Low Temperature Fracture Properties of Poly-Phosphoric Acid Modified Asphalt Mixtures
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Abstract: The low temperature fracture properties of PolyPhoshoric Acid (PPA) modified mixture are evaluated and compared to those of polymer modified mixtures. The main objective is to determine whether PPA can partially or completely substitute the traditional polymer modifiers, without adversely affecting the mixture’s resistance to thermal cracking. This would result in huge economic advantage for contractors and highway agencies. Laboratory compacted and field cored test samples from MnROAD were tested using traditional methods as well as newly developed fracture testing protocols. Results of the following tests are presented: Indirect Tensile Test (IDT) Semi-Circular Bending (SCB), and Disk-Shaped Compact Tension (DCT). The effects of temperature, air-void content and long-term conditioning on the low temperature fracture properties of laboratory samples are also discussed. Finally, field performance observations of the pavement test cells from MnROAD facility are presented. The test result data show that PPA-only modified mixture exhibits acceptable low temperature fracture properties. However, when compared to SBS its fracture properties are significantly lower. The findings also suggest that when PPA is used in combination with SBS, the amount of the latter can be considerably reduced and still obtain a mixture comparable to a SBS–only modified one. 
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Introduction
The increasing traffic loads to which asphalt pavements are subjected have further accelerated the need to explore new paving materials and new technologies that improve the performance of pavements. A common method used to improve the performance of asphalt binder consists in increasing the high temperature limit of the Performance Grade (PG), thus expanding the temperature range without affecting the low temperature limit. However, although the concept is itself solid and in agreement with the notions of performance based grading, plain asphalt binders with PG ranges more than 90°C are difficult to obtain. For this reason, special polymers have been widely used to produce modified asphalt binders with improved resistance to rutting and unaltered resistance to thermal cracking. More recent investigations on the use of PPA showed that asphalt binders modified by PPA alone or in combination with traditional polymers can yield similar gains in PG limit for lower cost of modification (Clyne, et al., 2009). As a result the use of PPA has been steeply growing. However, due to premature failures observed in some asphalt pavements containing PPA modified binders, its application has been restricted by some highway agencies (Arnold, et al., 2009). In the present research work, the effects of PPA modification on the low temperature fracture properties of asphalt mixtures are assessed. Traditional and new fracture test and analysis protocols were applied to a statistically designed set of laboratory prepared specimens and field samples cored from MnROAD test cells. The results are compared to the low temperature fracture properties of similar mixture containing traditional polymer modifiers. 
.
Background on use of acid modifiers in asphalt mixtures
One of the earliest documented use of PPA as an asphalt binder modifier (H. Alexander, 1973) consisted in altering the viscosity-penetration relationship of asphalt. Prior to this method, hardening of binders was achieved through an oxidation process, in which air was blown into the binder at high temperatures. This enhanced the performance of the binder at high temperatures, but severely damaged its low temperature properties. In fact, this procedure is believed to elevate the glass transition temperature (Dickinson, 1974; Giavarini, et al., 2000). On the contrary, adding PPA alters standard refinery-binders to binders with higher resistance to rutting while still meeting the low temperature requirements. This is the case for example of binder grade AC-30 to which PPA is added to enhance its viscosity to that of AC-40 without shifting the binder’s penetration. 
In the last decades, PPA has been used to modify asphalt binders by is increasing the range of the binder’s PG without adversely affecting its low temperature limit. For example, through this technology, the service temperature range of asphalt with PG 64-22 can be raised to PG 70-22. Thus, higher stiffness, improved elasticity, lower temperature susceptibility, and increased viscosity are observed in PPA modified binders compared to the plain. Several researcher, among which Bishara, et al.,(2001), Ho, et al., (2001), and Maldonado, et al., (2006) have documented the mechanisms of PPA modification. The strength of the effect may vary from binder to binder, but it is generally agreed that the higher service temperature limit PG increases almost linearly with the amount of added PPA (Maldonado, et al., 2006). Further, Giavarini, et al.,(2000) and Arnold et al., (2009) have observed that the capacity of upgrading a binder by using PPA depend, not only on the type of the base asphalt binder subjected to modification, but also on the colloidal properties of the asphaltene fraction contained in the binder. The researchers performed in-depth rheological and physiochemical analysis, including binder fractionation. The effects of adding PPA were investigated on both un-fractioned binder and on the asphaltene and resin fractions of the binder. An increase of asphaltene to resin ratio due the addition of PPA was observed. The resulting product exhibits high colloidal stability. Arnold, et al., (2009) also noted that when the asphaltene to resin ratio increase was produced only by increase in asphaltene (without a decrease in resin), the binder did not gain additional stiffness due to the PPA modification. In contrast, when the asphaltene increase was accompanied by decrease in resin, the binder was upgraded. Another important observation made by the researchers is that in most of the studied cases, less than 0.7% PPA was enough to upgrade the binders by one PG step. This is in fact the amount of PPA used to modify the binder of the present work.
Most interestingly, for cold climatic regions, in Kodrat et al., (2007) the low temperature fracture properties of PPA modified binders were investigated and compared to those of plain and polymer modified (SBS, Elvaloy) binders of similar grades. Test methods such as the Extended Bending Beam Rheometer (EBBR), the Compact Tension (CT), and the Double Edge-Notched Tension (DENT) tests were performed on a large number of binder types. Through the EBBR the binders’ tendency to lose performance at low temperature was determined, while the other two test methods were used to evaluate the fracture properties of the binders. Their result confirmed the trend observed above; PPA increased the PG span without affecting the lower temperature limit. In addition, the effect of PPA on the fracture properties in the brittle states was found to be insignificant. However, PPA modified binders subjected to DENT test at ambient temperature exhibited significantly reduced strain tolerance, thus increasing the probability of fatigue cracking in service.
PPA’s fast growing popularity can also be attributed to its considerably lower cost than polymer modifiers. According to an investigation conducted by Mn/DOT, PPA could readily be dispersed in the binder rather than mill in additional quantities of more expensive polymer. In addition, using PPA in combination with other polymers can reduce the cost of modification (Clyne, et al., 2009), and improve the mixing and compaction characteristic of the mix (Arnold, et al., 2009).
The authors of the present paper believe that investigations of low temperature fracture properties of asphalt mixtures’ containing PPA modified binders can provide better understanding of the PPA modification technique and its effect on the thermal crack resistance of asphalt pavements. 

