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EXECUTIVE SUMMARY 
 

Rutting is one of the primary distresses in the flexible pavement and defined as the 
longitudinal depression in the wheel path. Stripping, on the other hand, is defined as the 
adhesive failure between the asphalt binder and aggregate. Rutting and stripping have 
become potential distresses for New Mexico’s asphalt pavement. This research project 
has conducted a comprehensive study to evaluate the rutting and stripping potentials of 
asphalt mixes using Hamburg Wheel Tracking Device (HWTD). A total of forty-two 
asphalt concrete (AC) mixes, of which thirty-three were SP-III and nine were SP-IV, 
were collected from different construction sites in cooperation with the NMDOT. 
Cylindrical specimens were prepared in the laboratory using superpave gyratory 
compactor and the HWTD test was conducted on the laboratory prepared specimens. 
The test results revealed that SP-IV mixes showed less rutting and stripping potentials 
compared to SP-III mixes. The binder grade, RAP content, aggregate type etc. have 
significant influences on the stripping and rutting performance of the AC mixes. Tensile 
Strength Ratio (TSR) test was also conducted on the laboratory prepared specimen to 
measure the moisture damage of the AC mixes. No strong correlation was observed 
when the moisture susceptibility of the AC mixes obtained from the TSR test was 
compared with the stripping potentials from HWTD test data. 

This research investigated the effects of warm mix additives on the mixture’s rutting 
performance by performing MSCR and Dynamic Shear Rheometer (DSR) tests. The 
test results show that warm mix asphalt modification improves the rutting potential of the 
AC mixtures. 

Several pavement sections were analyzed in Pavement ME software for level 2 design. 
The rut deformation values obtained from the analysis after twenty years of pavement 
design life were compared with that of HWTD test results.  The ME analysis yields 
higher rut depth after 20 years of pavement service life compared to the laboratory 
measured value. 

Finally, based on the HWTD laboratory test results, a detailed specification for NMDOT 
was developed to measure the quality of rut resistance of both the SP-III and SP-IV 
mixes.  
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INTRODUCTION 

 

Rutting is one of the major distresses in the flexible pavement and defined as the 
longitudinal depression in the wheel path formed by the accumulation of permanent 
deformations caused by repeated heavy load, and shear failure of the asphalt concrete 
(AC) materials. Stripping of flexible pavement indicates the adhesive fracture between 
the asphalt binder and the aggregate. Rutting and stripping have become potential 
distresses for New Mexico’s asphalt pavement. Until now, New Mexico Department of 
Transportation (NMDOT) evaluates the resistance of Asphalt Concrete (AC) to moisture 
damage by determining the Tensile Strength Ratio (TSR). Asphalt Concrete (AC) is also 
susceptible to permanent deformation (rutting) under traffic loading which is affected by 
AC temperature, aggregate type, and binder type. There is no complete research in the 
literature which examined all these factors at the same time to understand rutting and 
stripping. The following section described a comprehensive literature review on several 
factors that have significant effect on the rutting and stripping potential of AC materials. 

Effect of Aggregate 

Aggregates play an important role on the performance of asphalt mixtures since most of 
it is composed with different type of aggregates. Aggregate mineralogy and durability 
properties are keys to determine the influence of aggregates in HWTD test. Aggregate 
type is closely related to permanent deformation (rutting) since its composition 
influences the behavior of this distress. The interplay between aggregates type, binder 
type and temperature are significant properties to increase the susceptibility to rutting. 
Otherwise, the aggregate properties such as particle shape, angularity and texture also 
play an important role. Understand the effect of aggregate is difficult to quantify since 
any aggregate properties will differ the results. In terms of degradation, limestone 
aggregates shows higher level of degradation and lower levels of stripping different than 
gravel aggregates. The correlation between HWTD and Los Angeles abrasion test 
showed good results, harder aggregates tend to perform better in the HWTD test [1]. 
 
Effect of Anti-Stripping Agents  

The use of additives such as anti-stripping agents changes the binder properties in 
addition to the intended modification; it proved resistance against moisture damage. 
The use of anti-stripping agents in AC mixtures has become useful to several 
transportation agencies to avoid moisture damage [2]. It is believed the stripping 
potential of asphalt mixtures is potentially reduced with the use of anti-stripping agents. 
New Mexico department of transportation uses hydrated lime and Versabind as 
potential anti-stripping additives in their AC mixtures. A comparison between hydrated 
lime and liquid anti-stripping agents was made by some researches; they found that 
hydrated lime has better results than liquid anti-stripping agents in terms of HWTD 
results [3]. In addition, Lu observed that effectiveness of hydrated lime does not 
decrease, but instead in some cases increases with conditioning time, while the 
effectiveness of the liquid anti-stripping agents generally does not change with time. It 
was also found that percentage content of anti-stripping agent it is not related to 
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performance, if additives are used incorrectly or when not needed adverse effects may 
occur and maintenance may be needed early than expected. Higher anti-stripping 
content in the mixture can result in worse results since these agents affect the 
deformation characteristics of the mixture. 

Anyways, the amount of anti-stripping agent is also related to gradation of the 
aggregate. Usually a 1 to 1.5 percent of additive is needed but this may change if 
presence of fines is high in the aggregate. Tensile strength ratio is the indicator that 
most of the transportation agencies adopt to analyze the striping effect in AC mixtures. 
Previous research has shown a poor correlation between TSR and HWTD results [4]. 
Hamburg wheel tracking device can closely identify the effect of anti-stripping agents 
but it may underestimate the performance of mixes containing soft binder at fixed water 
test temperatures. Hydrated lime became the only anti-stripping agent used by CDOT 
since it has given positive results at the time to prevent moisture damage in the HWTD 
test. Anyways, CDOT states that some other anti-stripping agents may work as well as 
hydrated lime or better with some type of aggregates. Properties measured by the 
HWTD test of the mixtures modified with anti-stripping agents did not always show 
improvement in comparison with mixtures with no anti-stripping agents [5].  

Effect of Gradation and Air Voids (AV) 

HWTD results are affected by different mixture design properties and test inputs as 
mentioned. Throughout the past of year’s research to understand coarse and finer 
gradation to understand rutting and stripping distresses was performed. Kandhal and 
Cooley [6] defined gradations below and above the restriction zone to define finer and 
coarser mixtures. Mixtures tested in three different rutting susceptibility tests showed no 
significant difference between gradations. Gokhale et al. [7] used the accelerated 
pavement testing and asphalt pavement analyzer to evaluate coarse and fine 
superpave mixtures. Same findings as Khandal and Colley were observed. Golalipour et 
al. [8] defined three variations in mixtures gradation. Better rutting results were 
observed in upper limit variations (coarser gradation). In addition, a variation in testing 
results was observed when AV contents changed. Manal and Attia [9] tested three 
different types of aggregates using the wheel tracker test. Results shown improvement 
when coarse gradation was used in the AC mixture. Differently, Habbeb et al. [10] found 
less rutting when finer gradation mixtures were tested in the wheel tracker test. 
Kanitpong et al. [11] found that finer and coarser mixtures permanent deformation 
performance is related to the type of aggregate. In addition, finer mixtures appear to 
have greater stripping resistance. Studies showed mixtures with lower AV performed 
better. Permanent deformation and other distresses were sensitive to AV contents. 
Tarefder and Zamman [12] observed that AV contents and gradation are important 
rutting factors in AC mixtures using the asphalt pavement analyzer. Results showed an 
improvement in rutting resistance for lower AV contents and coarser gradations. 
Aschenbrener and Curier [13] tested 4 types of mixtures at different AV contents using 
the HWTD. Based on the results, a recommendation of 5 to 7 percent AV contents 
range was defined. Kassem et al. [14] stated that AV contents are less sensitive to 
HWTD results.   
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Effect of Warm Mix Asphalt Agents 

