, 40, 50, and 60 percent were
arbitrarily tried as the R-SCB input loads. The test continued until a crack propagated through the
entire specimen. The final parameter for comparison was the number of load cycles to failure.
The more the specimen could withstand cycles prior to fracture failure, the better cracking
resistant it would possess. According to studies conducted by previous researchers (Walubita et al.,
2013; van Rooijen and de Bondt, 2008), approximately 50% of static SCB peak load should be
considered R-SCB input load. However, in this study, 30% and 50% of static SCB peak load
were considered to investigate the effect of repeated load on the number of cycles to failure. The

step-by-step process of R-SCB test is shown in Figure 3.10.
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Static load applied @ 0.05 inch/min on 3 replicates

v

Average of the peak failure load from static tests recorded

v

Cyclic haversine load applied @ 10 Hz frequency with no rest period

v

Percentage of avg peak static load input

No of cycles till
Load failure

Figure 3.10 R-SCB test process

J

Additionally, crack propagation behavior and crack length of R-SCB loaded specimen

were investigated. To perform this task, specimens were prepared from each Superpave mixture
being studied and cut and notched as any other SCB specimen. An epsilon clip-on gauge was
attached at the bottom of each specimen perpendicular to the notch with the help of bolt-on knife
edges. This gauge was able to record the horizontal displacements around the crack. With the
help of this deformation data, crack length was calculated. Results will be discussed in a later

section. Figure 3.11 shows the SCB test setup with a clip-on gauge attached.
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Figure 3.11 SCB test setup with clip-on gauge

3.4.2 Texas Overlay (OT) Test
The OT test is a performance test specified by Tex-248-F that quantifies the fatigue
resistance potential of HMA in the laboratory. Each compacted specimen was cut to the
dimensions shown in Figure 3.12 in order to achieve an OT specimen of 6 inches long, 3 inches
wide and 1.5 inches thick. After cutting, the air void in the specimen was checked. IF the air void

exceeded 7 + 1%, the specimen was discarded.
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Figure 3.12 Trimming of OT specimen (Tex-248-F)

The cut specimen was then glued to two metal base plates using epoxy glue. The base
plates were mounted on a metal frame to ensure the required gap between plates. A ten-pound
weight was applied to the specimen, and the glue was allowed to set for 24 hours. Figure 3.13
shows an OT test specimen glued to the base plates. The test was conducted at a test temperature
of 77° F, consistent with the Tex-248-F test procedure. This test was conducted in the Asphalt
Mixture Performance Tester (AMPT) machine. Loading configuration of this test consists of a
cyclic triangular displacement-controlled waveform at a standard maximum opening
displacement of 0.025 inch and a loading rate of 10 seconds per cycle (5 seconds of loading and
5 seconds of unloading). Figure 3.14 shows the typical test setup. The glued specimen along with
the base plate was mounted inside the jig and an LVDT was attached at the back. During testing,
one plate was held motionless while the other plate was pulled at the specified displacement and
pushed to return to its original position. This load simulates the movement of the overlay and
directly produces tensile stress in the center of the specimen. Measured parameters are the
applied load (stress), displacement (fixed), time, number of load cycles, and test temperature.

The test was terminated at either 1,000 cycles or at a load reduction of 93 percent, whichever
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occurred first. For each type of mixture, three replicate specimens were tested. Figure 3.15 shows

the step-by-step process of the OT test.

Figure 3.13 Glued OT specimen on metal base plates

>
B—

Figure 3.14 Typical OT test setup within AMPT
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Attaching specimen to base plates using epoxy glue & 8 hours of
curing
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Placing in side OT jig & LVDT attached at back
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Fixed opening displacement 0.025 inch
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Test termination: load reduction to 93% of initial load or 1,000
cycles
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Figure 3.15 OT testing process
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Chapter 4 - Analysis and Results

4.1 SCB Test Results

The SCB test was one laboratory test method investigated in this study for the
characterization of cracking resistance of Superpave mixtures. Three replicate specimens for
each mix design were tested in both static and repetitive SCB tests.

4.1.1 Static SCB Test Results

In the static SCB test, crack initiation and subsequent propagation was centrally localized
using a 0.25-inch notching at the base of the specimen. Bending strain and stress at maximum
load were used as the indicative measures of HMA ductility, tensile strength, and cracking
resistance. Average static SCB test results are given in Table 4.1.

Results indicate that SM-12.5A mixture with 5.2% asphalt content, SR-12.5A mixture
with 20% RAP content from the first source, and 40% RAP content from the second source
demonstrate best cracking resistance among the SM and SR mixtures, respectively. This
performance evaluation is based on bending displacement achieved at the peak tensile stress.
These mixtures are considered to have the most potential to elongate prior to tensile cracking
failure. Figure 4.1 shows that, with an increase in asphalt content, the displacement at maximum
load or tensile stress increased. Though the mixture with 4.9% binder showed higher peak tensile
stress, the displacement at the peak load was less than that of 5.2% binder. Thus, the latter can be
considered to have the best cracking resistance among the “no RAP” mixtures. Results of SR-
12.5A mixtures with the first and second sources of RAP are shown in Figures 4.2 and 4.3,
respectively. For first source of RAP, performance deteriorated with an increase in RAP content.
However, the second source of RAP performed differently and the highest displacement at peak
load was observed at 40% RAP content. Although SR-12.5A mixture with 30% RAP from the
second source showed maximum elongation, it had lower displacement at peak load. Thus, this

mixture was unable to show good cracking resistance compared to the other two mixtures.
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Table 4.1 Average static SCB test results

SM-12.5A Mixture

Asphalt Air Void Maximum Maximum Tensile Ram Displacement @
Content (%) (%) Load (KN) Stress (MPa)* Maximum Load (mm)*
5.2 7.3 1.75 0.97 1.94
(7.3%) (12.2%)
4.9 7.4 2.13 1.21 1.50
(5.2%) (10.1%)
4.6 7.1 1.55 0.88 1.34
(6.1%) (8.2%)

SR-12.5A Mixture (first RAP Source)

RAP Air Void Maximum Maximum Tensile Ram Displacement @
Content (%) (%) Load (KN) Stress (MPa)* Maximum Load (mm)*
20 7.3 2.55 1.45 1.97
(9.4%) (11.4%)
30 7.2 3.15 1.79 1.33
(6.9%) (6.2%)
40 7.3 3.88 2.21 0.87
(8.8%) (7.2%)

SR-12.5A Mixture (second RAP Source)

RAP Air Void Maximum Maximum Tensile Ram Displacement @
Content (%) (%) Load (KN) Stress (MPa)* Maximum Load (mm)*
20 7.2 2.48 1.41 1.32
(5.5%) (3.3%)
30 7.1 1.72 0.98 0.95
(2.3%) (10.7%)
40 7.2 3.12 1.77 1.57
(4.3%) (8.3%)

*COV shown in parenthesis; 1 KN = 224 Ibf; 1 MPa = 145 psi
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Figure 4.1 Stress-displacement curve for SM-12.5A mixture
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Figure 4.2 Stress-displacement curve for SR-12.5A mixture with first source of RAP
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Figure 4.3 Stress-displacement curve for SR-12.5A mixture with second source of RAP

4.1.2 Repetitive SCB Test Results

R-SCB test was performed at 10 Hz (without any rest period) and 77° F. Since R-SCB
test requires an input of peak load from the static SCB test, initial tests were performed at each of
30%, 40%, 50%, and 60% of static SCB test peak failure load. After considering the loading
parameters used and to avoid early specimen failure, 50% was selected as a reasonable R-SCB
load input. In addition, results for 30% static peak load were also considered for correlation
analysis to check for a different correlation pattern with the volumetric properties. Results are
shown in Tables 4.2, 4.4, and 4.6, followed by Figures 4.4, 4.5 and 4.6. Results of R-SCB tests
are explained by the number of load repetitions completed prior to the fracture failure. All results

represent an average of at least three replicate specimens per mix type.
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Table 4.2 R-SCB test results for SM-12.5A mixture

5.2% Asphalt
. Average SCB
0,
g’é’é Spt:;l'f R-SCB Input Average Load Standard cov
Load (KN) Time (min) Repetitions to Deviation (%)
Load :
crack Failure
30 0.53 148.72 89,233 3,636 4.1
40 0.71 77.77 46,663 3,292 7.1
50 0.89 38.74 23,243 2,382 10.2
60 1.07 19.23 11,537 727 6.3
4.9% Asphalt
. Average SCB
o)
g)coé it:;l'(c R-SCB Input Average Load Standard cov
Load (KN) Time (min) Repetitions to Deviation (%)
Load :
crack Failure
30 0.64 85.73 51,440 2,058 4.0
40 0.86 41.81 25,087 3,422 13.6
50 1.07 24.53 14,720 3,009 20.4
60 1.28 13.74 8,247 997 12.1
4.6% Asphalt
. Average SCB
)
?c?é ?Dt::;f R-SCB Input Average Load Standard Ccov
Load (KN) Time (min) Repetitions to Deviation (%)
Load :
crack Failure
30 0.46 64.05 38,430 1,810 4.7
40 0.62 24.68 14,807 2,418 16.3
50 0.77 14.19 8,513 1,441 16.9
60 0.92 7.55 4,530 134 3.0
1 KN =224 Ibf
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Figure 4.4 R-SCB percent load relationship curve for SM-12.5A

Figure 4.4 demonstrates that SM-12.5A mixture with 5.2% asphalt content has the best
cracking resistance because it can resist the highest number of load repetitions before fracture
failure when compared to the other two mixtures. Performance deteriorated with decreasing
amounts of asphalt content and was similar to results of static SCB tests of SM-12.5A mixtures.
In Table 4.3, performance improvement compared to the 4.6% asphalt (worst among these three)
is shown. Results indicate that, “no RAP” Superpave mixture with 5.2% asphalt can resist more
than twice the number of load repetitions to failure.

Table 4.3 Comparative cracking resistance improvement with increasing asphalt content

Performance Improvement from mixture with 4.6% Asphalt
%
Asphalt . .( ) - -
Content (%) 30% of Static | 40% of Static | 50% of Static | 60% of Static
SCB Peak SCB Peak SCB Peak SCB Peak
Load* Load* Load* Load*
5.2 132 215 173 155
4.9 34 69 73 60

*Static load to cause fracture
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Table 4.4 R-SCB test results for SR-12.5A mixture with first source of RAP

20% RAP
. Average SCB
0,
g’é’é Spt:;l'f R-SCB Input Average Load Standard cov
L oad Load (KN) Time (min) Repetitions to Deviation (%)
crack Failure
30 0.71 91.58 54,947 5,301 9.6
40 0.94 43.43 26,060 3,704 14.2
50 1.18 22.68 13,607 1,118 8.2
60 1.42 11.56 6,933 293 4.2
30% RAP
. Average SCB
o)
g)coé it:;l'(c R-SCB Input Average Load Standard cov
L oad Load (KN) Time (min) Repetitions to Deviation (%)
crack Failure
30 0.90 79.22 47,533 1,249 2.6
40 1.20 41.55 24,930 901 3.6
50 1.49 18.71 11,227 572 5.1
60 1.79 8.80 5,280 305 5.8
40% RAP
. Average SCB
)
?c?é ?Dt::l'(c R-SCB Input Average Load Standard cov
L oad Load (KN) Time (min) Repetitions to Deviation (%)
crack Failure
30 1.05 70.42 42,253 2,980 7.0
40 1.4 35.26 21,157 2,541 12.0
50 1.75 16.86 10,113 254 2.5
60 2.1 7.98 4,787 351 7.3
1 KN =224 Ibf
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Figure 4.5 R-SCB percent load relationship curve for SR-12.5A with first source of RAP
Figure 4.5 shows that the SR-12.5A mixture with 20% RAP content for the first RAP

source has the best cracking resistance. Though results for other mixtures are very close (in terms

of number of cycles to failure), this mixture demonstrated the highest number of load repetitions

before fracture failure compared to the other two mixtures. Performance of these mixtures

deteriorated with increasing RAP content and had trends similar to results of static SCB test of

the SR-12.5A mixture. Table 4.5 shows the performance improvement compared to the 40%
RAP (worst among these three). Results indicate that SR-12.5A mixture with 20% RAP could

resist more than 30% number of load repetitions to failure compared to the mixture with 40%

RAP.