Materials and experimental variables
In this paper two sets of material, obtained from Mn/DOT as part of a national pool fund study were investigated. The sets consisted of laboratory compacted specimens and field cored specimens. The field cores taken from four MnROAD Low Volume Road test sections, built with the same mixtures as for the laboratory tests, are described in Table 1. The hot mix asphalt (HMA) used is the same for all the mixtures varying only in the type of modification to asphalt binder used. The HMA mixtures consisted of a 12.5 mm Superpave, level 3 (1-3 million ESALs) mix with limited (< 10%) limestone, 1% hydrated lime. Three of the mixture also contained a liquid phosphate ester antistrip, as indicated in Table 1. The decision whether to add or not liquid antistrip was based on Hamburg wheel track testing on laboratory mixtures performed during the mix design stage.
The modified asphalt PG 58-34 was obtained by adding different modifiers, (see Table 1) to a base binder of about PG 49-34. The type of modification considered were: PPA, SBS, PPA+SBS, and PPA+Elvaloy. The amount of modifiers was varied in order to obtain a final binder of PG 58-34. The effects of the modifications on the rheological properties of the base binder are summarized in Figure 1 and Figure 2. It can be observed that the 4 different type and amount of modification, yielded similar gain in high temperature PG. When the binders are subjected to short-term aging, all binders, except for the SBS modified one, exhibit significant stiffening. Extracted binders also showed considerable aging. With respect to the low service temperature limit, all the binders tested, PAV conditioned, maintained their original grade, confirming no harm was provoked by the modifiers. The extracted binders seemed to be somewhat in agreement with the PAV conditioned. But when the extracted binders were also PAV conditioned, PPA and PPA+SBS modified asphalt aged significantly to the extent of losing a PG grade. 
The combined effects of PPA and other additives such as hydrated lime, SBS, Elvaloy etc., on some properties of asphalt mixtures are also abundantly discussed in Fee et al.,(2010). The researchers investigated the moisture susceptibility of mix composed of limestone aggregates and PPA-modified asphalt binder. Accordingly, hydrated lime used in combination with PPA did not affect the PG grade gain and it improves significantly the mix performance. However, they noted that if used in great amounts, it may react with the PPA and reduce or neutralize the expected gain in PG high temperature limit. Furthermore, when PPA is used in conjunction with Elvaloy or SBS, the improvement of mix performance is higher than when used PPA alone. These observation will be useful in interpreting the low temperature fracture test results of the present work.
The loose mixtures were gyratory compacted at the University of Minnesota (UMN) with two levels of target air void contents (a.c.): 4% and 7%. The latter are assumed to be more representative of typical asphalt pavement’s air void content immediately after construction. To investigate the effect of long term aging on modified mixtures, half of the 7% air void cylinders were also conditioned for 5 days at 85°C, according to AASHTO R30-02 protocol.
The field cores were taken from cells 33, 34, 35, and 77 at the MnROAD test sections. The cores were taken from MnROAD in June 2010, approximately 2 ½ years after their constructions. Eleven cylindrical field cores for each mixture, sampled from between wheel paths, were delivered to UMN. The thickness of the cores ranged from 100 mm to 150 mm (4'' to 6''). The cells from which the samples were collected had two identical 50 mm (2”) lifts, but only the top layers were made of the mixtures of interest to this research study. Therefore the bottom layers were cut and discarded. In addition, the upper 5 mm (0.20'') was also cut and discarded. The cylindrical cores were then cut into IDT, SCB, and DCT test specimens.
[bookmark: _Toc273980245][bookmark: _Toc274497692]The air voidcontents of the field cores were obtained in a previous study carried out at UMN . The air void contents of 145 field cores, determined according AASHTO T166, are presented in Table 2. In addition to the effect of long-term conditioning and air void content, two levels of test temperatures were also considered for the laboratory compacted mixtures. For field cores the only experimental variable considered was the test temperature. The two level of test temperature represented the binders’ PG low temperature limit (PGLT) and the PGLT + 10°C.