In the past years, the effort of industries to reduce the emission of carbon dioxide and 
other greenhouses was conducted by different research. WMA is being an alternative to 
HMA in order to reduce environmental effects and increase the benefits in terms of 
production, workability and economics. WMA can be classified by degree of 
temperature reduction or by technologies used to reduce temperature. Mostly, the 
technologies used to reduce temperature are foaming techniques, organic or wax 
additives and chemical additives. Variation of temperatures in the production of WMA 
has a wide range. From temperatures 10 °C to 20 °C below HMA to even temperatures 
close to boiling water. Research using HWTD was conducted to understand the effect of 
agents in WMA deformation. Influence of curing time at the time of using WMA agents 
was found. Short term aging (2 hours) is less critical to HMA mixtures compared to 
WMA using HWTD test and Evotherm showed better results in terms of cycles to failure 
when the curing time was increased from 2 to 4 hours [15]. Perkins [16] found the use of 
anti-stripping agents improved WMA mixtures in terms of rutting distresses. Liva and 
MacBroom [17] tested WMA mixtures with different agents. AC with a PG 64-28 binder 
was tested using different Synthetic Zeolite Products (SZP), Evotherm agents and 
Sasobit. SZP did not show improvement for rutting distresses and stripping was 
observed. Otherwise, Evotherm 3G showed improvement in rutting and stripping was 
not observed. Finally, improvement was observed for Evotherm DAT modified and 
Sasobit for rutting and stripping behavior. Hurley and Prowell [18] have tested WMA 
mixtures with two different binder grades and type of aggregates. PG 64-22 and PG 76-
22 binder grades were used with limestone and granite as type of aggregates. Four 
mixes were tested with and without Evotherm WMA agent. Results showed an 
improvement in the rutting rate (mm/hr.) when WMA mixtures were in presence of 
Evotherm agent. In addition, their study observed that Evotherm improves the 
compactability in the SGC and vibratory compactor.  

Colorado department of transportation tested WMA mixtures with a PG58-28 binder 
grade and three WMA technologies (Advera, Evotherm and Sasobit). Results showed 
no improvement between WMA technologies and HMA control mixtures [19]. Jones et 
al. [20] conducted a comparison between WMA mixtures with Cecabase, Gencor and 
Evotherm DAT agents and a control HMA mixture. AV range was between 6.3 and 7.0 
%. Results showed that HMA mixture and WMA mixtures with Evotherm DAT and 
Cecabase RT behaved similar with a maximum rutting depth of 10 mm. Otherwise, 
WMA mixture with Gencor exceeded the 12.5 mm maximum impression point set by 
most of transportation state agencies. 

The specific objective of this research project is to measure and minimize the impact of 
rutting and stripping on asphalt concrete pavements. Due to climate and materials 
variability between different regions, separate specification is needed to determine the 
suitability of HWTD in New Mexico. This study involves testing, interpretation of 
laboratory data, and MEPDG evaluations to assess the effectiveness of HWTD testing 
criteria, and develop detailed specifications needed to ensure proper testing for 
implementation of HWTD in New Mexico. 
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MIX COLLECTION, PREPARATION, AND TESTING 
 

Mix Collection 

A total of forty two mixes were collected according to the AASHTO T 2 [21] and 
AASHTO T 168 [22] standards from various construction sites in different districts of 
New Mexico in cooperation with the NMDOT. Figure 1 shows the AC materials 
collection from the field. 
 

 

Figure 1: AC materials collection from the field 
 

The collected materials are listed in Table 1. Table 1 presents the properties of the 
collected AC materials including the aggregate type and performance grade (PG) 
binder. It is seen from Table 1 that four different PG binder grade were used in the 
collected mixes. These are PG 64-28, PG 70-22, PG 76-22, and PG 76-28. The 
pavement section of mixtures 8, 9, 10, 11 and 12 was one of the Specific Pavement 
Study Section-10 (SPS-10) of the nationwide Long-Term Pavement Performance 
(LTPP) monitoring program. Five WMA/HMA mixtures were collected, where these 
mixes having the same mixture designs but only differing in the type of mixture, WMA 
agent and polymer modified binder. The SPS-10 project consists of pavement test 
sections including i) Control HMA, ii) Terex Foaming, iii) Evotherm®,  iv) Cecabase® 1, 
and v) Cecabase® 2 (polymerized). 
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Table 1: Collected materials  

Test 
Code 

Project Mixture Type Gradation Aggregate 
Binder 

PG 
Used  

D1A1 1C00003 1 WMA SP-III 
Sand and 

Gravel 
76-22 

D2A1 2100880 2 WMA SP-III Limestone 76-22 

D2A2 2100250/2100251 3 WMA SP-III 
River 

Deposits 
70-22 

D4A1 4100650 4 HMA SP-III Basalt 64-28 

D4A2 4100660 5 WMA SP-III 
River 

Deposits 
76-22 

D4A3 4100450 6 HMA SP-III Shale 64-28 

D6A1 6100451 7 WMA SP-III Dacite 76-28 

D4A4 4100600 8 HMA SP-III 
Sand & 
Gravel 

76-22 

D4A5 4100600 9 WMA SP-III 
Sand & 
Gravel 

76-22 

D4A6 4100600 10 WMA SP-III 
Sand & 
Gravel 

76-22 

D4A7 4100600 11 WMA SP-III 
Sand & 
Gravel 

76-22 

D4A8 4100600 12 WMA SP-III 
Sand & 
Gravel 

76-22* 

D4A9 4100670 13 WMA SP-III 
Sand & 
Gravel 

76-22 

D1A2 1100900 14 WMA SP-III 
Sand & 
Gravel 

76-22 

D3A1 3100460 15 HMA SP-III Basalt 76-22 

D4A10 4100590 16 WMA SP-III 
Sand & 
Gravel 

64-28 

D3A2 A301010/A301610 17 WMA SP-III Basalt 76-22 

D3A3 A300411 18 HMA SP-III Quartzite 70-22 

D3A4 A300380 19 WMA SP-III 
Sand & 
Gravel 

76-22 

D2A3 G3A92 20 HMA SP-III 
River 

Deposits 
70-22 

D2A4 2100900 21 WMA SP-IV 
Sand & 
Gravel 

70-22 

D5A1 5100411 22 HMA SP-III Quartzite 64-28 

*Modified Polymer  
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Table1: Collected materials (Continued) 