Table 4.5 Comparative cracking resistance improvement with increasing RAP content
(first RAP Source)

Performance Improvement from Mixture with 40% RAP (%)
RAP (S/S)“te”t 30% of Static | 40% of Static | 50% of Static | 60% of Static
SCB Peak SCB Peak SCB Peak SCB Peak
Load* Load* Load* Load*
20 30 23 35 45
30 13 18 11 10

*Static load to cause fracture
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Table 4.6 R-SCB test results for SR-12.5A mixture with second source of RAP

20% RAP
. Average SCB
0,
% of Static R-SCB Input Average Load Standard
SCB Peak . . o - COV (%)
L oad Load (KN) Time (min) Repetitions to Deviation
crack Failure
30 0.89 74.74 44,847 5,801 12.9
40 1.19 37.57 22,540 2,744 12.2
50 1.49 14.32 8,593 894 10.4
60 1.78 8.27 4,960 673 13.6
30% RAP
. Average SCB
% of Static
SOCB meal | R-SCB Input | Average Load Standard | 5\ 00
L oad Load (KN) Time (min) Repetitions to Deviation
crack Failure
30 0.81 49.29 29,577 2,010 6.8
40 1.08 23.55 14,130 1,349 9.6
50 1.35 11.38 6,830 721 10.6
60 1.62 6.39 3,837 340 8.8
40% RAP
. Average SCB
)
?Coé ?:,t:;l'(c R-SCB Input Average Lpgd Star]da_lrd COV (%)
Load Load (KN) Time (min) Repetitions to Deviation
crack Failure
30 1.07 88.33 52,997 3,045 5.7
40 1.42 44.88 26,930 870 3.2
50 1.78 27.61 16,567 1,743 10.5
60 2.13 14.94 8,963 895 10.0
1 KN =224 Ibf
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Figure 4.6 R-SCB percent load relationship curve for SR-12.5A with second source of RAP

Figure 4.6 shows that SR-12.5A mixture with 40% RAP content for the second RAP
source has the best cracking resistance. This mixture carried the highest number of load
repetitions before fracture failure compared to the other two mixtures. Performance of these
mixtures had trends different from that of results for SR-12.5A mixtures with the first RAP
source possibly because RAP from the second source was comparatively drier. Table 4.7 shows
performance improvement compared to the 30% RAP (worst among these three). Results
indicate that SR-12.5A mixture with 40% RAP (from the second RAP source) resisted almost
twice the number of load repetitions to failure compared to the mixture with 30% RAP.

Table 4.7 Comparative cracking resistance improvement with increasing RAP content
(second RAP Source)

Performance Improvement from Mixture with 30% RAP (%0)
RAP Content
(%) 30% of Static | 40% of Static | 50% of Static | 60% of Static
SCB Peak SCB Peak SCB Peak SCB Peak
Load* Load* Load* Load*
40 79 91 143 134
20 52 60 26 29

*Static load to cause fracture
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4.1.3 Crack Initiation and Propagation Investigation

As mentioned in Chapter 3, another set of samples prepared from SM-12.5A and SR-
12.5A (both RAP sources) mixtures were used to investigate crack propagation. The clip-on
gauge, attached along the notch at the bottom of each specimen, measured the crack mouth
opening displacement (CMOD). Using the CMOD results, crack length and stress intensity
factor, K, were calculated using equations 2.2 and 2.3. Crack lengths for each mixture and stress
intensity factors are shown in Table 4.8.

Figures 4.7, 4.8, and 4.9 show the variation in crack length with increasing number of
load repetitions. Results have two distinct parts, crack initiation and crack propagation. The
crack initiation phase was relatively smaller for all mixture types. Mixtures with higher crack
propensity (lesser number of load repetitions) had even smaller crack initiation phase. The crack
propagation in such mixtures begins with a steep slope and fails within very few cycles.

The number of load repetitions required for crack initiation (N;) for each of the mixtures
was determined by equation 2.6. Table 4.9 tabulates the back-calculated N; and observed N; for

each of the mixtures considered in this study.

Table 4.8 Crack lengths and stress intensity factors of mixtures

No. of Load Crack Stress Intensity
Mixture Repetitions Length Factor
Prior to Failure |  (mm) (MPa- vVmm)

SM-12.5A with 5.2% Asphalt 19,840 68 25
SM-12.5A with 4.9% Asphalt 14,105 61 18
SM-12.5A with 4.6% Asphalt 8,102 68 27
SR-12.5A with 20% RAP (first source) 14,720 63 18
SR-12.5A with 30% RAP (first source) 10,215 64 20
SR-12.5A with 40% RAP (first source) 7,475 57 19
SR-12.5A with 20% RAP (second source) 8,730 62 16
SR-12.5A with 30% RAP (second source) 7,500 60 14
SR-12.5A with 40% RAP (second source) 16,665 57 12
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Figure 4.7 Crack length against number of load repetitions for SM-12.5A mixture
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Table 4.9 Number of load repetitions for crack initiation

Mixture Observed N; Predicted N;

SM-12.5A with 5.2% Asphalt 2,000 40,876
SM-12.5A with 4.9% Asphalt 1,800 35,892
SM-12.5A with 4.6% Asphalt 2,200 30,273
SR-12.5A with 20% RAP (first source) 2,300 42,196
SR-12.5A with 30% RAP (first source) 2,100 35,272
SR-12.5A with 40% RAP (first source) 1,600 18,731
SR-12.5A with 20% RAP (second source) 1,700 23,983
SR-12.5A with 30% RAP (second source) 1,400 19,872
SR-12.5A with 40% RAP (second source) 2,400 54,392

Figure 4.10 shows the comparison of observed and predicted numbers of load repetitions
for crack initiation. The plot gives a fairly good fit with R? = 0.73. Furthermore, sensitivity
analysis was performed to study whether the variation in the asphalt content of mixtures and
percentage of air voids in compacted specimens are affecting the mathematical model of
predicted N; for crack initiation.

Predicted N; increases with increasing asphalt content and decreasing percentage of air
voids (Lytton et al., 1993). With higher asphalt content, mixtures would be able to resist more
load cycles prior to crack initiation. On the other hand, the air voids initiate crack growth. Thus,
significantly higher air void in specimens would expedite the formation of micro-cracks.
However, all compacted specimens used in this study had air voids within 7-8% and did not

show much variation of the predicted N; for crack initiation.
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OT test was the other laboratory test method performed for characterizing the cracking

4.2 Texas Overlay (OT) Test Results

resistance of the Superpave mixtures. Results of standard OT tests are summarized in Tables

4.10, 4.11 and 4.12. The results in these tables represent an average of all three replicate

specimens for each mix type. All specimens were confirmed to have met the target air void

specification (7 + 1%). The percentages in parentheses represent the coefficient of variation

(COV) of the respective mix data set.

Table 4.10 Average OT test results for SM-12.5A mixture

Average Initial

Average No. of

ASpha{f) /gontent Ai(r(y\ol)oid Peak Load OT Cycles of (Dl\/lljirnalﬂgg)
(KN) Failure (Not)*
5.2 7.2 235 %&% 167
4.9 73 2.90 (87.380 | 120
4.6 73 3.28 (1831%@) 63

*COV shown in parenthesis; 1 KN = 224 |bf

In the OT test, the cracking resistance potential of a mixture is measured and defined in

terms of the number of cycles to failure, where failure is defined as 93 percent reduction in initial

load. As a tentative mix screening criteria, mixes that last over 300 cycles are considered

satisfactory with respect to the laboratory fatigue resistance (Walubita et al., 2004). With this

criterion, in Table 4.10 the best cracking resistance is shown by the mixture with 5.2% asphalt
content. All replicates of this mixture passed 1,000 cycles (maximum threshold) before reaching

93% load reduction. The mixture with 4.9% asphalt had a fairly good performance. SM mixture

containing 4.6% binder had a satisfactory performance, but it still was the worst among three.

Most likely, low asphalt content contributed to low cracking resistance.
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Table 4.11 Average OT test results for SR-12.5A mixture for first source of RAP

Average Initial

Average No. of

RAP (S/O)”te”t A'(rO/V)O'd Peak Load OT Cycles of (Dl\/lljil;’lal,tlltzg)
0 ° (KN) Failure (Not)*
20 7.2 2.35 (132150 " 134
30 73 2.90 (22757() " 80
40 7.1 3.28 (22_29% " 21

*COV shown in parenthesis; 1 KN = 224 |bf
Table 4.11 shows the OT results for the SR-12.5A mixture with the first RAP source. The
mixture with 20% RAP content had the best cracking resistance among the three mixtures. The

mixture containing 30% RAP had a somewhat satisfactory performance; however, SR mixture

with 40% RAP was below 300 cycles. Thus, this mixture can be considered to have

unsatisfactory fracture resistance.

Table 4.12 Average OT test results for SR-12.5A mixture for second source of RAP

Average Initial

Average No. of

RAP ((();(c)))ntent Ai(rcy\o/)oid Peak Load oT Cycles of (Dlvllji';]alﬂgg)
(KN) Failure (Not)*
20 7.1 2.66 (25?2% " 49
30 7.3 2.10 (227.%%) 12
40 7.1 3.09 (12?95%) 73

*COV shown in parenthesis; 1 KN = 224 |bf
Table 4.12 shows the OT results for the SR-12.5A mixture with the second RAP source.

The mixture with 40% RAP content had the best cracking resistance among the three mixtures.

The mixture containing 20% RAP portrayed an average number of 296 OT cycles, which was

marginal when compared to the threshold value (300 cycles). SR mixture prepared with 30%

RAP from the second source also performed poorly.
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4.3 Statistical Analysis

4.3.1 Correlation Analysis
In this study, the statistical analysis was performed using a software package called
Statistical Analysis System (SAS) ®. The purposes of correlation analysis were:
1. To discover whether there is a relationship between variables;
2. To find out the type of relationship — whether it is positive or negative;
3. To find the strength of the relationship between the two variables.

Test statistics, called the correlation coefficient r, measures the degree of association
between the variables and varies between -1 and +1. The strength of relationship is determined
by r values tabulated in Table 4.13.