Test methods
The IDT and SCB test were performed at the UMN, while the DCT tests specimens were delivered to the University of Illinois Urbana Champagne (UIUC) where they were tested. 
The IDT test was used to determine the creep compliance and strength of the mixtures according to AASHTO specification T322 . 
The SCB tests of notched specimen with crack length of 15 mm and width 2 mm were performed using an MTS servo-hydraulic testing system equipped with an environmental chamber. The load line displacement (LLD) was measured using a vertically mounted Epsilon extensometer with 38 mm gage length and ±1 mm range; one end was mounted on a button that was permanently fixed on a specially made frame, and the other end was attached to a metal button glued to the sample. The crack mouth opening displacement (CMOD) was recorded by an Epsilon clip gage with 10 mm gage length and a +2.5 and -1 mm range. The clip gage was attached at the bottom of the specimen. A constant CMOD rate of 0.0005 mm/s was used and the load and load line displacement (P-u), as well as the load versus LLD curves were plotted. A contact load with maximum load of 0.3 kN was applied before the actual loading to ensure uniform contact between the loading plate and the specimen. The testing was stopped when the load dropped to 0.5 kN in the post peak region. All tests were performed inside an environmental chamber. Liquid nitrogen was used to obtain the required low temperature. The temperature was controlled by the environmental chamber temperature controller and verified using an independent platinum RTD thermometer. Load versus Load Line Displacement curves are obtained from the test. The tail part of curves can be reasonably obtained by fitting the data curve in post peak region following a method described elsewhere .The Load versus LLD curves were then used to calculate the fracture toughness (KIC) and fracture energy (GF) as described in the National Pooled Fund Study 776 . 
The DCT test consisted of placing the specimens in a controlled chamber to be conditioned for a minimum of 2 hours at the desired testing temperature. The test is performed under tensile loading and the crack mouth opening displacement (CMOD) is measured with a clip-on gage at the face of the crack mouth. After temperature conditioning, the specimens are inserted in loading fixtures, subjected to a preload, no greater than 0.2 kN, and then tested with a constant CMOD of 0.017 mm/s. The test is completed when the post peak level has reduced to 0.1 kN. The DCT fracture energy is calculated by determining the area under the Load-CMOD curve normalized by the initial ligament length and thickness.
The laboratory compacted samples were tested at two different temperatures determined based on the PG grade of the binder. At each temperature, three replicates were tested. While the laboratory compacted and conditioned samples and field samples were tested only at one test temperature.