Test 
Code 

Project Mixture Type Gradation Aggregate 
Binder 

PG 
Used  

D4A11 4100800 23 WMA SP-III 
Sand & 
Gravel 

64-28 

D3A5 3100300 24 HMA SP-III 
Sand & 
Gravel 

70-22 

D5A2 F100110 25 HMA SP-III 
Sand & 
Gravel 

70-22 

D3A6 3100340 26 HMA SP-III 
Sand & 
Gravel 

70-22 

D6A2 6100223 27 HMA SP-III 
Crushed 
Granite 

76-28 

D4A12 4100810 28 WMA SP-III 
Sand & 
Gravel 

70-22 

D5A3 S100140 29 HMA SP-III 
Sand & 
Gravel 

64-28 

D2A5 2101370 30 WMA SP-III Limestone 76-22 

D1A3 1100890 31 WMA SP-IV Limestone 76-22 

D4A13 4100780 32 WMA SP-III Basalt 64-28 

D3A10 A300420 33 HMA SP-III Limestone 70-22 

D6A3 6100783 34 HMA SP-III 
Crushed 
Granite 

70-22 

D6A4 6100783 35 HMA SP-III 
Crushed 
Granite 

70-22 

D3A8 A301010/A301610 36 WMA SP-IV Basalt 76-22 

D1A4 1100570 37 HMA SP-IV Limestone 76-22 

D1A5 1100641 38 WMA SP-IV Volcanic 76-22 

D2A6 2100890 39 WMA SP-IV Limestone 76-22 

D5A4 5100440 40 HMA SP-IV 
Sand & 
Gravel 

64-22 

D1A6 1101460 41 HMA SP-IV 
Sand & 
Gravel 

70-28 

D3A9 A300280 42 WMA SP-IV Basalt 70-22 
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Gradation 

As mentioned previously, AC mixtures 8 to 12 only differ in the WMA agent used within 
the mixes. For gradation purposes, only thirty-eight mixtures were analyzed since SPS-
10 mixtures have the same gradation and mixture properties. The combined aggregate 
gradation shall be classified as coarse-graded when it passes below the Primary 
Control Sieve (PCS) control point as defined in the Table 2 [23]. 
 

Table 2: Gradation classification 

 
PCS Control Point for Mixture Nominal Maximum Aggregate 

Size (% Passing) 

Nominal Maximum 
Aggregate Size (NMAS) 

37.5 mm 25.0 mm 19.0 mm 12.5 mm 9.5 mm 

PCS 9.5 mm 4.75 mm 4.75 mm 2.36 mm 2.36 mm 

PCS Control Point (% 
Passing) 

47 40 47 39 47 

 

Table 3 presents the aggregate gradation classification based on the Federal Highway 
Administration (FHA) [24-25]. 
 

Table 3: Gradation classification based on FHA  

Mixture NMAS Coarse-Graded Fine Graded 

37.5 mm (1 ½”) < 35% Passing 4.75 Sieve >35% Passing 4.75 Sieve 

25.0 mm (1”) < 40% Passing 4.75 Sieve >40% Passing 4.75 Sieve 

19.0 mm (3/4”) <35% Passing 2.36 Sieve >35% Passing 2.36 Sieve 

12.5 mm (1/2”) <40% Passing 2.36 Sieve >40% Passing 2.36 Sieve 

9.5 mm (3/8”) <45% Passing 2.36 Sieve >45% Passing 2.36 Sieve 

4.75 mm (No. 4 Sieve) N/A (No standard super pave gradation) 

  

Figure 2 illustrates the gradation plot for the first sixteen SP-III mixes whereas Figure 3 
shows the gradation plot for the rest of the mixes. Figure 4 depicts the gradation plot for 
the nine SP-IV mixes. This plot illustrates the maximum density line along with the 
gradation of the mixes. The maximum density gradation line represents the tightest 
arrangement that particles can fit together. When designing mix, the maximum density 
line will be used as a guide for increasing or decreasing Voids in Mineral Aggregate 
(VMA). Sufficient inter-particle space must be available for a minimum amount of 
asphalt binder and the aggregate must have a sufficiently strong skeleton to carry the 
traffic loads. 
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Figure 2: Gradation curve for the first sixteen SP-III mixes 

 

 

Figure 3: Gradation curve for the rest of the SP-III mixes 
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Figure 4: Gradation curve for the SP-IV mixes 
 

Based on the gradation plot the materials are classified as finer or coarse materials. For 
a mixture with a nominal maximum aggregate size (NMAS) of 12.5 mm that is for SP-IV 
mixes the primary control sieve number is #8 which has an opening size of 2.36 mm. 
The combined aggregate gradation is classified as coarse graded when it passes below 
the PCS. For SP IV mixes if percent passing in sieve # 8 is found to be less than 39 the 
aggregate would be classified as coarse graded. As can seen from Figure 4 that 
percent passing #8 sieve was found to be < 39 for all of the SP-IVmixes, Therefore, all 
of the mixes were classified as coarse materials. The SP-III mixes are also classified 
according to the standard. The materials classification are summarized in table 4. 
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Table 4: Mixtures gradation  

Mixture 
NMAS 
(mm) 

% Passing 
#4 (4.75mm) 

% Passing 
#8 (2.36 mm) 

AASHTO 
Classification 

FHWA 
Classification 

1 19 43 29 Coarser Coarser 

2 19 48 33 Finer Coarser 

3 19 39 26 Coarser Coarser 

4 19 47 32 Finer Coarser 

5 19 38 25 Coarser Coarser 

6 19 50 32 Finer Coarser 

7 19 66 54 Finer Finer 

8 19 39 29 Coarser Coarser 

9 19 39 29 Coarser Coarser 

10 19 39 29 Coarser Coarser 

11 19 39 29 Coarser Coarser 

12 19 39 29 Coarser Coarser 

13 19 41 27 Coarser Coarser 

14 19 52 35 Finer Finer 

15 19 50 29 Finer Coarser 

16 19 35 25 Coarser Coarser 

17 19 54 31 Finer Coarser 

18 19 50 35 Finer Finer 

19 19 35 26 Coarser Coarser 

20 19 46 30 Coarser Coarser 

21 12.5 54 37 Coarser Coarser 

22 19 47 29 Coarser Coarser 

23 19 34 24 Coarser Coarser 

24 19 36 25 Coarser Coarser 

25 19 48 33 Coarser Coarser 

26 19 36 25 Coarser Coarser 

27 19 38 27 Coarser Coarser 

28 19 34 23 Coarser Coarser 

29 19 35 24 Coarser Coarser 

30 19 50 32 Coarser Coarser 
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Table 4: Mixtures gradation (Continued) 

Mixture 
NMAS 
(mm) 

% Passing 
#4 (4.75mm) 

% Passing #8 
(2.36 mm) 

AASHTO 
Classification 

FHWA 
Classification 

31 12.5 58 35 Coarser Coarser 

32 19 41 30 Coarser Coarser 

33 19 48 33 Coarser Coarser 

34 19 35 25 Coarser Coarser 

35 19 32 22 Coarser Coarser 

36 12.5 57 34 Coarser Coarser 

37 12.5 52 33 Coarser Coarser 

38 12.5 45 30 Coarser Coarser 

39 12.5 57 37 Coarser Coarser 

40 12.5 56 38 Coarser Coarser 

41 12.5 44 28 Coarser Coarser 

 

Sample Preparation 

About 713 samples were prepared using the Superpave gyratory compactor following 
the AASHTO T 312 [26] test standard. The samples were then cut into specific 
dimensions using a laboratory cutting saw as shown in Figure 5. Cylindrical samples are 
prepared to a height of 62±1 mm (Figure 6).  