Table 4.13 Interpretation of correlation (Mendenhall, and Sincich, 2003)

. Pearson’s Correlation Coefficient ()
Correlation Strength _ _
Positive Negative
None/Negligible 0.0t0 0.3 -0.3t0 0.0
Weak 0.3t00.7 -0.7t0-0.3
Strong 0.7t0 1.0 -1.0to -0.7

The association of different variables with the cracking test results (R-SCB and OT) was
identified using the correlation analysis. Variables include virgin asphalt content (%), asphalt
contained in RAP (%), total asphalt content (%), air voids (%), VMA (%), VFA (%), film
thickness (microns), and dust proportion. Detailed volumetric data for each replicate specimen

for these tests are tabulated in the appendix.
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Table 4.14 Correlation matrix for SM-12.5A mixture (R-SCB test)

irgi |
virgin -\ air | vMA | VFA Film | Cycles | Cycles
é(s)ﬁ?;ﬁ Void @Ne | @Ne | Thickness 3(%/0 5?0/ Proggiion
; ; (}
(%) (%) (%) (%) in Microns Foeai =

Virgin Asphalt 100 0.45 0.99 0.87 0.98 0.96 0.95 -0.63
Content (%) ' (0.22) | <.0001 | (0.00) <0001 | <.0001 | <0001 | (0.07)

Air Void 0.45 1.00 0.41 0 0.38 0.28 0.3 0
(%) (0.22) 0.27) | (0.99) (0.32) 0.47) | (0.43) (1.00)
VMA 0.99 0.41 1.00 0.91 (0.97) 0.94 0.91 -0.61
@ Ng (%) <0001 | (0.27) ' (0.00) <0001 | (0.00) | (0.00) (0.08)
VEA 0.87 0 0.91 100 0.88 0.9 0.86 -0.65
@ Ng (%) (0.00) | (0.99) | (0.00) ' (0.00) (0.00) | (0.00) (0.06)
Film Thickness 0.98 0.38 0.97 0.88 1.00 0.99 0.95 -0.76
in Microns <0001 | (0.32) | <.0001 | (0.00) ' <.0001 | (0.00) (0.02)
Cycles @ 30 0.96 0.28 0.94 0.9 0.99 100 0.94 -0.81
30% Foeax <0001 | (0.47) | (0.00) | (0.00) <.0001 ' (0.00) (0.01)
Cycles @ 0.95 0.3 0.91 0.86 0.95 0.94 100 -0.66
50% Fpea <0001 | (0.43) | (0.00) | (0.00) (0.00) 0.00) | (0.05)
Dust Proportion -0.63 0 -0.61 -0.65 -0.76 -0.81 -0.66 1.00

Proportion 0.07) | (1.00) | (0.08) | (0.06) (0.02) (0.01) | (0.05) '

*p-value shown in parenthesis

Table 4.14 shows the correlation coefficient values and associated p-values for SM-
12.5A mixture in the R-SCB test. Figure 4.11 illustrates scatter plots of the variables. When

drawing conclusions from the correlation table, both the p-value of the relationships as well as

their scatter plots were taken into consideration. If p-value was greater than 0.05, then the

conclusion could not be made that the correlation coefficient is significantly different than zero.

Therefore, such relationships were not considered since the analysis might not be valid. Analysis

results show that variables virgin asphalt content (0.95), VMA (0.91), and film thickness (0.95)

have strong correlation with the number of cycles obtained at 50% of Fpeax as input. Some

variables had weak negative correlation, such as asphalt content and dust proportion (-0.63),

VMA and dust proportion (-0.61), and cycles and dust proportion (-0.66). Film thickness and

dust proportion have somewhat strong negative correlation (-0.76).
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Figure 4.11 Scatter plot matrix for SM-12.5A mix (R-SCB test)
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Table 4.15 Correlation matrix for SR-12.5A mixture with first RAP source (R-SCB test)

Total | \igin | Asphait | Air | vMA | VFA Film Cycles @ | Cycles @
Asphalt : . . . 30% 50% Dust
Content Asphalt | Contained Void @ Ne @ Nr | Thickness in Peak Peak Proportion
(o) i 0 (0) (0) (0) 1
(%) (%0) in RAP (%) (%) (%) (%) Microns L oad L oad
Total Asphalt 0.87 -0.72 -0.17 0.68 0.56 0.76 0.60 0.56 -0.74
Content (%) 1.00 (0.00) (0.03) (0.66) (0.05) | (0.11) (0.02) (0.09) (0.12) (0.02)
Virgin Asphalt 0.87 Lo -0.97 -0.54 0.95 0.89 0.98 0.84 0.85 -0.98
Y .
(%) (0.00) <.0001 (0.14) | <.0001 | (0.00) <.0001 (0.02) (0.00) <.0001
Asphalt -0.72 -0.97 0.66 099 | -0.96 -1.00 -0.87 -0.91 1.00
Contained in 1.00
RAP (%) (0.03) <.0001 (0.05) | <.0001 | <.0001 <.0001 (0.00) (0.00) <.0001
Air Void -0.17 -0.54 0.66 Lo -0.66 -0.84 -0.64 -0.67 -0.62 0.65
(%) (0.66) (0.14) (0.05) ' (0.05) (0.00) (0.06) (0.05) (0.07) (0.06)
VMA 0.68 0.95 -0.99 -0.66 0 0.96 0.99 0.81 0.88 -0.99
1.
@ Ng (%) (0.05) <.0001 <.0001 (0.05) <.0001 <.0001 (0.01) (0.00) <.0001
VFA 0.56 0.89 -0.96 -0.84 0.96 Lo 0.95 0.84 0.86 -0.95
@ Ng (%) (0.11) (0.00) <.0001 (0.00) | <.0001 ' (0.00) (0.01) (0.00) <.0001
Film Thickness 0.76 0.98 -1.00 -0.64 0.99 0.95 0.87 0.90 -1.00
1.00
in Microns (0.02) <.0001 <.0001 (0.06) | <.0001 | (0.00) (0.00) (0.00) <.0001
Cycles @ 0.60 0.84 -0.87 -0.67 0.81 0.84 0.87 Lo (0.92) -(0.87)
30% Fpeak (0.09) (0.01) (0.00) (0.05) (0.01) | (0.01) (0.00) ' (0.00) (0.00)
Cycles @ 0.56 0.85 -0.91 -0.62 0.88 0.86 0.90 0.92 Lo -0.91
50% Fpeak (0.12) (0.00) (0.00) (0.07) (0.00) | (0.00) (0.00) (0.00) ' (0.00)
Dust -0.74 -0.98 1.00 0.65 -0.99 -0.95 -1.00 -0.87 -0.91 Lo
Proportion (0.02) <.0001 <.0001 (0.06) | <.0001 | <.0001 <.0001 (0.00) (0.00) '

*p-value shown in parenthesis

65




Table 4.15 shows the correlation matrix for SR-12.5A mixtures from the first RAP
source. Figure 4.12 illustrates scatter plots of the variables. Variables total asphalt content and
VMA (0.68) and air void and dust proportion (0.65) had weak positive correlation. Dust
proportion was observed to have strong negative correlation with VMA (-0.99), film thickness (-
1.00), and number of cycles at 50% of Fpeax as input (0.91).
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Figure 4.12 Scatter plot matrix for SR-12.5A mix with first source of RAP (R-SCB test)
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Table 4.16 Correlation matrix for SR-12.5A mixture with second RAP source (R-SCB test)

Total N . .
psptalt | B0 | oot | vo | VMA@ | G50 | ridimsin | soba peak | sov ek | o D
Content Sp alt ontained In ol N (%) @ E IC_ ness in 0 Feal 0 Peal Proportion
(%) (%) RAP (%) (%) (%) Microns Load Load
Total Asphalt Loo 0.81 -0.65 0.63 0.63 0.13 -0.58 -0.89 -0.96 -0.53
Content (%) ' (0.01) (0.06) (0.07) (0.07) (0.74) (0.10) (0.00) <.0001 (0.14)
Virgin Asphalt 0.81 Lo -0.97 0.38 0.96 0.63 0.02 -0.50 -0.87 -0.93
(%) (0.01)
: <.0001 (0.32) | <.0001 | (0.07) (0.97) (0.17) (0.00) (0.00)
Asphalt -0.65 -0.97 -0.25 -0.99 -0.76 -0.24 0.30 0.75 0.99
Contained in 1.00
RAP (%) (0.06) <.0001 (0.52) | <.0001 | (0.02) (0.53) (0.43) (0.02) <.0001
Air Void 0.63 0.38 -0.25 Lo 0.34 -0.43 -0.54 -0.73 -0.61 -0.15
(%) (0.07) (0.32) (0.52) (0.37) (0.25) (0.14) (0.02) (0.08) (0.71)
VMA 0.63 0.96 -0.99 0.34 100 0.70 0.25 -0.30 -0.73 -0.98
@ N (%) (0.07) <.0001 <.0001 (0.37) ' (0.04) (0.51) (0.43) (0.02) <.0001
VFA 0.13 0.63 -0.76 -0.43 0.70 100 0.65 0.27 -0.24 -0.82
@ Ng (%) (0.74) (0.07) (0.02) (0.25) (0.04) ' (0.06) (0.49) (0.54) (0.01)
Film Thickness -0.58 0.02 -0.24 -0.54 0.25 0.65 0.81 0.43 -0.39
1.00
in Microns (0.10) (0.97) (0.53) (0.14) (0.51) (0.06) (0.02) (0.25) (0.30)
Cycles @ -0.89 -0.50 0.30 -0.73 -0.30 0.27 0.81 oo 0.84 0.16
30% Fpeax (0.00) (0.17) (0.43) (0.02) (0.43) (0.49) (0.01) (0.00) (0.69)
Cycles @ -0.96 -0.87 0.75 -0.61 -0.73 -0.24 0.43 0.92 100 -0.91
50% Fpear <.0001 (0.00) (0.02) (0.08) (0.02) | (0.54) (0.25) (0.00) ' (0.00)
Dust -0.53 -0.93 0.99 -0.15 -0.98 -0.82 -0.39 -0.87 -0.91 100
Proportion (0.14) (0.00) <.0001 (0.71) | <.0001 | (0.01) (0.30) (0.00) (0.00) '

*p-value shown in parenthesis
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Table 4.16 shows the correlation matrix for the SR-12.5A mixtures from the second RAP
source. Figure 4.13 illustrates scatter plots of the variables. Variables VMA and number of
cycles at 50% of Fpeax (-0.73), dust proportion and VMA (-0.98), total asphalt content and
number of cycles at 50% of Fpeax as input (-0.96) have strong negative correlations. VMA and
total asphalt content (0.63) have a weak positive correlation.
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Figure 4.13 Scatter plot matrix for SR-12.5A mix for second source of RAP (R-SCB test)
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Table 4.17 Correlation matrix for SM-12.5A mixture (OT test)

Virgin

Asphalt | A |vmae | vrae | L FIM No. of Dust
Content Void N (%0) Ng (%) .Thlc.k ness oT Proportion
(%) (%) in Microns | Cycles
Virgin Asphalt 100 -0.73 0.97 0.94 1.00 0.97 1.00
Content (%) 0.10) | (0.00) | (0.00) <.0001 (0.00) <.0001
Air Void -0.73 1.00 -0.76 -0.87 -0.73 -0.84 -0.73
(%) (0.10) 0.08) | (0.02) (0.10) (0.04) (0.10)
VMA 0.97 -0.76 1.00 0.98 (0.97) 0.98 0.97
@ N (%) (0.00) | (0.08) (0.00) (0.00) (0.00) (0.00)
VEA 0.94 -0.87 0.98 1.00 0.94 0.99 0.94
@ N (%) 0.00) | (0.02) | (0.00) (0.00) (0.00) (0.00)
Filrﬂ .T.hiCkneSS 1.00 -0.73 0.97 0.94 1.00 0.97 1.00
in Microns <0001 | (0.10) | (0.00) | (0.00) (0.00) <.0001
No. of OT 0.97 -0.84 0.98 0.99 0.97 1.00 0.97
Cycles 0.00) | (0.04) | (0.00) | (0.00) (0.00) (0.00)
Dust 100 | 073 | 097 0.94 1.00 0.97 o0
Proportion 0.07) | (1.00) | (0.08) | (0.06) (0.02) (0.01)

*p-value shown in parenthesis

Table 4.17 shows the correlation matrix of the OT test results of SM-12.5A mixture.