Test results of laboratory compacted samples 
IDT Strength: Figure 3 presents the mean strength values calculated from three test replicates. The plots show that, the strength of the mixtures significantly decreases as the temperature drops. However, SBS and PPA+Elvaloy modified mixture with 7% a.c. appear to be less sensitive to the change in temperature. As expected, mixtures with less a.c. outperform the mixture with larger void content. With regard to the effect of modification several observations can also be drawn: SBS and PPA +SBS modified mixture exhibit higher strength values at all air void and test temperature levels. While, PPA+Elvaloy modified mixture appear to have about the same strength of only PPA modified mixture.
IDT Creep Stiffness: The stiffness results are summarized in Figure 4. It can be seen that, for all considered mixtures, stiffness increases dramatically when temperature drops. Similarly, the stiffness is much higher in the 4% a.c. mixtures. Overall, the highest increase in stiffness, due to temperature change, is observed in PPA+Elvaloy modified mixtures. PPA modified mixture are scarcely responsive to change in temperature at 4% a.c. On the contrary, at 7% a.c. the stiffness of the PPA modified mixture increases steeply. In general, SBS alone or a PPA+SBS modified mixtures exhibit higher stiffness values compared to only PPA modified mixture. When only the highest test temperature is considered the difference between the mixtures appear reduced. 
SCB test results: The SCB fracture test results are summarized in Figure 5 and Figure 6. The highest fracture toughness values are observed in SBS and PPA+SBS modified mixtures regardless of the air void content level. Further, a temperature to void content interaction effect is highlighted in the graphs, specifically in both SBS containing mixtures. The graphs also suggest that PPA and PPA + Elvaloy mixture are basically equivalent with respect to their KIC values. When it comes to SCB fracture energy, SBS and PPA+SBS modified mixtures do still better than the rest. For all the mixtures, GF decreases dramatically with temperature and with increase of void content. Interestingly, the rate of decrease in GF, due to decrease in temperature, is similar for PPA and PPA+SBS modified mixtures. Both fracture parameters are negatively affected by increase in air void content. An exception to this trend is seen in SBS modified mixtures tested at the highest test temperature (PGLT+10 C). 
DCT test results: Fracture energy was also computed from DCT test. The results are shown in Figure 7. The numerical difference between the SCB and DCT fracture energy values may be attributed to different geometry and loading rate. It is worthwhile noticing that the DCT loading rate is much faster than the SCB one. However, despite the difference in value the plots seem to suggest that SBS and PPA+SBS modified mixtures are still superior to PPA and PPA+Elvaloy modified mixture.