Samples’ volumetric properties, theoretical maximum specific gravity (Gmm), air voids 
and bulk specific gravity (Gmb) were determined at the UNM laboratory. The Gmm, Gmb 
and air void were determined according to the AASHTO T 209 [27], AASHTO T 166 
[28], AASHTO T 269 [29] test protocols respectively. The resulting air void range is 5-
7%; this meets the desired criteria. 
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Figure 5: Sample-trimming process 

 

 

Figure 6: Sample-trimming process 
 
A defined standard configuration for the HWTD test does not exist. AASHTO T 324-11 
[30] only addresses the preparation of cylindrical samples, but configuration of the test 
is not defined. Configuration inputs and samples parameters will affect the results of the 
HWTD. Variation of test temperature, conditioning time, loading and frequency of 
loading are configuration parameters that will have significant effect on the test results. 
The most common setup for the HWTD used in most transportation agencies as follows: 

- 20,000 passes along the test track 
- 12.5 mm. (0.5 in.) maximum rutting depth 
- 52 rpm 
- 50°C constant water bath temperature 
- 158 lb. (700 N approx.) 
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Several departments’ of transportation have implemented HWTD test in their 
specifications as an alternative to Tensile Strength Ratio (TSR) test. Researchers found 
that binder PG is related to HWTD; stiffer asphalt binder showed better results. In their 
specifications, transportation agencies defined the water temperature test and number 
of passes according to the binder PG grade of the AC mixture. In addition, a maximum 
rutting depth was adopted when binder PG varies. 
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ASPHALT CONCRETE HWTD TESTING 

 
A total of four mixtures (4 sets each Approx.) were tested at 50 ˚C at using UNM HWTD. 
Wheels of 158 lb. weight rolled over the sample for 20,000 cycles. The resulting 
deflections were recorded at different intervals of loading. The testing of one set of 
samples (2 pairs) is shown in Figure 7. For the purpose of this study, orientation of 
sample placement in polyethylene molds is shown in Figure 8, where the specimen 
consisting of the lowest air void will be positioned at location 1 and the specimen with 
the highest air void will be positioned at location 4. 
 

 

Figure 7: UNM Hamburg Wheel Tracking Testing 
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Figure 8: Top view of test specimen configuration 
 
HWTD test is conducted following the AASHTO T 324-11 [30] test standard. It includes 
the method to determine the premature failure susceptibility of HMA/WMA due to 
weakness in the aggregate structure, inadequate binder stiffness, or moisture damage. 
This test method measures the rut depth and number of passes to failure. In addition, it 
describes the procedure for testing rutting and moisture susceptibility of WMA/HMA AC 
samples in the HWTD. HWTD results are expressed in post-compaction consolidation, 
creep slope, stripping inflection point and stripping slope shown in Figure 9. 

The post-compaction consolidation is the rut depth at 1000 wheel passes and occurs at 
the very beginning of the test. It is called post-compaction consolidation because the 
load applied by the wheel increase the density of an asphalt mixture. Post Compaction 
slope is the inverse of the rate of deformation in the linear region of the deformation 
curve at 1,000 wheel passes. The creep slope is related to the permanent deformation 
(rutting) of the asphalt mixture. It is the inverse of the rate of deformation in the linear 
region of the deformation curve, after post compaction and before stripping [13]. The 
stripping slope is related to the moisture damage (stripping) of an asphalt mixture. It is 
the inverse of the rate of deformation in the linear region of the deformation curve, after 
starting stripping to the end of the test. It is the number of passes required to create a 1 
mm impression from stripping [13]. The lower the creep slope and the stripping slope 
the most severe rutting and moisture damage the mixture experiences. The Striping 
Inflection Point (SIP) is the number of wheel passes that intersects the creep slope and 
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the stripping slope. This mark is related to the resistance of the asphalt mixture to 
moisture damage. Once the stripping inflection is reached moisture damage dominates 
the performance of the mixture.  

 

Figure 9: HWTD results curve 

 
The shape of the curve in Figure 9 is the same as creep and repeated load tests which 
determines the typical permanent deformation curve [31]. The tertiary region is related 
to moisture damage and is when the samples tend to fail rapidly. Based on the 
examination of many slabs and pavement cores, the tertiary regions of the curves 
produced by the HWTD appear to be primarily related to moisture damage, rather than 
to other mechanisms that cause permanent deformation, such as viscous flow [32]. 
They state that mixtures that are susceptible to moisture damage tend to start losing 
fine aggregates around the stripping inflection point, and coarse aggregate particles 
may become dislodged. The data reported includes the number of passes, maximum 
impression, test temperature; samples air void content, post-compaction point, creep 
slope, stripping slope and stripping inflection point. 

Test Results and Discussions 

Table 5 presents the results of all the AC mixtures tested in the HWTD. Due to 
repeatability of results, each mixture data set was generalized.  
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Table 5: HWTD test results  

Mixture 

Average 
Number 

of 
Passes 

Maximum 
Impression 

(mm) 

Samples 
Air Voids 
Average 

(%) 

Post-
Compaction 
Point Slope 
(pass/mm) 

Creep 
Slope 

(pass/mm) 

Stripping 
Slope 

(pass/mm) 
SIP 

1 20,000 2.57 6.2 962 18,518 N/A N/A 

2 20,000 1.81 5.6 1178 26231 N/A N/A 

3 20,000 2.92 6.3 906 18,151 N/A N/A 

4 20,000 2.48 6.1 763 27,273 N/A N/A 

5 20,000 2.30 5.3 1174 15946 N/A N/A 

6 15,000 15.27 5.8 420 1,794 938 4,990 

7 15,827 15.96 6.1 648 2,089 866 5,100 

8 20,000 4.72 5.8 677 8,929 N/A N/A 

9 20,000 3.07 5.7 640 7,224 N/A N/A 

10 20,000 3.99 6.0 511 9,359 N/A N/A 

11 20,000 3.59 6.7 837 11,387 N/A N/A 

12 20,000 2.44 6.7 1,171 17,494 N/A N/A 

13 20,000 3.46 6.5 699 20926 N/A N/A 

14 20,000 2.28 5.3 953 13879 N/A N/A 

15 20,000 2.63 5.5 806 21418 N/A N/A 

16 20,000 5.02 5.9 613 11955 N/A N/A 

17 20,000 3.02 5.7 810 15692 N/A N/A 

18 20,000 3.40 5.4 824 12747 N/A N/A 

19 20,000 3.70 5.0 762 10695 N/A N/A 

20 20,000 1.99 6.4 945 19811 N/A N/A 

21 20,000 3.99 5.6 705 11367 3851 14,250 

22 20,000 2.84 5.7 761 14029 N/A N/A 

23 20,000 6.34 6.8 540 5476 4174 10,200 

24 20,000 4.16 5.4 687 11498 3961 14,800 

25 20,000 5.85 5.5 712 9438 2224 13050 

26 20,000 5.47 5.3 474 5197 8898 8600 
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Table 5: HWTD test results (Continued) 