Figure 4.14 illustrates the scatter plots of the variables. The number of OT cycles for 5.2%

asphalt content reached the maximum threshold value (1,000) which was excluded from

statistical analysis since the data was considered to be censored. Variables virgin asphalt content

and VMA (0.97), virgin asphalt content and number of cycles (0.97), OT cycles and VMA

(0.98), OT cycles and film thickness (0.97), and OT cycles and dust proportion (0.97) had strong
positive correlation. Some variables, such as VMA and air void (-0.76), film thickness and air

void (-0.73), dust proportion and air void (-0.73) apparently showed strong negative correlation,

but the p-value for all relationships was higher than 0.05. Also, scatter plots in Figure 4.14

demonstrate that plots did not show a clear linear relationship.
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Figure 4.14 Scatter plot matrix for SM-12.5A mix (OT test)




Table 4.18 Correlation matrix for SR-12.5A mixture with first RAP source (OT test)

Total
Virgin Asphalt Air VMA VFA Film
Asphalt ) ) ) ) No of OT Dust
Asphalt | Contained in Void @Nr | @Ng | Thickness .
Content . . Cycles Proportion
(%) RAP (%) (%) (%) (%) in Microns
(%)
Total Asphalt 100 0.87 -0.72 0.42 0.75 0.53 0.88 0.73 -0.78
Content (%0) ' (0.00) (0.03) (0.26) (0.02) | (0.14) (0.00) (0.03) (0.01)
Virgin Asphalt 0.87 -0.97 0.20 0.98 0.83 1.00 0.94 -0.99
1.00
(%) (0.00) <.0001 (0.61) [ <.0001 | (0.01) <.0001 (0.00) <.0001
Asphalt -0.72 -0.97 -0.07 -1.00 -0.90 -0.96 -0.95 1.00
Contained in 1.00
(0.03) <.0001 (0.85) [ <.0001 | (0.00) <.0001 <.0001 <.0001
RAP (%)
Air Void 0.42 0.20 -0.07 00 0.11 -0.35 0.22 0.16 -0.12
1.
(%) (0.26) (0.61) (0.85) (0.78) | (0.35) (0.58) (0.68) (0.76)
VMA 0.75 0.98 -1.00 0.11 100 0.89 0.97 0.96 -1.00
@ Ne (%) (0.02) <.0001 <.0001 (0.78) ' (0.00) <.0001 <.0001 <.0001
VFA 0.53 0.83 -0.90 -0.35 0.89 100 0.82 0.83 -0.88
@ Ne (%) (0.14) (0.01) (0.00) (0.35) (0.00) ' (0.01) (0.01) (0.00)
Film Thickness 0.88 1.00 -0.96 0.22 0.97 0.82 0.93 -0.98
1.00
in Microns (0.00) <.0001 <.0001 (0.58) [ <.0001 | (0.01) (0.00) <.0001
No of OT 0.73 0.94 -0.95 0.16 0.96 0.83 0.93 00 -0.95
Cycles (0.03) (0.00) <.0001 (0.68) [ <.0001 | (0.01) (0.00) ' <.0001
Dust -0.78 -0.99 1.00 -0.12 -1.00 -0.88 -0.98 -0.95 100
Proportion (0.01) <.0001 <.0001 (0.76) | <.0001 | (0.00) <.0001 <.0001 '

*p-value shown in parenthesis
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Table 4.18 shows the correlation matrix of the OT test results for the SR-12.5A mixture
with the first RAP source. Figure 4.15 illustrates scatter plots between the variables. VMA
(0.96), total asphalt content (0.73), and film thickness (0.93) have a strong positive correlation

with OT cycles, while dust proportion (-0.95) showed a strong negative correlation.
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Figure 4.15 Scatter plot matrix for SR-12.5A mix with first source of RAP (OT test)
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Table 4.19 Correlation matrix for SR-12.5A mixture with second RAP source (OT test)

Total
Virgin Asphalt Air VFA Film
Asphalt ) ) ) VMA @ ) No of OT Dust
Asphalt | Contained in Void @ Ng Thickness .
Content NE (%) o Cycles Proportion
(%) RAP (%) (%) (%) in Microns
(%)
Total Asphalt 100 0.81 -0.65 0.56 0.27 -0.16 -0.70 -0.90 -0.69
Content (%0) ' (0.01) (0.06) (0.11) (0.48) (0.68) (0.04) (0.00) (0.04)
Virgin Asphalt 0.81 100 -0.97 0.25 0.78 0.37 -0.14 -0.55 -0.98
(%) (0.01) ' <.0001 (0.52) (0.01) (0.33) (0.71) (0.12) <.0001
Asphalt -0.65 -0.97 -0.10 -0.90 -0.53 -0.08 0.37 1.00
Contained in 1.00
(0.06) <.0001 (0.79) (0.00) (0.14) (0.83) (0.33) <.0001
RAP (%)
Air Void 0.56 0.25 -0.10 1.00 -0.25 -0.76 -0.65 -0.69 -0.13
(%) (0.11) (0.52) (0.79) ' (0.51) (0.02) (0.06) (0.04) (0.73)
VMA 0.27 0.78 -0.90 -0.25 0.82 0.49 0.03 -0.88
1.00
@ Ne (%) (0.48) (0.01) (0.00) (0.51) (0.01) (0.18) (0.93) (0.00)
VFA -0.16 0.37 -0.53 -0.76 0.82 100 0.72 0.44 -0.50
@ Ne (%) (0.68) (0.33) (0.14) (0.02) (0.01) ' (0.03) (0.23) (0.17)
Film Thickness -0.70 -0.14 -0.08 -0.65 0.49 0.72 00 0.84 -0.04
in Microns (0.04) (0.71) (0.83) (0.06) (0.18) (0.03) ' (0.00) (0.92)
No of OT -0.90 -0.55 0.37 -0.69 0.03 0.44 0.84 100 0.40
Cycles (0.00) (0.12) (0.33) (0.04) (0.93) (0.23) (0.00) ' (0.28)
Dust -0.69 -0.98 1.00 -0.13 -0.88 -0.50 -0.04 0.40 100
Proportion (0.04) <.0001 <.0001 (0.73) (0.00) (0.17) (0.92) (0.28) '

*p-value shown in parenthesis
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Table 4.19 shows the correlation matrix of the OT test results for the SR-12.5A mixture
with the second RAP source. Figure 4.16 illustrates scatter plots between the variables. Results
from the second source of RAP show strong positive correlation between OT cycles and film
thickness (0.84).
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Figure 4.16 Scatter plot matrix for SR-12.5A mix with second source of RAP (OT test)

A summary of correlation analysis results of R-SCB test and OT test are given in Table 4.20,

4.21,4.22, and 4.23.
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Table 4.20 Summary of correlation analysis of R-SCB test results (SM-12.5A mixture)

Parameters showing Strong Correlation | Correlation Coefficient

Virgin Asphalt-VMA 0.98

Virgin Asphalt - Film thickness 0.98
Virgin Asphalt - Cycles @ 30% peak load 0.96
Virgin Asphalt -Cycles @ 50% peak load 0.95
VMA - Film thickness 0.97

VMA- Cycles @ 30% peak load 0.94
VMA- Cycles @ 50% peak load 0.91
Film thickness - Cycles @30% peak load 0.99
Film thickness - Cycles @50% peak load 0.95
Film thickness - Dust proportion -0.77
Cycles @30% peak load -Dust proportion -0.81

Table 4.21 Summary of correlation analysis of OT test results (SM-12.5A mixture)

Parameters showing Strong Correlation | Correlation Coefficient

Virgin Asphalt-Air Void -0.72
Virgin Asphalt -VMA 0.97
Virgin Asphalt - Film thickness 1.00
Virgin Asphalt - Cycles 0.97
Virgin Asphalt -Dust Proportion 1.00
Air Void -VMA -0.73

Air Void- Film thickness -0.73
Air Void-Cycles -0.84

Air Void-Dust Proportion -0.73
VMA- Film thickness 0.97
VMA- Cycles 0.98
VMA-Dust Proportion 0.97
Film thickness - Cycles 0.97
Film thickness - Dust Proportion 1.00
Cycles -Dust Proportion 0.97
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Table 4.22 Summary of correlation analysis of R-SCB test results (SR-12.5A mixture)

R-SCB test results of SR-12.5A mixture with first source of RAP

Parameters showing Strong Correlation | Correlation Coefficient

Total Asphalt - Film thickness -0.76
Total Asphalt -Dust proportion -0.74
Virgin Asphalt -VMA 0.95

Virgin Asphalt - Film thickness 0.98
Virgin Asphalt - Cycles @ 30% peak load 0.84
Virgin Asphalt - Cycles @ 50% peak load 0.85
Virgin Asphalt -Dust proportion -1.00
VMA -Film thickness 0.99

VMA - Cycles @ 30% peak load 0.81
VMA - Cycles @ 50% peak load 0.88
Film thickness - Cycles @30% peak load 0.87
Film thickness - Cycles @50% peak load 0.90
Film thickness - Dust proportion -1.00
Cycles @30% peak load -Dust proportion -0.87
Cycles @50% peak load -Dust proportion -0.91

R-SCB test results of SR-12.5A mixture with second source of RAP

Parameters showing Strong Correlation | Correlation Coefficient

Total Asphalt - Cycles @30% peak load -0.89
Total Asphalt - Cycles @30% peak load -0.96
Virgin Asphalt -VMA 0.96

Virgin Asphalt - Cycles @ 50% peak load -0.87
Virgin Asphalt -Dust proportion -0.93
VMA - Cycles @ 50% peak load -0.73
VMA-Dust proportion -0.98

Air Void- Cycles @30% peak load -0.73
Film thickness- Cycles @30% peak load 0.81
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Table 4.23 Summary of correlation analysis of OT test results (SR-12.5A mixture)