Statistical Analysis of results from laboratory compacted samples
MacAnova statistical software package was utilized to perform statistical analysis and a three-way analysis of variance (ANOVA) was used to examine the differences among the mean response values of the different treatment groups. Results for each test parameter were separately analyzed. The experiment factors were: test temperature (two levels), air void content (two levels), and type of asphalt modification (four levels).The significance of the differences was tested at 0.05% level of error. In running the statistical tests, particular attention was paid to some aspect of the ANOVA models. The methods of analysis of experimental results by comparing the average responses of different treatment groups using ANOVA or contrasts and pairwise comparison are based on the assumption that the errors in the data are independent normals with constant variance. If these model assumptions do not hold, the inference may be misleading. Therefore, for each of the ANOVA model used in this study, the nature and degree to which the model-assumption were violated was checked, and corrective measures were taken if needed. Graphical and numerical tools (provided in MacAnova) such as the normal probability plots and residual plots were used to assess the violation of the assumption. The primary tool used to deal with the violation of assumptions was the transformation of the response to a different scale (square root, logarithm etc.). In addition, the occurrence of unbalanced data, that is, that all factor-level combinations do not have the same amount of replication, necessitated ANOVA models adjusted to type III sum of squares. It is to be noted that, all four treatments are comparable, in that none of them represent a control group (no treatment). Therefore, the statistical analysis is intended to evaluate whether the difference in response among the four differently modified mixtures is significant. 

A summary of the ANOVA results for all test parameters is shown in Table 3. The significant treatment effects are indicated in the table. Only the main effect terms are presented since all multi-factor interaction effects resulted to be non significant. 
According to the statistical analysis, the effects of temperature and air void content are well captured by all the considered test parameters. The effect of modifiers, which is the subject of this research work, is found to be statistically significant in the following test parameters: DCT fracture energy, SCB fracture toughness, and IDT strength. The change in stiffness due effect of modifiers was found to be non significant. This mean, the change in mixture stiffness that can be attributed to the four different type of modification is comparable.
In addition, multiple comparisons at 5% level of significance were performed to compare and rank the tested mixtures according to the different test methods. The outcomes are reported in Table 4, in which statistically similar mixtures are grouped together. The letter A is used to indicate the best performing group of mixtures. The letter B refers to the second best performing group of mixtures, and so on. Mixtures which are difficult to distinguish are indicated by two or three group letters. Accordingly, SBS and PPA +SBS modified mixtures have generally higher strength and higher fracture resistance than the mixtures containing PPA or Elvaloy+PPA. In the case of IDT strength the difference between PPA+SBS and SBS is also considered to be statistically significant; SBS alone provides higher material strength.

Test results of conditioned laboratory compacted samples and field cored samples
In Figure 8, the test results of field and conditioned laboratory samples are plotted along with their corresponding unconditioned laboratory compacted samples. The laboratory samples plotted are all 7 % air void content. Both field samples and conditioned laboratory samples were tested only at PGLT test temperature.
With respect to the stiffness of field cores, it can be observed that those mixtures containing PPA or Elvaloy+PPA have higher stiffness at 60 sec than mixtures containing SBS or SBS+PPA. However, when stiffness is measured at 500 sec, the difference diminishes. Whilst, the strength and the fracture parameters appear to suggest that generally SBS or PPA +SBS+ containing mixtures are stiffer. This finding is similar to what was observed for the laboratory compacted mixtures. However, statistical analysis indicated that the observed differences are significant only when the SCB fracture energy is considered. In Table 5 the mixtures are ranked with respect to their fracture energy value.
Finally, the effect of long-term laboratory aging on the modified mixtures was investigated. The test results are summarized in Figure 8. Accordingly, conditioning increase the stiffness of the all mixtures , except the SBS one. at 500 sec. The IDT strength plot shows an increase of about 9% in strength, due to the conditioning, for all mixtures, except for the PPA+Elvaloy modified one. The SCB fracture toughness plot show that the effect of conditioning is minimal in PPA and SBS modified mixtures, on the contrary in PPA+polymer modified mixtures the effect amount to an almost double digit decrease. The SCB fracture energy always increases due the long term aging to which the mixtures were subjected. The highest increase is observed in PPA and SBS modified mixtures.  Finally, the DCT fracture energy detects minimal changes due to conditioning in the mixture, except for PPA+SBS in which a steep decrease in observed. The analysis of variance showed that the changes observed in the mentioned parameters, are not statistically significant. However, the ANOVA outcomes, may be somewhat affected by the relatively high variance within samples observed in the test results of conditioned samples. Further investigation in this direction is needed.