Mixture 

Average 
Number 

of 
Passes 

Maximum 
Impression 

(mm) 

Samples 
Air 

Voids 
Average 

(%) 

Post-
Compaction 
Point Slope 
(pass/mm) 

Creep 
Slope 

(pass/mm) 

Stripping 
Slope 

(pass/mm) 
SIP 

27 20,000 2.85 5.8 733 15279 N/A N/A 

28 20,000 3.35 6.6 659 9650 N/A N/A 

29 20,000 11.42 5.8 478 2949 1459 12075 

30 20,000 3.99 6.2 734 8520 6910 15100 

31 20,000 3.03 5.3 897 8958 N/A N/A 

32 20,000 8.47 5.8 354 4024 2953 13450 

33 20,000 4.4 5.4 675 6207 5441 13550 

34 20,000 5.63 6.4 540 7475 3602 14200 

35 20,000 3.20 5.5 706 14855 N/A N/A 

36 20,000 3.27 5.8 766 9886 N/A N/A 

37 20,000 1.83 6.7 911 22420 N/A N/A 

38 20,000 4.16 6.3 693 8512 N/A N/A 

39 20,000 4.98 5.6 631 9031 N/A N/A 

40 20,000 3.45 5.7 451 8093 8957 10100 

41 20,000 4.0 6.3 468 12453 N/A N/A 

42 20,000 3.12 6.9 743 16909 N/A N/A 
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Figure 10: Generalized HWTD results 
 
It can be clearly noticed from Table 4 and Figure 10 that mixtures 6 and 7 reached the 
stripping phase and wasn’t able to finish the corresponding test (20,000 passes). Both 
mixtures were in presence of unique aggregates as shale and dacite. In addition, these 
mixtures were defined as finer AC mixtures. Not much can be said about the effect of 
binder PG and type of mixture. However, better results were expected for mixture 7 due 
to its higher PG grade of 76-28. In comparison to mixture 6, mixture 7 showed to have a 
slightly better performance. Comparing mixtures 1, 3, and 4, similar rutting depths 
maximum rutting depths were observed with better results in mixture 4. In the post-
compaction phase, mixture 4 showed less resistance compared to the other 2 mixtures. 
This effect is closely related to the binder PG of the AC. 
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Figure 11: HWTD results for mixtures 1-7 
 

In terms of creep slope, better performance was observed for mixture 4. From these 
observations, it can be assumed that mixtures with similar maximum rutting depth tend 
to have higher creep slopes if the rutting potential in the post-compaction phase is less. 
It can be seen from above that mixture 2 experiences the least amount of deformation 
(1.81 mm) among all the mixes illustrated in Figure 11. The mixture consists of 33 % 
RAP and aggregate type of limestone; which might be an attributing factor to its rutting 
resistance outcome. Mixture 2 results show higher post-compaction and creep slope; 
which coincides to the assumption made earlier about better performing mixtures such 
as mix 1, 3, and 4. Also, mixture 5 shows to be a better performing mixture with 
maximum impression of 2.30 mm. This may be due to its high PG grade of 76-22. Also, 
the WMA additive may have a contribution to the performance of the mixture.  

As discussed earlier, mixture 8 to 12 have the same AC mixtures properties in terms of 
type of aggregate, gradation, binder PG and so on. These AC mixtures only differ in the 
type of HMA/WMA technology used. Table 5 lists the similarity of the AC properties and 
the different mixing technology used for each of the mixtures collected from SPS-10 site 
location. 
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Table 6: HMA/WMA mixtures collected from SPS-10 section 

No. of 
Mixture 

Type of 
Mixture 

Gradation 

Binder 
Grade 

Specified 
PG 

Binder 
Grade 

Used PG 

Type of 
Aggregate 

RAP 
Content 

(%) 

WMA 
Agent 

8 HMA SP III 76-22 70-28 
Sand and 

Gravel 
20 N/A 

9 WMA SP III 76-22 70-28 
Sand and 

Gravel 
20 

Terex 
Foaming 

10 WMA SP III 76-22 70-28 
Sand and 

Gravel 
20 Evotherm 

11 WMA SP III 76-22 70-28 
Sand and 

Gravel 
20 

Cecabase 
RT 

12 WMA SP III 76-22 70-28+ 
Sand and 

Gravel 
20 

Cecabase 
RT 

 

 

Figure 12: HWTD results for SPS-10 mixtures 
 

As depicted in Figure 12, post-compaction phase and creep phase of mixture 8 and 9 
behaved similar. A variation in rutting depth of approximately 0.1 mm and an 
insignificant variation in the creep slope were observed with better performance of the 
HMA mixture. A longer post-compaction phase was experienced for mixture 10. WMA 
mixture with Evotherm experienced a higher rutting depth when samples were under the 
densifying process. Once creep phase started to dominate the test, mixture 10 
experienced a higher creep slope than mixture 8 and 9. A higher rutting depth was 
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observed for the mixture 10 until the 15,000 wheel passes approximately. Opposite 
trend was observed when number of passes increased and final rutting depth for this 
mixture was less than previous tested mixtures. In addition, mixture 10 showed better 
results in terms of creep slope. Critical phase for mixture 10 was observed in the post 
compaction phase while creep phase was critical for previous mixtures. Results for 
Evotherm showed same phenomena as results found by previous literature. 
Improvement in the creeping phase was observed compared to HMA control. In 
addition, the impact of Evotherm agent on WMA mixtures is significant when PG grades 
are higher than PG70-XX. 

For the mixture 11, a significant improvement in the rutting depth results was observed 
in all HWTD phases compared to HMA and WMA mixtures with Foaming and Evotherm 
technology. As shown in Figure 12 and Table 5, creeping phase for mixtures 10 and 11 
have the same trending reflected in the similar creep slope. For these two mixtures, 
differences were observed only in the post-compaction phase. Compared to mixtures 1 
and 2, WMA with Cecabase RT showed better results in all HWTD phases. It was found 
that Cecabase RT showed better results as WMA agent.  

Finally, WMA mixture with Cecabase RT and modified polymer showed the most 
significant results from all five mixtures. An important improvement in maximum 
impression depth and in HWTD phases was observed. The effect of a modified polymer 
in HWTD results between mixtures 11 and 12 is significant. The effect of modified 
polymer for rutting distresses is significant in WMA/HMA mixtures due the stiffness of 
the material. 