OT test results of SR-12.5A mixture with first source of RAP

Parameters with Strong Correlation Correlation Coefficient
Total Asphalt -VMA 0.75
Total Asphalt - Film thickness 0.88
Total Asphalt - Cycles 0.73
Total Asphalt -Dust Proportion -0.78
Virgin Asphalt -VMA 0.98
Virgin Asphalt - Film thickness 1.00
Virgin Asphalt - Cycles 0.94
Virgin Asphalt -Dust Proportion -0.99
VMA - Film thickness 0.97
VMA - Cycles 0.96
VMA — Dust Proportion -0.99
Film thickness - Cycles 0.93
Film thickness - Dust Proportion -0.98
Cycles -Dust Proportion -0.95
OT test results of SR-12.5A mixture with second source of RAP
Parameters with Strong Correlation Correlation Coefficient
Total Asphalt -Cycles 1.00
Virgin Asphalt -VMA 0.78
Virgin asp- Film thickness 1.00
Virgin Asphalt -Dust Proportion -0.98
VMA — Dust Proportion -0.88
Film thickness- Cycles 0.84
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4.3.2 Comparison between Means

Mean results obtained from both R-SCB (50% of Fsasic sce as input) and OT tests were
compared to check if differences were significant. In addition, comparisons were performed to
find a combination of minimum asphalt content and maximum RAP content based on the test
results, which would be able to ensure a satisfactory cracking resistance. Initially, unequal
variance was considered per treatment group. After performing the null model likelihood ratio
test, results indicated that difference was not significant and was unable to show that variances
are statistically different. Thus, equal variance was considered for the comparison of means.
Table 4.24 show the results obtained from different normality tests of R-SCB test data. The
results indicate that data are normally distributed. In addition, Figure 4.17 shows the normal
probability plots for R-SCB test results. Using Tukey’s adjustment method, means from both
cracking resistance tests were compared as a whole. Tukey’s method is the most powerful for all
possible pairwise comparisons while controlling the type-I error rate (Kuehl, 2000). The
assumptions for this test are (Kuehl, 2000):

1. The observations being tested are independent, and
2. There is equal within-group variance across the groups associated with each
mean in the test (homogeneity of variance).

The adjusted p-value from the test output was compared with the level of significance
(0.05). If p-value was less than or equal to 0.05, then it was considered that there were
statistically significant difference between the means. Tables 4.25 and 4.27 demonstrate the
multiple comparisons performed among the mean test results obtained from all mixtures
considered in this study. In these tables, mixtures were split by asphalt content, RAP content, and
RAP source. They were arranged according to performance test results in ascending order to get
a clear view of groupings. A set of cells enclosed by border of same color denotes that those
mixtures did not have any significant difference between their means. Groups were also
designated at the last row in both tables.
Table 4.24 Normality test results of R-SCB test outputs

Mixture Normality Test p-value from Test
Shapiro-Wilk 0.059
12.5ANMAS Kolmogorov-Smirnov 0.065
Anderson-Darling 0.062
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Figure 4.17 Normal probability plots for R-SCB test outputs

Though Tukey’s multiple comparisons of means for the R-SCB test results (Table 4.25)
show groupings, several overlaps did not allow formation of distinctive groups. Mixtures with no

RAP and 5.2% asphalt content had statistically significant different means than all other mixture

types.

Table 4.25 Summary of Tukey’s multiple comparisons (R-SCB test)

Source
RAP %
Asphalt %

30 0 20 40 30 20 0 40

1.20 4.7
0.0 4.9

2 .40 4.1 d
0.05.2 e

*Mix types not connected by same letter are significantly different
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The results obtained from normality tests of OT test data are shown in Table 4.26.
Results indicate that data are normally distributed. In addition, Figure 4.18 shows the normal
probability plots for OT test results. Table 4.27 shows the summary of the Tukey’s multiple
comparisons for the OT test results. Mixture with no RAP and 5.2% binder was not included
because outputs were considered censored data. Mixtures enclosed by the same colored border
denote that they did not have any statistically significant difference among them. Results from
the OT test showed almost clear groups. A conclusion regarding the evaluation of cracking test
methods could be derived from the Tukey’s comparisons. OT test results were able to make
better distinct groups among these mixtures than the R-SCB test results (less overlapping in
groups). Thus, results obtained from this study apparently indicate that OT test can evaluate
cracking resistance better than the R-SCB test. However, further analysis with additional
mixtures can establish this observation.

Table 4.26 Normality test results of OT test outputs

Mixture Normality Test p-value from Test
Shapiro-Wilk >0.10
12.5ANMAS Kolmogorov-Smirnov >0.15
Anderson-Darling 0.207
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Figure 4.18 Normal probability plots for OT test outputs
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Table 4.27 Summary of Tukey’s multiple comparisons (OT Test)

Source 2 1 2 0 2 1 0 1
RAP % 30 40 20 0 40 30 0 20
Asphalt % . : . : : : 49 4.7

0.0 46 b

2 40 41 b

1.30 4.8 b

0049 c

120 47 c

*Mix types not connected by same letter are significantly different

Tukey's adjustment is the most powerful test that controls type | error for all possible
pairwise comparisons (Kuehl, 2000). Other than performing pairwise comparison between
means, Tukey's adjustment method was adopted in this study to find a combination of minimum
asphalt content and maximum RAP content based on the test results while ensuring a satisfactory
cracking resistance. Cracking test results of the SR-12.5A mixtures portrayed completely
opposite patterns, which could be due to the intrinsic properties of various sources of RAP
materials used in the mixtures. Therefore, without considering at least another source of RAP, it
would not be possible to make a general conclusion about such asphalt content and RAP content
combination by overall multiple comparison between the treatments.

Because of such limitations, the Bonferroni method was later used for simultaneously
planned comparisons within different sources. This method controls family-wise type 1 error.
Tables 4.28 and 4.29 show summaries of pairwise comparisons from the Bonferroni method for
the R-SCB and OT tests, respectively. Results from the R-SCB test and OT tests, along with the
confidence interval for means, are illustrated in the Figures 4.19 and 4.20. SM and SR mixtures
are shown in ascending order of number of cycles. p-value obtained from the SAS outputs were
compared to the Bonferroni adjusted level of significance which was the ratio of level of
significance to the number of comparisons from each test (n = 9 for SCB test and n = 7 for OT

test). If the obtained p-value was less than or equal to the Bonferroni adjusted level of
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significance, then the means were considered to have statistically significant difference. Detailed
SAS outputs are given in Appendix A.

Pairwise mean comparisons (R-SCB test results) within the first source of RAP indicate
that there was no statistically significant difference among the mean number of cycles obtained
for mixtures with 20%, 30%, and 40% RAP. Though the mixture with 20% RAP and 4.7%
asphalt showed the best performance, it does not provide the maximum RAP and minimum
asphalt combination. Henceforth, the mixture with 40% RAP and 4.3% asphalt can be considered
to provide good cracking resistance performance under such conditions. For mixtures with
second source of RAP, results were even clearer. The combination of 40% RAP content and
4.1% asphalt content had significantly different mean compared to the other two mixtures.
Therefore, this mixture can provide good performance, especially when RAP from second source
is used.

Table 4.28 Summary of Bonferroni method comparisons (R-SCB test)

SM-12.5A

RAP% 0 0 0
Asphalt% 4.6 4.9 5.2
Groups* a b c

SR-12.5A (RAP-1)

RAP% 40 30 20
Asphalt% 4.3 4.8 4.7
Groups* a a a

SR-12.5A (RAP-2)

RAP% 30 20 40
Asphalt% 4.4 4.3 4.1
Groups* a a b

*Mix types not connected by same letter are significantly different
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Figure 4.19 R-SCB test results with 95% confidence intervals

When analyzing the OT test results, a minimum threshold level of 300 OT cycles was
used. For mixtures with the first RAP source, all means were significantly different. However,
the combination of maximum RAP and minimum asphalt portrayed the poorest performance and
was below the threshold level. Thus, from OT test results of SR-12.5A mixture with the first
RAP source, it can be concluded that 30% RAP content and 4.8% asphalt content can provide
satisfactory cracking resistance performance at the 95% confidence interval since the mean
estimate of passing cycles is clearly above 300 (minimum threshold).

For mixtures with the second RAP source, test means did not show any statistically
significant difference. Also, the mixture with 40% RAP and 4.1 % asphalt was able to exceed the
threshold level of 300 OT cycles. Therefore, this mixture has the potential to ensure good

cracking resistance when the second RAP source is used.
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Table 4.29 Summary of Bonferroni method comparisons (OT test)

SM-12.5A
RAP% 0 0 0
Asphalt% 4.6 4.9 5.2
Groups* a b -
SR-12.5A (RAP-1)
RAP% 40 30 20
Asphalt% 4.3 4.8 4.7
Groups* a b c
SR-12.5A (RAP-2)
RAP% 30 20 40
Asphalt% 4.4 4.3 4.1
Groups* a b b

*Mix types not connected by same letter are significantly different
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Figure 4.20 OT test results with 95% confidence intervals
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Table 4.30 Virgin asphalt as a percentage of total asphalt content for both sources of RAP

First RAP Source Second RAP Source

A Virgin Asphalt - Virgin Asphalt

A-ggﬁz:l t A\\/s 'I;g:,ﬂt as a Percentage AIS% t A\\/s gﬂ:;l]t as a Percentage

o o of Total Asphalt o o of Total Asphalt
(%) (%) %) (%) (%) (%)
4.7 3.6 77 4.3 3.5 81
4.8 3.1 65 4.4 3.2 73
4.3 2.1 49 4.1 2.5 61

Thus, with the results obtained from this study, conclusions can be made based on what
type of RAP is used. If the RAP considered for the mixture is more binder rich, then results from
the first RAP source should be considered. On the other hand, for a drier RAP, results from the
second source of RAP should be taken into account. Statistical analysis suggests SR-12.5 A
mixture with first RAP source have two best cracking resistant mixtures: 40% RAP with 4.3%
total asphalt content (from the R-SCB test results), and 30% RAP with 4.8% asphalt content
(from the OT test results). For the second RAP source, mixtures with 40% RAP and 4.1%
asphalt content performed best in both cracking tests. Table 4.30 shows that percentage of virgin
asphalt in the best cracking resistant mixtures from the first RAP source are 49% and 65% of
total asphalt content, while the best mixture from second RAP source contains 60% virgin
binder. Henceforth, it can be concluded that, based on statistical analysis, Superpave mixtures
containing 30-40% RAP and virgin asphalt content between 49-65% of total asphalt should be

able to provide good cracking resistance.
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Chapter 5 - Conclusions and Recommendations

5.1 Conclusions
The objective of this study was to investigate the effect of varying asphalt and RAP
content on cracking resistance of the Superpave mixtures. Based on the semi-circular bending
test and Texas overlay test results obtained from this study, the following conclusions can be
drawn:

1. Results from both static SCB test and repetitive SCB test indicate that SM-12.5A
mixture with design asphalt content (5.2%), SR-12.5A mixture with 20% RAP
from the first source, and 40% RAP from the second source demonstrate the best
cracking resistance performance among the SM and SR mixtures, respectively.

2. Performance deteriorated with decreasing asphalt content and increasing RAP
content (for the first source of RAP). However, the second source of RAP, which
contained less asphalt, performed in the opposite manner.