Test Section Field Performance
As of this writing, the MnROAD test sections have been in place for 2 ½ years. Cells 33, 34, and 35 show no thermal cracking whatsoever. The only test section with any transverse cracking is Cell 77 (Elvaloy+PPA), which has two cracks in 350 feet. There are several construction-related reasons why this section may have some cracking, so there is little concern that the low temperature cracking is excessive. Overall, the performance of each of the PPA modified binders has been very good.

Conclusions and Remarks
The low temperature fracture properties of asphalt mixture modified by PPA alone or PPA in combination with traditional polymer modifiers were investigated using traditional and newly developed fracture test methods. All the mixtures were the same except for the varying type and amount of modifiers used to upgrade the base binder to PG 58-34. The type of modification considered were: PPA, SBS, PPA+SBS, and PPA+Elvaloy. The amount and composition of these modifiers were varied such that the final binders exhibit similar behaviors at high and low temperatures. Test were performed on both laboratory compacted and field cored test specimens. 
The following findings were observed:
· The effects of test temperature and air void content were accurately captured by all the considered test parameters. Nothing particular emerged.
· The differences observed in IDT stiffness due to the type of modification were not statistically significant. This means the four types of modifications considered in the present work, have similar effect on the stiffness of the mixture. 
· Comparison of the mixtures with respect to IDT strength showed that PPA+SBS and SBS modified mixtures are significantly stronger than PPA alone and PPA+Elvaloy modified mixtures.
· The fracture test results indicate that all of the considered mixture modifications yield acceptable low temperature fracture values, based on data base of previous fracture tests results.
· Comparison of the mixtures with regard to SCB and DCT fracture parameters confirmed that PPA+SBS and SBS modified mixtures have considerably improved resistance to cracking than their fellow PPA and PPA+Elvaloy modified mixtures.
· Test results from field cored samples indicated that the difference among the mixtures were statistically significant only for SCB fracture energy. Accordingly, mixtures containing PPA alone exhibited inferior fracture properties than the others.
· In the end, the long term conditioning method did not produce statistically significant differences among the mixtures. However, the analysis of variance performed on the test results of conditioned specimen may have been affected by the relatively high variance between samples in the same group. More investigation is needed to be done. 
· So far, the observation of field performances has showed good outcomes for all PPA modified mixtures.
The main conclusions that can be drawn from these findings are that the low temperature fracture properties of 0.7% PPA modified mixtures are moderately encouraging. The SBS and PPA+SBS modified mixtures have the highest resistance to low temperature cracking. It is to be highlighted that in the PPA+SBS mixture, the SBS used amounts to half of the SBS used in the only SBS modified mixture. This means the amount of SBS can be considerably reduced by adding PPA without affecting the resistance to thermal cracking of the mixtures. This would result in significant saving in cost of modification and better performing mix. 
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[bookmark: _Ref274046941][bookmark: _Toc274561711][bookmark: _Toc277148643]Table 1. Description of Asphalt Mixtures used
	MnROAD 
Test Cell
	Construction 
date
	Binder 
Grade
	Asphalt    
 modifiers
	Innovalt W
Liquid Antistrip