From Figure 13, it was observed that rutting depths for mixtures 13, 14, 15, 17 and 18 
are close in range and exhibited good performance against deformation, while mixture 
16 shows a slightly lower rutting resistance and accumulated close to an additional 2 
mm of depression in comparison to its closest counterpart. This may be due to its 
classification as a coarser AC mixture in comparison to the finer AC designation of 
mixes 13, 14, 15, 17 and 18. Also, from Table 3, mixture 16 has the lowest post-
compaction slope and creep slope among the mixes mentioned. It was observed that as 
these two parameters decrease, so does the rutting resistance capability of the mixture. 
Comparing mixtures 15, 17, and 18, these mixtures are composed of hard aggregates 
basalt and quartzite. Mixture 15 better performance may be attributed to its high rap 
content of 35% and binder PG70-22 used. Mixture 17, despite having the same 
aggregate type and binder grade, its lower rap content of 15% may have resulted in the 
slightly lower performance. Not much can be said about the WMA additive of Maxam 
Aqua-Black Foaming, due to the fact that there are several mixes listed in Table 6 that 
contains the specified agent that have performed well. Compared to mix 15, the use of 
PG64-22 in mix 18 may have considerable effect to its slightly diminished performance 
despite having the same rap content. Lastly, even though with the use of lower binder 
grade of PG58-28, mixture 14 experienced the least amount of deformation (2.28 mm) 
and this might be a result of its combination of high classification as a finer AC mixture, 
elevated rap content of 35 % and the integration of WMA additive of Maxam Aqua-Black 
Foaming; which represents an opposite trend experienced in Mixture 17. 
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Figure 13: HWTD results for mix 13-18 
 
From Figure 14, it was observed that mixtures 20 and 21, HMA type of the group, 
experienced the least amount of deformation compared to the WMA mixtures. This 
result might be attributed towards high content of reclaimed asphalt pavement 
amounting to 35%. Also, the slightly better rutting resistance was observed in mixture 
20 which had a stiffer binder grade of PG64-22 compared to mixtures 22 utilization of 
PG58-28. Mixture 19 had lower rut depth amongst the WMA type mixtures. This might 
be attributed by the combination of 25% RAP content along with high binder grade of 
PG70-22. Mixture 21 result is very close in range with mixture 19’s rut rate, considering 
that the mix is composed of SP-IV gradation, 25% RAP and PG64-22, as mentioned 
previously that finer AC mixtures tend to have higher rut resistance compared to coarser 
AC mixtures. Mixtures 21 and 23 experienced stripping during 14,250 and 10,200 
passes respectively; premature stripping of mixture 23 compared to mixture 21 may be 
attributed to the fact that mixture 23 doesn’t have the inclusion of RAP.   
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Figure 14: HWTD results for mix 19-23 
 
From Figure 15, it was observed that mixture 29, HMA mixture with 20% RAP and a 
binder grade of PG64-28, experienced the most rut deformation amounting to 11.42 
mm. Despite not having a significant rut failure compared to mixture 29, mixture 25 
experienced a maximum impression of 5.85 mm. With the exception of mixtures 27 and 
31, mixtures 24, 25, 29, 30, and 33 rut deformation plot indicated a stripping inflection 
plot for these mixes at 14,800, 13,050, 12,075, 15,100 and 13,550 passes, respectively. 
Mixture 29 nature of lowest rutting resistance was corresponded with the stripping slope 
of 1459 passes/mm out the tested mixes. But this mixture has a slightly better 
performance than mixtures 6 and 7, which contained unique aggregates. Better 
performance of mixture 25 can be attributed to inclusion of a high RAP content of 35%. 
Mixtures 27 and 31, mixes that utilized a higher binder grade PG76-XX and RAP 
content of 15% and 35% respectively, performed the best out the test group exhibiting 
high rutting resistance with the outcome of rut deformation values of 2.85 mm and 3.03 
mm. The reason for mixture’s 31 slightly diminished performance, compared to mixture 
27, is the utilization of a softer binder of PG58-XX and the incorporation of Maxam 
foaming WMA additive; which might have led to the offset in rutting resistance. 
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Figure 15: HWTD results for mixtures 24, 25, 27, 29, 30, 31, and 33 
 
From Figure 16, only two out of the five mixes tested didn’t demonstrate signs of 
stripping failure. Mix 28 and 35 rut depths of 3.35 and 3.20 mm are pretty close in 
range. The slight deformation experienced by mix 38 might be attributable to the fact 
that the mixes were tested at an elevated air void content of 6.61% compared to mix 
35’s 5.48%. Another factor to be weighed in is that mix 28 asphalt binder was modified 
through warm mix foaming process. Accounting for the fact that despite using a binder 
grade of PG70-22, mix 35’s incorporation of a RAP percentage of 15% may have 
slightly increased the rutting resistance of the mixture. Mixtures 26, 32, and 34 
experienced stripping, but mixture 32 displayed characteristics of weak rutting 
resistance by accumulating close to 8.5 mm in permanent deformation. The 
combination of a low binder grade of PG64-28 and warm mix modification of asphalt 
binder through foaming might have contributed to its failure. In regards to mixes 26 and 
34, experiencing rut deformations of 5.47 mm and 5.63 mm respectively, are 
constructed with the same binder grade of PG70-22. It can be observed that mix 26 
having 15% of RAP provides a slight advantage in rut resistance compared to mix 34. 
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Figure 16: HWTD results for mixtures 26, 28, 32, 34, and 35 
 
The HWTD test results for a total of nine SP-IV mixes are shown in figure 17. As can be 
seen from figure 17, mixture 37 exhibited characteristics of superior rutting resistance 
among the tested group of mixes, with a rut deformation value of 1.83 mm. Comparing 
this rut value with the other mixes tested beforehand, it presents the second best rutting 
resistance behind mixture 2, which consists of 33 % RAP, SP-III gradation, and 
aggregate type of limestone. It is worth noting that both mixtures are in the presence 
limestone aggregate type of limestone, which might be attributed to their enhanced 
resistance to permanent deformation. Despite mixture 37 consisting an elevated RAP 
percentage of 35%, its gradation makeup of SP-IV might have contributed to slight 
increase in deformation experienced by the asphalt concrete mixture. The maximum rut 
deformation was observed for mix 39 with a rut value of 4.98 mm. The rut deformation 
values for mix 40 was found to be 3.45 mm where 4.0 mm and 4.97 mm were observed 
for mix 41 and 39 respectively. Stripping was observed only for mixture 21 with a 
stripping slope of 3851 pass/mm and stripping inflection point of 14250 passes, and 
mixture 40 with a stripping slope of 8957 pass/mm and stripping inflection point of 
10100 passes. The stripping potential experienced by mix 40 might be attributed to the 
less RAP content and lower PG binder grade. 
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Figure 17: HWTD results for SP-IV mixes 

Comparison of Field-Cored Mixture Performance with Laboratory Tested Values 

Even though the HWTT has been gaining popularity and wide acceptance by some 
state highway agencies as a fast and reliable method to evaluate the rutting potential 
and moisture sensitivity of asphalt concrete mixtures, studies that correlate laboratory 
test results with field performance are very limited and not well established. The 
capability of this device to predict field performance therefore has not been sufficiently 
validated. According to a study conducted by Lu [33], which comprised of comparing 
HWTD test results with field-cored samples from 63 California pavement sections aged 
between 4 and 8 years of age, it was observed that laboratory results were incapable of 
clearly distinguishing sections with different field performance. Based on their analysis, 
both false and false negative results may occur where sections that performed well in 
the field showed good performance in the HWTT, but a few sections that performed 
poorly in the field also performed well in the HWTT. It was also observed that the 
potential weakness of this research is that the samples were taken from in-service 
pavements instead of from newly constructed pavements sections, this process might 
have likely added variations to the mix properties primarily due to the impacts of traffic 
loading, aging, and climate change. 