3. While investigating the crack propagation during R-SCB test, it was observed that
mixtures with higher crack propensity (less number of load repetitions) had
smaller crack initiation phase.

4. Results of the OT test showed, the SM-12.5A mixture with 5.2% asphalt passed
1,000 cycles (maximum threshold) but still did not reach 93% load reduction. SR-
12.5A mixture with 20% RAP and 40% RAP from first and second sources,
respectively, passed the minimum level of 300 OT cycles. Thus, these mixtures
are expected to show less crack propensity.

5. Statistical analysis revealed that film thickness had a strong positive correlation
(0.7 < Pearson correlation coefficient < 1.0) with the number of load repetitions
(R-SCB test) and number of OT cycles (OT test) for almost every mixture. For
example, if film thickness increased, the number of cycles increased and vice
versa. Thus, ensuring adequate film thickness would provide better cracking
resistance.

6. Correlation analysis also indicated that Pearson correlation coefficient values for
the R-SCB test outputs for both 30% of Fscg as peak load and 50% of Fscg as
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peak load were very similar and concluded similar correlation strength, except for
the SR-12.5A mixture using the second RAP source.

7. Using Tukey’s method of multiple comparisons, cracking test means were
compared. Though the overlay test results formed almost distinct groups, R-SCB
test results showed similarity within groups. Because of such overlaps and
completely opposite behaved RAP sources, it was not possible to draw a general
conclusion regarding minimum asphalt and maximum RAP content, which could
consequently ensure cracking resistance.

8. Tukey’s comparisons also indicated that comparative results from the OT test
were able to make better distinct groups among all the mixtures than R-SCB test
results (less overlapping in groups). Thus, results obtained from this study
indicate that OT test can evaluate cracking resistance better than R-SCB test.

9. Bonferroni’s method was finally considered to draw conclusions within each
source of RAP. For the second RAP source, both R-SCB and OT test suggested a
combination of 4.1% asphalt content and 40 % RAP content which can provide
satisfactory cracking resistance while using the least possible asphalt and
maximum allowable RAP content. On the other hand, for the first source of RAP,
conclusions were split between 4.8% asphalt with 30% RAP content and 4.3%
asphalt with 40% RAP.

10. Superpave mixtures containing 30-40% RAP and virgin asphalt content between
49-65% of total asphalt content should be able to provide good cracking

resistance.

5.2 Recommendations
Based on this study, the following recommendations are made:
1. This study was limited to only two sources of RAP. Further investigation with a
few additional sources of RAP is required in order to make a general conclusion
as to least possible asphalt content and highest RAP content allowable in

Superpave mixtures without compromising the cracking resistance.
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2. Further research is required to correlate the cracking test results with the actual
field data.

3. Semi-circular bending test is not yet standardized; thus, further research using this
test method is required by varying notch depth in the specimen and testing under
different temperatures.

4. Finite element analysis can be conducted to further investigate the crack initiation

and propagation during the R-SCB test.
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Appendix A - Volumetric Properties and Cracking Test Results

Table A.1 R-SCB test results for SM-12.5A (5.2% asphalt content)

Time Average
% of Tn%i? to Avgrage Rs’tg:plztli_t?c?r?s SCB I.‘Qad Standard | COV
Test # IIieak load Cr_ack T|r_ne to Crack Repetitions Deviation (%)
oad (KN) Fall_ure (min) Eailure to qrack
(min) Failure
1 150.93 90560
2 30 0.53 | 141.87 | 148.72 85120 89,233 3,636 4.1
3 153.37 92020
1 79.48 47690
2 40 0.71 71.63 71.77 42980 46,663 3,292 7.1
3 82.20 49320
1 43.30 25980
2 50 0.89 36.05 38.74 21630 23,243 2,382 10.3
3 36.87 22120
1 18.30 10980
2 60 1.07 20.60 19.23 12360 11,537 727 6.3
3 18.78 11270
Table A.2 R-SCB test results for SM-12.5A (4.9% asphalt content)
Time Average
9% of | RSCB to | Average SCB Load | g-p Lgad
Test # Peak Ilnpt(;t Crack Time REpem'OES Repetitions Star_lda_lrd COO v
Load oa Failure | (min) to (_Zrac to crack Deviation (%)
(KN) . Failure .
(min) Failure
1 82.75 49650
2 30 0.64 89.48 85.73 53690 51,440 2,058 4.0
3 84.97 50980
1 41.15 24690
2 40 0.86 36.47 41.81 21880 25,087 3,422 13.6
3 47.82 28690
1 18.82 11290
2 50 1.07 26.58 24.53 15950 14,720 3,009 20.4
3 28.20 16920
1 14.10 8460
2 60 1.28 15.20 13.74 9120 8,247 997 12.1
3 11.93 7160
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Table A.3 R-SCB test results for SM-12.5A (4.6% asphalt content)

Time Average
% of F\;n?oilt3 to Avgrage S;)Etlﬁ?sr?s SCB I__pad Standard | COV
Test # IIieak load Cr_ack T|r_ne to Crack Repetitions Deviation (%)
oad (KN) Fall_ure (min) Eailure to qrack
(min) Failure
1 66.87 40120
2 30 0.46 60.87 64.05 36520 38,430 1,810 4.7
3 64.42 38650
1 24.10 14460
2 40 0.62 28.97 24.68 17380 14,807 2,418 16.3
3 20.97 12580
1 11.58 6950
2 50 0.77 16.32 14.19 9790 8,513 1,441 16.9
3 14.67 8800
1 7.48 4490
2 60 0.92 7.37 7.55 4420 4,530 134 3.0
3 7.80 4680

Table A.4 R-SCB test results for SR-12.5A (20% RAP content from first RAP source)

Time Average
% of R-SCB to Average SCB I__pad SCB Load
Input X Repetitions " Standard | COV
Test# | Peak Crack Time Repetitions .
load . . to Crack Deviation | (%)
Load Failure | (min) - to crack
(KN) . Failure .
(min) Failure

1 99.25 59550
2 30 0.71 81.92 91.58 49150 54,947 5,301 9.7
3 93.57 56140
1 49.27 29560
2 40 0.94 44.07 43.43 26440 26,060 3,704 14.2
3 36.97 22180
1 24.82 14890
2 50 1.18 21.40 22.68 12840 13,607 1,118 8.2
3 21.82 13090
1 12.08 7250
2 60 1.42 11.12 11.56 6670 6,933 293 4.2
3 11.47 6880
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Table A.5 R-SCB test results for SR-12.5A (30% RAP content from first RAP source)

Time Average
R-SCB SCB Load
T % of Input to Average Repetitions SCB _Lpad Standard | COV
est # Peak load C(ack T|r_ne to Crack Repetitions Deviation | (%)
Load (KN) Failure | (min) Eailure to crack
(min) Failure
1 78.58 47150
2 30 0.90 81.55 79.22 48930 47,533 1,249 2.6
3 77.53 46520
1 42.48 25490
2 40 1.20 42.35 41.55 25410 24,930 901 3.6
3 39.82 23890
1 17.65 10590
2 50 1.49 19.50 18.71 11700 11,227 572 5.1
3 18.98 11390
1 8.82 5290
2 60 1.79 8.28 8.80 4970 5,280 305 5.8
3 9.30 5580

Table A.6 R-SCB test results for SR-12.5A (40% RAP content from first RAP source)

Time Average
% of | R-SCB to Average SCB Load | ¢rp') oaq
Input i Repetitions . Standard | COV
Test # Peak Crack Time Repetitions o
load . . to Crack Deviation | (%)
Load Failure | (min) - to crack
(KN) . Failure .
(min) Failure

1 75.20 45120
2 30 1.05 70.78 70.42 42470 42,253 2,980 7.1
3 65.28 39170
1 38.50 23100
2 40 1.4 36.82 35.26 22090 21,157 2,541 12.0
3 30.47 18280
1 16.48 9890
2 50 1.75 17.32 16.86 10390 10,113 254 2.5
3 16.77 10060
1 8.53 5120
2 60 2.1 7.37 7.98 4420 4,787 351 7.3
3 8.03 4820
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Table A.7 R-SCB test results for SR-12.5A (20% RAP content from second RAP source)

) Average
R-SCB | Time to SCB Load
T % of Input | Crack Average Repetitions SCB _L<_)ad Standard | COV
est # Peak | . Time Repetitions - o
Load oad Failure (min) to Crack 10 crack Deviation | (%)
(KN) (min) Failure :
Failure
1 81.68 49010
2 30 0.89 78.85 74.74 47310 44,847 5,801 12.9
3 63.70 38220
1 40.97 24580
2 40 1.19 39.37 37.57 23620 22,540 2,744 12.2
3 32.37 19420
1 15.17 9100
2 50 1.49 15.20 14.32 9120 8,593 894 10.4
3 12.60 7560
1 9.45 5670
2 60 1.78 7.22 8.27 4330 4,960 673 13.6
3 8.13 4880

Table A.8 R-SCB test results for SR-12.5A (30% RAP content from second RAP source)

) . Average
% of R-SCB | Time to Average SCB I__pad SCB Load
Input | Crack ; Repetitions I Standard | COV
Test# Peak . Time Repetitions S
load Failure . to Crack Deviation | (%)
Load . (min) - to crack
(KN) (min) Failure .
Failure

1 52.33 31400
2 30 0.81 45.70 49.29 27420 29,577 2,010 6.8
3 49.85 29910
1 21.13 12680
2 40 1.08 25.58 23.55 15350 14,130 1,349 9.6
3 23.93 14360
1 11.48 6890
2 50 1.35 12.53 11.38 7520 6,830 721 10.6
3 10.13 6080
1 6.97 4180
2 60 1.62 5.83 6.39 3500 3,837 340 8.9
3 6.38 3830
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Table A.9 R-SCB test results for SR-12.5A (40% RAP content from second RAP source)

. Average
R-SCB | Time to SCB Load
T % of Input | Crack Average Repetitions SCB _Lpad Standard | COV
est # Peak | . Time Repetitions - o
Load oad Failure (min) to Crack 10 crack Deviation | (%)
(KN) (min) Failure Fai
ailure
1 83.97 50380
2 30 1.07 93.90 88.33 56340 52,997 3,045 5.8
3 87.12 52270
1 45.20 27120
2 40 1.42 46.15 44.88 27690 26,930 870 3.2
3 43.30 25980
1 24.82 14890
2 50 1.78 30.62 27.61 18370 16,567 1,743 10.5
3 27.40 16440
1 16.63 9980
2 60 2.13 14.37 14.94 8620 8,963 895 9.9
3 13.82 8290
Table A.10 Volumetric properties of R-SCB test specimens (SM-12.5A)
No of No of
SCB SCB . i
Specimen égﬁ?srﬁ RAP | Cycles | Cycles \'/A‘O' ird VMA VFA Thli:clll<rrr11ess Dust_
ID (%) (%) | @ 30% | @ 50% (%) (%) (%) (Microns) Proportion
peak peak
load load
B-5.2-1 5.2 0 90,560 | 25,980 7.3 18.3 60.1 10.2 0.87
B-5.2-2 5.2 0 85,120 | 21,630 7.5 18.5 59.5 10.2 0.87
B-5.2-3 5.2 0 92,020 | 22,120 7.4 18.2 59.3 10.2 0.88
B-4.9-1 4.9 0 49,650 | 11,290 | 7.6 17.4 56.3 8.4 1.73
B-4.9-2 4.9 0 53,690 | 15,950 7.2 17.5 58.9 8.4 1.74
B-4.9-3 4.9 0 50,980 | 16,920 7.5 17.1 56.1 8.4 1.74
B-4.6-1 4.6 0 40,120 6,950 7.1 16.4 56.7 7.5 1.42
B-4.6-2 4.6 0 36,520 9,790 7.3 16.2 54.9 7.5 1.42
B-4.6-3 4.6 0 38,650 8,800 7.3 16.3 55.2 7.5 1.42
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Table A.11 Volumetric properties of R-SCB test specimens (SR-12.5A, first source of RAP)