	33
	September 2007
	PG 58-34
	0.75% PPA
	0.5%

	34
	September 2007
	PG 58-34
	1.0% SBS + 0.3%PPA
	0.5%

	35
	September 2007
	PG 58-34
	2.0% SBS
	None

	77
	September 2007
	PG 58-34
	1.1% Elvaloy + 0.3% PPA
	0.5%



[bookmark: _Ref274556523][bookmark: _Toc274561713][bookmark: _Toc277148645]Table 2. Air void content for field cores.
	Cell
	Mean
	CV

	33
	5.3
	1%

	34
	5.9
	2%

	35
	6.4
	2%

	77
	5.1
	13%



[bookmark: _Ref286750319]Table 3. Summary of ANOVA analysis
	Factor
	DCT
	SCB
	SCB
	IDT
	IDT
	IDT

	
	Gf
	Gf 
	KIC 
	strength
	S@60sec
	S@500sec

	mix type
	**
	-
	**
	**
	-
	-

	void content
	-
	**
	**
	**
	**
	**

	test temperature
	**
	**
	-
	**
	**
	**

	mix.void
	-
	-
	-
	-
	-
	-

	mix.temp
	-
	-
	-
	-
	-
	-

	mix.void.temp
	-
	-
	-
	-
	-
	-


(**) highly significant; (*) moderately significant; ( - ) not significant
[bookmark: _Ref286750485]Table 4. Statistical grouping and ranking of modifiers – lab compacted
	
	IDT strength
[MPa ]
	SCB KIC
[MPa*m0.5 ]
	DCT Gf
[J/m2]

	Modifier
	Group Mean
	Rank
	Group Mean
	Rank
	Group Mean
	Rank

	
	
	
	
	
	
	

	SBS
	5.1
	A
	0.96
	A
	561
	A/B

	PPA+SBS
	4.57
	B
	0.89
	A/B
	584
	A

	PPA+Elvaloy
	4.19
	C
	0.81
	B
	496
	B

	PPA
	4.01
	C
	0.80
	B
	490
	B



[bookmark: _Ref275154213][bookmark: _Toc277148679]Table 5. Statistical grouping and ranking of modified field mixtures SCB fracture energy
	Modifier
	Group 
Mean
	Rank

	
	
	

	SBS
	421.29
	A

	PPA+Elvaloy
	301.46
	A/B

	PPA+SBS
	288.36
	A/B

	PPA
	246.34
	B
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[bookmark: _Ref299293395]Figure 1. High Temperature PG Grade 

[image: ]
[bookmark: _Ref299293412]Figure 2. Low Temperature PG Grade 



	
	


[bookmark: _Ref286749866]Figure 3. IDT Strength test result
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[bookmark: _Ref287864816]Figure 4. IDT creep stiffness results

	
	


[bookmark: _Ref286677256]Figure 5. SCB fracture toughness result
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[bookmark: _Ref287864892]Figure 7. DCT fracture energy results

	
	

	
	

	
	


[bookmark: _Ref286750590]Figure 8. Test result for field samples and conditioned laboratory samples

IDT Strength - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	4.6547156846266855	5.2628992804418724	5.6662028091345427	4.7269348340241271	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	4.4524876539589355	4.878225071007706	5.4270314387412455	4.31996091298927	
Strength [Mpa]



IDT Strength - 7% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	3.801401404053883	4.5121681256787012	4.4992382507361404	3.7153185033967047	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	3.1395502620040681	3.6120203390223837	4.5432657055916437	3.7526838078205942	
Strength [Mpa]



IDT stiffness at 60 sec - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	15.281784054622452	15.313906861697626	16.415981816060725	12.787379291416768	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	19.847113232611189	21.402998920953777	25.170929392330549	21.816213628282895	
S60 [GPa]



IDT stiffness at 60 sec - 7% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	10.062496963900031	12.251853102980498	12.263982383193548	12.849012768267064	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	20.224509012778629	15.751601455764703	15.020139879329076	18.943276413728231	
S60 [GPa]