On the contrary, a joint study by the FHWA and Virginia Transportation Research 
Council [34] evaluated the ability of three loaded wheel testers (LWTs) to predict rutting 
performance on AC mixtures placed at the full-scale pavement study WesTrack. The 
LWTs considered were this extensive evaluation were the Asphalt Pavement Analyzer 
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(APA), French Rut Tester (FRT), and HWTT. The scope of this study involved the 
evaluation of field performance data from 10 WesTrack pavement test sections 
comprising with varying binder content and air void percentages. Based on the data and 
analyses, it was found that the three devices examined provided a strong relationship 
with permanent deformation of the WesTrack sections studied. The HWTT had highest 
correlation of R2 = 0.91, followed by the APA (R2 = 0.90) and FRT (R2 = 0.83).  

The scope of this subtask is to evaluate the effectiveness of HWTT to distinguish 
mixture rutting performance with respect to their field-core counterparts. To fulfill this 
objective, a total of five pavement sections (3 with satisfactory rutting performance and 
2 with bad rutting performance) were cored for examination of moisture damage and 
laboratory testing. Figure 18 depicts the process involved in collecting core samples 
from mixture 29 pavement test location. As described in table 7 and 8, the distribution of 
these coring sites covers different traffic, site location, mixture design characteristics 
and includes different mix performances. A minimum of four cores, all 150 mm in 
diameter, were taken at each site. Cores were then cut into specific dimensions for 
HWTT testing. The air void content of each specimen was measured prior initiating 
HWTT. 

Table 7: Mixtures with satisfactory HWTT laboratory assessment 

Mix 
No. 

Location Mile Post Mix Summary Material Type 
PG 

Grade 

HWTT 
Rut 

(mm) 

18 NM-333 0.00-4.43 SP-III, 35%RAP Quartzite 70-22 3.40 

26 NM-314 2.94-3.47 
 

SP-III, 15%RAP 
Sand & Gravel 70-22 5.47 

33 NM-6 
18.53-
23.64 

 
SP-III, 25% RAP 

Limestone 70-22 4.40 

 

 
Table 8: Mixtures with poor HWTT laboratory assessment 

Mix 
No. 

Location Mile Post Mix Summary Material Type 
PG 

Grade 

HWTT 
Rut 

(mm) 

7 US-60 69.00-73.00 
SP-III, 

EVOTHERM 
Dacite 76-28 15.96 

29 
I-25/NM-

14 
276.00-
278.00 

 
SP-III, 15%RAP 

Sand & Gravel 64-28 11.42 
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Figure 18: Field core collection from mixture 29 pavement test section location 
 

Table 9: HWTD test results for field-cored mixtures 

Mixture 

Average 
Number 

of 
Passes 

Maximum 
Impression 

(mm) 

Samples 
Air Voids 
Average 

(%) 

Post-
Compaction 
Point Slope 
(pass/mm) 

Creep 
Slope 

(pass/mm) 

Stripping 
Slope 

(pass/mm) 
SIP 

7-FC 10,000 17.94 6.65 224 1360 475 6050 

18-FC 20,000 5.77 8.75 544 4604 N/A N/A 

26-FC 20,000 3.78 8.04 725 7748 N/A N/A 

29-FC 20,000 6.59 3.85 454 4485 3256 16900 

33-FC 20,000 7.51 9.18 303 4223 N/A N/A 
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Figure 19: HWTD test results for field-cored mixtures 

 
From Table 9 and Figure 19, it was observed that mixture 7 and mixture 29 exhibit 
characteristics of stripping. The rut progression curves from mixtures 7, 29, and 33 test 
results showed quick development of ruts in the initial few thousand wheel passes, 
which is due to densification and reduction of air void volume of mixes. For mixture 7, 
the slope of the rut progression curve changed significantly after reaching the SIP (6050 
wheel passes) and in turn ended the testing procedure around 10,000 wheel passes 
where severe stripping and sample deterioration occurred. This particular mix showed 
the lowest rutting resistance in both testing scenarios: laboratory compacted and field-
cored samples. These findings align with previous observations that these drastic failure 
in permanent deformation is associated to the use of Dacite as the aggregate type. In 
addition, the use of Evotherm as a binder modification process may have intensified the 
rutting rate of the mixture. Lastly, this specific mixtures was compacted in 2012. 
Accounting for pavement service life, the age of this pavement section might have 
resulted in oxidation of the pavement structure resulting in the weakening of the 
aggregate-binder bond. 

On the other hand, the rapid rut accumulation in the post-compaction phase of mixture 
33 may be due in part to its elevated air void content of 9.18%. Despite of that 
characteristic, no signs of stripping were incurred by the samples. With regards to 
mixture 29, a lower development of rutting was experienced in the post-compaction 
phase. This may be attributed to its low air void content of 3.85%. This material 
characteristic may limit the process of densification and providing more resistance to 
rutting. However, the mixture did demonstrate a stripping phase around the 16,900 
wheel pass. 

Acknowledging the fact that the field-cored samples experienced slightly higher rut 
values compared to their laboratory compacted counterparts, due to environmental and 
human factors (climate, construction practices, and traffic loading), this evaluation show 
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the ability of the HWTT to distinguish whether a particular mixture will perform 
satisfactorily or poor in the field. 

Significance Test for UNM and NMDOT Hamburg Wheel Tracking Devices 

Null Hypothesis: There is no difference between NMDOT and UNM Hamburg wheel 
tracking device results. If p value is equal or larger than 0.05 the null hypothesis can be 
accepted. Otherwise, we reject the null hypothesis. 

Eight HWTD tests were performed by NMDOT and three by UNM with the same AC 
mixture using the same HWTD test configuration (20,000 passes and 50 °C).16 test 
results were recorded for NMDOT testing for both of the HWTD wheel paths.  

For UNM testing, 6 test results were recorded. Table 10 summarizes the rutting depth at 
the 5 most significant number of wheel passes for each to the wheel test results. 