No of No of
SCB SCB . i
Specimen égﬁ?:nli RAP Cycles | Cycles \'/A‘O' ird VMA VFA Thli:CIILTESS Dust
0, 0, [0) (o) (0) i
ID (%) (%) @ 30% | @ 50% (%) (%) (%) (Microns) Proportion
peak peak
load load
B-20-1 4.7 20 59,550 | 14,890 7.2 17.1 57.9 7.7 1.32
B-20-2 4.7 20 49,150 | 12,840 7.2 17.4 58.6 7.7 1.32
B-20-3 4.7 20 56,140 | 13,090 7.3 17.2 57.6 7.7 1.32
B-30-1 4.8 30 47,150 | 10,590 7.4 16.4 54.9 6.9 1.59
B-30-2 4.8 30 48,930 | 11,700 7.6 16.4 53.7 6.9 1.59
B-30-3 4.8 30 46,520 | 11,390 7.5 16.3 54.0 6.9 1.59
B-40-1 4.3 40 45,120 | 9,890 7.3 15.7 53.5 6.1 1.84
B-40-2 4.3 40 42,470 | 10,390 7.5 15.8 52.5 6.1 1.84
B-40-3 4.3 40 39,170 | 10,060 7.6 15.8 51.9 6.1 1.84
Table A.12 Volumetric properties of R-SCB test specimens (SR-12.5A, second source of
RAP)
No of No of
SCB SCB . )
Specimen égﬁ?jrﬁ RAP Cycles | Cycles \f(‘)' ird VMA VFA Thli:clll<rrrl1ess Dust
0] 0, 0, (0) (0) i
ID (%) (%) @ 30% | @ 50% (%) (%) (%) (Microns) Proportion
peak peak
load load
B-20'-1 4.3 20 49,010 9,100 7.2 16.3 55.8 6.7 1.81
B-20'-2 4.3 20 47,310 9,120 7.2 16.3 55.8 6.7 1.81
B-20'-3 4.3 20 40,120 7,560 7.4 16.5 55.2 6.7 1.81
B-30'-1 4.4 30 31,400 6,890 7.6 15.9 52.2 5.9 1.88
B-30'-2 4.4 30 27,420 7,520 7.5 15.8 52.5 5.9 1.88
B-30'-3 4.4 30 29,910 6,080 7.2 15.7 54.1 5.9 1.88
B-40'-1 4.1 40 50,380 | 14,890 7.3 15.3 52.3 6.5 1.92
B-40'-2 4.1 40 56,340 | 18,370 7.1 15.3 53.6 6.5 1.92
B-40'-3 4.1 40 52,270 | 16,440 7.1 15.2 53.3 6.5 1.92
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Table A.13 OT test results for SM-12.5A

| nitial | AVerage Nngf Average
Asphalt A|_r Peak Initial Cycles No. of OT Duration | Standard | COV
Content | Void Load Peak of Cycles of (Minutes) | Deviation | (%)
(%) (%) Load . Failure
(KN) Failure
(KN) (Nor) (Nor)
OoT
7.3 1.965 1000
5.2 7.4 1.886 1.973 1000 1,000 167 0 0.0
7.2 2.068 1000
7.3 2.799 667
4.9 7.3 2.987 2.90 705 720 120 62 8.7
7.2 2.903 789
7.4 3.432 335
4.6 7.3 3.219 3.28 409 380 63 39 10.4
7.4 3.186 397
Table A.14 Volumetric properties of OT test specimens (SM-12.5A)
Specimen éSpha't rap | Noof | AIr 1 yva | VEA Film Dust
ID ontent (%) oT Void (%) (%) Thickness Proportion
(%) Cycles (%) (Microns)
A-5.2-1 5.2 0 1,000 7.3 18.4 60.3 10.5 0.84
A-5.2-2 5.2 0 1.000 7.4 18.1 59.1 10.5 0.84
A-5.2-3 5.2 0 1.000 7.2 18.3 60.7 10.5 0.84
A-4.9-1 4.9 0 667 7.3 17.1 57.3 7.9 1.69
A-4.9-2 4.9 0 705 7.3 17.4 58.0 7.9 1.69
A-4.9-3 4.9 0 789 7.2 17.3 58.4 7.9 1.69
A-4.6-1 4.6 0 335 7.4 16.3 54.6 6.9 1.40
A-4.6-2 4.6 0 409 7.3 16.5 55.8 6.9 1.40
A-4.6-3 4.6 0 397 7.4 16.5 55.2 6.9 1.40
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Table A.15 OT test results for SR-12.5A (first source of RAP)

Initial Average Ng.Tof Average
RAP A|_r Peak Initial Cycles No. of OT Duration | Standard | COV
Content | Void Load Peak of Cycles of (Minutes) | Deviation %
%) | (%) Load : Failure (%)
(KN) Failure
(KN) (Nor)
(No)
7.2 | 2.341 956
20 7.3 | 2.418 2.35 778 805 134 139 17.3
7.0 | 2.296 680
7.3 | 2.799 348
30 7.4 | 2.987 2.90 576 477 80 116 24.5
7.2 | 2.903 507
7.3 | 3.432 91
40 7.1 | 3.219 3.28 134 128 21 34 26.9
7.0 | 3.186 159

Table A.16 Volumetric properties of OT test specimens (SR-12.5A, first source of RAP)

Specimen éSpha't rap | Noof | AIr 1 yua | vEA Film Dust
ID ontent (%) oT Void (%) (%) Thickness Proportion
(%) Cycles (%) (Microns)
A-20-1 4.7 20 956 7.2 16.9 57.4 8.4 1.28
A-20-2 4.7 20 778 7.3 16.9 56.8 8.4 1.28
A-20-3 4.7 20 680 7.0 16.8 58.3 8.4 1.28
A-30-1 4.8 30 348 7.3 16.1 54.7 7.7 1.52
A-30-2 4.8 30 576 7.4 16.1 54.0 7.7 1.52
A-30-3 4.8 30 507 7.2 16.2 55.6 7.7 1.52
A-40-1 4.3 40 91 7.3 15.4 52.6 6.1 1.79
A-40-2 4.3 40 134 7.1 15.4 53.9 6.1 1.79
A-40-3 4.3 40 159 7.0 15.4 54.5 6.1 1.79
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Table A.17 OT test results for SR-12.5A (second source of RAP)

o | | itar | Average | "GP Average |
ir nitia 0.0 uration
Content | Void Egzlé Peak Cyc;:fles Cyc_les of | (Minutes) 32?,?23;?1 CE"C/S/
(%) (%) Load . Failure
(KN) Failure
(KN) (N ) (NOT)
OoT
7.3 2.615 236
20 7.1 2.769 2.66 380 296 49 74 25.2
7.0 | 2.599 273
7.2 1.917 54
30 7.4 | 2.069 2.10 72 71 12 16 22.7
7.3 2.318 86
7.2 2.989 372
40 7.0 | 3.098 3.09 432 435 73 65 14.9
7.1 3.185 502

Table A.18 Volumetric properties of OT test specimens (SR-12.5A, second source of RAP)

Specimen éSphalt rap | NoOof | Ar 1 yma | vFA Film Dust
D ontent (%) oT Void (%) (%) Th|_ckness Proportion
(%0) Cycles (%0) (Microns)
A-20'-1 4.3 20 236 7.3 16.0 54.4 6.9 1.76
A-20'-2 4.3 20 380 7.1 16.1 55.9 6.9 1.76
A-20'-3 4.3 20 273 7.0 16.1 56.5 6.9 1.76
A-30'-1 4.4 30 54 7.2 15.5 53.5 5.8 1.82
A-30'-2 4.4 30 72 7.4 15.4 51.9 5.8 1.82
A-30'-3 4.4 30 106 7.3 15.4 52.6 5.8 1.82
A-40'-1 4.1 40 372 7.2 15.4 53.2 6.8 1.89
A-40'-2 4.1 40 432 7.0 15.4 54.5 6.8 1.89
A-40'-3 4.1 40 502 7.1 15.3 53.6 6.8 1.89
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Table A.19 Tukey's multiple comparison of R-SCB test results