IDT stiffness at 500 sec - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	10.753677305070399	11.123770934231041	11.105208860457092	8.8610151640614809	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	15.810238806429048	18.753270923291531	20.609477309722177	21.65142101670239	
S500 [GPa]



IDT stiffness at 500 sec - 7% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	5.2367701621952483	7.6215694082130723	7.8607342634170303	8.9083081911786639	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	15.365798520362409	13.549098960788115	16.241368701276837	17.406307521313462	
S500 [GPa]



SCB fracture toughness - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.86053772783921556	0.90795141305321725	0.95121670697431249	0.84564367542596663	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.8977686552464057	1.0563766628212821	0.99897804981499438	0.91267215329366524	
KIC [MPa*m0.5]



SCB fracture toughness - 7% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.71495711682951335	0.82285515885369964	1.0033492697169444	0.74482404761234666	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.74082193157168086	0.77271799768133564	0.8818360567401079	0.75512671123023867	
KIC [MPa*m0.5]



SCB fracture energy - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	776.1323704447808	1066.4228505896681	1185.693386714921	1099.4064409641901	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	661.22059424387453	852.49317597737399	642.98624480833291	643.72526556870309	
Gf  [J/m2]



SCB fracture energy - 7% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	708.6954204028666	827.47807820240041	1229.4156578394361	707.17676735914029	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	450.51044845361264	539.97391735648853	527.05779657788855	574.20383819402059	
Gf  [J/m2]



DCT fracture energy - 4% Air Voids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	544.37100000000009	747.06933333333359	645.40699999999947	547.32266666666669	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	474.26	440.346	436.22349999999869	465.4831429999972	
Gf  [J/m2]



DCT fracture energy-7% AirVoids
PGLT+10C	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	594.38300000000015	670.92	647.35541499999749	526.61500000000001	PGLT	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	340.81033333333431	476.17699999999923	473.01933333333432	428.04600000000005	
Gf  [J/m2]



IDT stiffness at 60 sec - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	20.224509012778629	15.751601455764703	15.020139879329076	18.943276413728231	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	23.205317553216716	24.097226762965779	20.827371356656386	25.166014584014359	Field	24.545588323339476	20.21971632544097	21.727157516902864	26.050346018257187	
S60 [GPa]



IDT stiffness at 500 sec - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	15.365798520362409	13.549098960788115	16.241368701276837	17.406307521313462	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	17.685684991032886	19.909536983373059	14.623145019050625	20.805764993548156	Field	18.428744914062694	18.44982350811841	17.133902992769006	17.769026660766812	
S500 [GPa]



IDT Strength - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	3.1395502620040681	3.6120203390223837	4.5432657055916437	3.7526838078205942	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	3.5673111671827207	3.9318212787149491	4.7209335713976746	3.3089828011766151	Field	3.6049432370718599	3.7183109312100711	3.8393283353906567	4.123510859502737	
Strength [MPa]



SCB fracture toughness - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.74082193157168086	0.77271799768133564	0.8818360567401079	0.75512671123023867	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	0.72531700466553561	0.84878681804652745	0.84999102625208489	0.81568000884209002	Field	0.80428275849145558	0.80579264961401365	0.84762925043505644	0.87021375799270551	
KIC [MPa*m0.5]



SCB fracture energy - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	450.51044845361264	539.97391735648853	527.05779657788855	574.20383819402059	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	526.91900819455248	567.91207355445886	652.65374516129805	607.51352366358401	Field	246.34088072117035	288.36058977662651	421.29144826474425	301.45617156241934	
Gf  [J/m2]



DCT fracture energy - Field and conditioned
Non- conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	340.81033333333431	476.17699999999923	473.01933333333432	428.04600000000005	Conditioned	PPA	 PPA+SBS	 SBS	 PPA+Elvaloy	355.05766666666915	350.12666666666672	451.73099999999869	399.82833333333338	Field	334	372	312	395	
Gf  [J/m2]
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