Differences of Least Squares Means

Trt Trt |Estimate Sté?g:rrd DF | t Value | Pr > |t| | Adjustment | Adj P | Alpha | Lower | Upper
0046|0049 | -6206.67 | 1300.12 | 18 | -4.77 | 0.0002 Tukey 0.0037| 0.05 |-8938.11| -3475.22
0046|0052| -14730 | 1300.12 | 18 | -11.33 | <.0001 Tukey <.0001| 0.05 | -17461 | -11999
0046 120 47| -5093.33 | 1300.12 | 18 | -3.92 | 0.0010 Tukey 0.0219| 0.05 |-7824.78| -2361.89
0046 13048 -2713.33 | 1300.12 | 18 | -2.09 | 0.0514 Tukey 0.5099 | 0.05 |-5444.78| 18.1127
0046 |14043| -1600.00 | 1300.12 | 18 | -1.23 | 0.2343 Tukey 0.9386| 0.05 |-4331.45| 1131.45
0046 220 43| -80.0000 | 1300.12 | 18 | -0.06 | 0.9516 Tukey 1.0000| 0.05 |-2811.45| 2651.45
0046 230 44| 1683.33 | 1300.12 | 18 | 1.29 | 0.2118 Tukey 0.9204| 0.05 |-1048.11| 4414.78
0046 240 41| -8053.33 | 1300.12 | 18 | -6.19 | <.0001 Tukey 0.0002| 0.05 | -10785 | -5321.89
0049|0052 -852333 | 1300.12 | 18 | -6.56 | <.0001 Tukey 0.0001| 0.05 | -11255 | -5791.89
0049 |12047 1113.33 | 1300.12 | 18 | 0.86 | 0.4031 Tukey 0.9928 | 0.05 |-1618.11 3844.78
0049 13048 3493.33 1300.12 | 18 | 2.69 | 0.0151 Tukey 0.2195| 0.05 | 761.89 | 6224.78
0049|140 43| 4606.67 1300.12 | 18 | 3.54 | 0.0023 Tukey 0.0463| 0.05 | 1875.22 | 7338.11
0049 |2 20 43| 6126.67 1300.12 | 18 | 4.71 | 0.0002 Tukey 0.0043| 0.05 | 3395.22 | 8858.11
0049|230 44| 7890.00 @ 1300.12 | 18 | 6.07 | <.0001 Tukey  |0.0003| 0.05 | 5158.55 | 10621
0049|240 41| -1846.67 | 1300.12 | 18 | -1.42 | 0.1726 Tukey  |0.8758| 0.05 |-4578.11| 884.78
0052 |1 2047 9636.67 1300.12 | 18 | 7.41 | <.0001 Tukey <.0001| 0.05 | 6905.22 12368
0052 |13048| 12017 | 1300.12 | 18| 9.24 |<.0001 Tukey  |<.0001| 0.05 | 928522 | 14748
0052|140 43| 13130 | 1300.12 | 18 | 10.10 | <.0001 Tukey  |<.0001| 0.05 | 10399 | 15861
0052|220 43| 14650 | 1300.12 | 18 | 11.27 | <.0001 Tukey  |<.0001| 0.05 | 11919 | 17381
0052 |23044| 16413 | 1300.12 | 18 | 12.62 | <.0001 Tukey  |<.0001| 0.05 | 13682 | 19145
0052|240 41| 6676.67 | 1300.12 | 18 | 5.14 | <.0001 Tukey  |0.0018| 0.05 | 394522 | 9408.11
1.20 47|1 30 48| 2380.00 | 1300.12 | 18 | 1.83 | 0.0838 Tukey  |0.6637| 0.05 | -351.45 | 5111.45
1.20 47|1 40 43| 3493.33 | 1300.12 | 18 | 2.69 | 0.0151 Tukey  |0.2195| 0.05 | 761.89 | 6224.78
120472 20 43| 5013.33 1300.12 | 18 | 3.86 | 0.0012 Tukey 0.0248| 0.05 | 2281.89 | 7744.78
1.20 47|2. 30 44| 6776.67 | 1300.12 | 18 | 5.21 | <.0001 Tukey  |0.0015| 0.05 | 404522 = 9508.11
120 47240 4.1| -2960.00 | 1300.12 | 18 | -2.28 | 0.0352 Tukey 0.4029 | 0.05 |-5691.45| -228.55
1.30 48|1 40 43| 1113.33 | 1300.12 | 18 | 0.86 | 0.4031 Tukey  |0.9928| 0.05 |-1618.11 3844.78
1 3048|220 43| 2633.33 1300.12 | 18 | 2.03 | 0.0579 Tukey 0.5465| 0.05 |-98.1127| 5364.78
1 30 482 30 4.4| 4396.67 1300.12 | 18 | 3.38 | 0.0033 Tukey 0.0634| 0.05 | 1665.22 | 7128.11
130 48|2 40 4.1| -5340.00 | 1300.12 | 18 | -4.11 | 0.0007 Tukey 0.0149| 0.05 |-8071.45| -2608.55
140 43|2.20 43| 1520.00 | 1300.12 | 18 | 1.17 | 0.2576 Tukey 0.9534| 0.05 |-1211.45 4251.45
140 43|12 30 44| 3283.33 1300.12 | 18 | 2.53 | 0.0212 Tukey 0.2828| 0.05 | 551.89 | 6014.78
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Differences of Least Squares Means

Standard

Trt Trt Estimate
Error

DF |t Value | Pr > |t| | Adjustment | Adj P | Alpha| Lower | Upper

1 40 43240 41| -6453.33 | 1300.12 | 18 | -4.96 | 0.0001 Tukey 0.0025| 0.05 |-9184.78| -3721.89

2 20 43|2.30_4.4| 1763.33 | 1300.12 | 18 | 1.36 | 0.1918 Tukey 0.9000| 0.05 | -968.11 | 4494.78

2 20 4324041 -7973.33 | 1300.12 | 18 | -6.13 | <.0001 Tukey 0.0002| 0.05 | -10705 | -5241.89

230 4424041 -9736.67 | 1300.12 | 18 | -7.49 | <.0001 Tukey <.0001| 0.05 | -12468 | -7005.22

Table A.20 Bonferroni's pairwise comparison of R-SCB test results

Estimates
Label Estimate Standard DF |tValue |Pr>|t|
Error
irai . 0 0,
Virgin Aggregate: 5.2% Asphalt vs. 4.9% -6206.67 1300.12 18 477 | 0.0002
Asphalt
Virgin Aggregate: 5.2% Asphalt vs. 4.6% -14730 1300.12 18 1133 | <0001
Asphalt
Virgin Aggregate: 4.9% Asphalt vs. 4.6% -8523.33 1300.12 18 656 | <0001
Asphalt
RAP Source #1: 20% RAP & 4.7% Asphalt vs.
30% RAP & 4.8% Asphalt 2380.00 1300.12 18 1.83 | 0.0838

RAP Source #1: 20% RAP & 4.7% Asphalt vs.
40% RAP & 4.3% Asphalt

RAP Source #1: 30% RAP & 4.8% Asphalt vs.
40% RAP & 4.3% Asphalt

RAP Source #2: 20% RAP & 4.3% Asphalt vs.
30% RAP & 4.4% Asphalt

RAP Source #2: 20% RAP & 4.3% Asphalt vs.
40% RAP & 4.1% Asphalt

RAP Source #2: 30% RAP & 4.4% Asphalt vs.
40% RAP & 4.1% Asphalt

3493.33 1300.12 18 2.69 | 0.0151

1113.33 1300.12 18 0.86 | 0.4031

1763.33 1300.12 18 1.36 | 0.1918

-7973.33 1300.12 18 -6.13 | <.0001

-9736.67 1300.12 18 -7.49 | <.0001
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Table A.21 Tukey's multiple comparison of OT test results

Differences of Least Squares Means

Trt Trt | Estimate Sté?g:rrd DF |t Value | Pr > |t| | Adjustment | Adj P | Alpha | Lower | Upper
0046|0049 | -340.00  64.8260 | 16 | -5.24 | <.0001 Tukey | 0.0016| 0.05 | -477.43 | -202.57
0046 12047 -424.33 64.8260 | 16 | -6.55 | <.0001 Tukey 0.0001| 0.05 | -561.76 | -286.91
0046 13048| -96.6667 | 64.8260 | 16 | -1.49 | 0.1554 Tukey 0.8014 | 0.05 | -234.09 | 40.7584
0046 140 43| 25233 64.8260 | 16 | 3.89 | 0.0013 Tukey 0.0220| 0.05 | 114.91 | 389.76
0046 220 43| 84.0000 | 64.8260 | 16 1.30 | 0.2134 Tukey 0.8877| 0.05 |-53.4251| 221.43
0046 23044| 303.00 64.8260 | 16 | 4.67 | 0.0003 Tukey 0.0048| 0.05 | 165.57 | 440.43
0046 240 41| -55.0000 | 64.8260 | 16 | -0.85 | 0.4087 Tukey 0.9869| 0.05 | -192.43 | 82.4251
0049 |12047| -84.3333 | 64.8260 | 16 | -1.30 | 0.2117 Tukey 0.8858 | 0.05 | -221.76 | 53.0918
0049 13048| 24333 64.8260 | 16 | 3.75 | 0.0017 Tukey 0.0288| 0.05 | 105.91 | 380.76
0049 140 43| 59233 64.8260 | 16 | 9.14 | <.0001 Tukey <.0001| 0.05 | 454.91 | 729.76
0049 2 2043| 424.00 64.8260 | 16 | 6.54 | <.0001 Tukey 0.0001| 0.05 | 286.57 | 561.43
0049 23044| 643.00 64.8260 | 16 | 9.92 | <.0001 Tukey <.0001| 0.05 | 505.57 | 780.43
0049 240 41| 285.00 64.8260 | 16 | 4.40 | 0.0005 Tukey 0.0083| 0.05 | 147.57 | 422.43
1204713048, 327.67 64.8260 | 16 | 5.05 | 0.0001 Tukey 0.0023| 0.05 | 190.24 | 465.09
1.20 47|1.40 43| 676.67 | 64.8260 | 16 | 10.44 | <.0001 Tukey  |<.0001| 0.05 | 539.24 | 814.09
1.20 47|2.20 43| 50833 | 64.8260 | 16 | 7.84 | <.0001 Tukey  |<.0001| 0.05 | 370.91 | 645.76
1.20 47|2.30 44| 72733 | 64.8260 | 16 | 11.22 | <.0001 Tukey  |<.0001| 0.05 | 589.91 | 864.76
1.20 47|2 .40 41| 369.33 | 64.8260 | 16 | 5.70 | <.0001 Tukey  |0.0007| 0.05 | 231.91 | 506.76
1.30 48|1 40 43| 349.00 | 64.8260 | 16 | 5.38 | <.0001 Tukey  |0.0012| 0.05 | 211.57 | 486.43
130 482 20 43| 180.67 64.8260 | 16 | 2.79 | 0.0132 Tukey 0.1664 | 0.05 | 43.2416 | 318.09
130 482 30 4.4, 399.67 64.8260 | 16 | 6.17 | <.0001 Tukey 0.0003| 0.05 | 262.24 | 537.09
1.30 48|2 40 41| 41.6667 | 64.8260 | 16 | 0.64 | 0.5295 Tukey  |0.9975| 0.05 |-95.7584| 179.09
140 432 20 43| -168.33 64.8260 | 16 | -2.60 | 0.0195 Tukey 0.2261| 0.05 | -305.76 | -30.9082
140 432 30 4.4 50.6667 64.8260 | 16 | 0.78 | 0.4459 Tukey 0.9918| 0.05 |-86.7584| 188.09
1,40 43|2 40 41| -307.33 | 64.8260 | 16 | -4.74 | 0.0002 Tukey  |0.0042| 0.05 | -444.76 | -169.91
2 20 4312 30 44| 219.00 64.8260 | 16 | 3.38 | 0.0038 Tukey 0.0585| 0.05 | 81.5749 | 356.43
2 20 432 40 41 -139.00 | 64.8260 | 16 | -2.14 | 0.0477 Tukey  |0.4299| 0.05 | -276.43 | -1.5749
2 30 44,2 40 4.1| -358.00 64.8260 | 16 | -5.52 | <.0001 Tukey 0.0009| 0.05 | -495.43 | -220.57
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Table A.22 Bonferroni's pairwise comparison of OT test results

Estimates

Label Estimate Stgrr]g;rrd DF t Value | Pr > [t|

Virgin Aggregate: 4.9% Asphalt vs. 4.6% Asphalt -340.00 64.8260 16 -5.24 | <.0001
RAP Source #1|::5A(\)|;)/0&R4'_A.\8P(y§ :S';Z;@Spha't vs. 30% | 397 67 64.8260 16 505 | 0.0001
RAP Source m&iﬁ);/o&Rf;ny :S';Z;@Spha" vs. 40% | 676 67 64.8260 16 10.44 | <.0001
RAP Source #15’6?;/0&ng0/§‘ :S'Sz;f‘sr’ha't vs. 40% | 34900 64.8260 16 538 | <.0001
RAP Source #Zﬁfs/"&RﬁWf‘ :S'gzglf‘sr’ha't vs. 30% | 519,00 64.8260 16 338 | 0.0038
RAP Source #2;2%’;/"&%50/‘5‘ :ng"alf‘s'[’ha" Vs 40% | 13900 | 64.8260 16 2.14 | 0.0477
RAP Source #2: 30% RAP & 4.4% Asphalt vs. 40% -358.00 64.8260 16 552 <0001

RAP & 4.1% Asphalt
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