 
Table 10: NMDOT HWTD results 

 
 

Pass T1 T1 T2 T2 T3 T3 T4 T4 T5 T5 T6 T6 T7 T7 T8 T8 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1000 0.8 0.8 0.9 0.9 1.0 1.1 0.9 0.9 0.7 0.8 0.7 0.8 1.1 1.2 0.8 0.8 

5000 1.3 1.3 1.6 1.7 1.9 1.8 1.6 1.5 1.2 1.3 1.3 1.3 2.1 2.2 1.3 1.3 

10000 1.6 1.7 2.1 2.1 2.3 2.3 2.1 2.0 1.6 1.7 1.6 1.6 2.6 2.7 1.5 1.5 

15000 1.8 1.9 2.4 2.5 2.5 2.5 2.3 2.2 1.8 1.9 1.8 1.9 2.9 3.0 1.7 1.7 

20000 2.0 2.1 2.7 2.8 2.9 2.8 2.6 2.5 2.0 2.1 1.9 2.0 3.1 3.2 1.9 1.8 

Table 11: UNM HWTD results 

Pass T1 T1 T2 T2 T3 T3 

0 0 0 0 0 0 0 

1000 1.20 0.98 0.93 1.22 1.16 1.03 

5000 1.97 1.84 1.63 1.78 1.86 1.64 

10000 2.53 2.20 2.05 2.14 2.42 2.12 

15000 2.81 2.45 2.43 2.28 2.81 2.60 

20000 3.16 2.70 2.72 2.41 3.23 3.28 
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For the significance test, a two tail significance test was used with homoscedastic 
variance. Variance is not constant but the difference does not increase with number of 
wheel passes, definition for homoscedastic variance.  

The significance test results for UNM and NMDOT HWTD test results are given in Table 
12. Results are expressed in p values. 

Table 12: P-values 

Pass p 

0  

1000 0.05 

5000 0.17 

10000 0.12 

15000 0.09 

20000 0.04 

 
From the previous results, it can be observed that p value is equal or greater than 0.05 
for all the analyzed passes besides the pass 20000. From these results we can accept 
the null hypothesis since 4 of the 5 wheel passes tested has met the condition. In 
conclusion, there is no significance difference between UNM and NMDOT HWTD 
results. 
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ASPHALT CONCRETE TENSILE STRENGTH RATIO (TSR) 
TESTING 

 

Moisture-induced damage is the loss of adhesion between asphalt and aggregates in a 
mix (stripping) and/or the loss of cohesion within the asphalt mastic, where moisture 
enters the pavement through three mechanisms: infiltration, evaporation, and capillary 
rise [35]. For these instances, permeable pores provide the pathway for water to get 
inside the pavement and a study performed by Ahmad [36] aimed to find whether 
permeability is related to moisture damage of AC in the field and lab. His results 
conclude that moisture damage potential increases with the increase of permeable 
pores. It was also observed that pavements with decreasing permeability from the top to 
the bottom layers exhibit less damage.   

Moisture damage in the United States is a big issue, as 34 out of 50 states are suffering 
from some sort of moisture related distress according to a survey conducted by Hicks 
[37]. In the field, moisture damage is initially identified by visual inspection of the 
pavements. But stripping, a major cause of distress in flexible pavements, generally 
occurs at interfaces and propagates upward. Therefore, visual inspection alone is not 
sufficient to identify moisture damage. The Modified Lottman Test has been developed 
to evaluate both moisture susceptibility and anti-stripping additives’ effectiveness 
through mechanical testing [38]. 

The Indirect Tensile Strength (ITS) of asphalt mixtures is conducted by loading a 
cylindrical specimen across its vertical diametral plane at 50 mm/min (2 in./min) 
deformation rate and 25 °C test temperature; shown in Figure 20 below. The peak load 
at failure is recorded and used to calculate the Indirect Tensile (IDT) Strength of the 
specimen using Equation (1): 

                                                                       IDT = 
2∗𝑃

𝜋∗𝐷∗𝑡
                                                                 (1) 

where IDT = indirect tensile strength (psi); P = maximum compressive strength noted on 
testing machine (Newton); D = diameter of sample (in.); t = thickness of sample (in.). 

The value of ITS is used to evaluate the relative quality of mixes in conjunction with 
laboratory mix design testing and for estimating the potential for rutting or cracking. The 
results can also be used to determine the potential for field pavement moisture damage 
when results are obtained on both unconditioned and conditioned samples. 

The index of Tensile Stress Ratio (TSR) can be used to measure the moisture 
susceptibility of the samples. A ratio of IDT for conditioned samples to unconditioned 
samples is the criterion to identify a moisture susceptibility of a mix. The TSR of wet to 
dry samples is calculated using Equation (2):  

                                                                       TSR = 
𝐼𝐷𝑇𝑤𝑒𝑡

𝐼𝐷𝑇𝑑𝑟𝑦
                                                                (2) 
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                   (a)                        (b) 

Figure 20: Photographic view of IDT testing equipment 
 

where IDTwet = Average IDT of 3 wet conditioned samples; IDTdry = Average IDT of 3 
dry conditioned samples  

According to the NMDOT mix design specifications [39] the minimum requirement of 
TSR is 85%. 

For the purpose of this test portion, about 300 samples were prepared using the 
Superpave gyratory compactor following the AASHTO T 312 [26] test standard. The 
samples were compacted to diameter measurement of 150 mm (4 in.) specimens in 
order to meet the requirements of standard AASHTO T 283 [40]. All of them were not 
tested during this quarter. Cylinder samples are prepared to a height of 62±1 mm. The 
test can also be performed at 100 mm (6 in.) diameter samples with 3.75 in. height. 

Samples’ volumetric properties, theoretical maximum specific gravity (G
mm

), air voids 

and bulk specific (G
mb

) were determined at the UNM laboratory.  The G
mm

, G
mb

, and air 

void were determined according to the AASHTO T 209 [27], AASHTO T 166 [28], and 
AASHTO T 269 [29] test protocols respectively. The resulting air voids range from 5.5% 
to 7.5%, which meets the desired criteria. 

For the determination of indirect-tensile strength of dry and conditioned specimens, a 
total of six mixtures were tested at 25 ˚C using the lab available Indirect Tensile Test 
(IDT) machine. Prior to testing, in accordance to AASHTO T 283 [40] preparation of at 
least six specimens are required for each IDT test; half to be tested dry and the other 
half to be tested after partial saturation and moisture conditioning with a freeze-thaw 
cycle. 

The dry subset of samples will be stored at room temperature for 24 ± 3 hours. At the 
end of the curing period, specimens shall be wrapped with plastic film or placed in a 
leak-proof plastic bag and then placed in a water bath at 25 ˚C for a duration of 2 hours 
± 10 min. For the wet subset, specimen is saturated using a vibro-deairator for a short 
time (approximately 5-10 min); a device that applies vibration and suction 
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simultaneously. After saturation, the vacuum-saturated specimen shall be wrapped 
tightly with a plastic film in order to prevent any moisture loss. Then, this is followed by 
the placement of the wrapped sample into a leak-proof bag containing 10 ± 0.5 mL of 
water and seal the bag, which is shown in Figure 21(a). The plastic bags containing 
specimen were then placed in a freezer for 16 hours at -18 ± 3 ˚C for freezing. After the 
limit has been reached, the sample is then thawed in a hot water bath at a temperature 
of 60 ˚C for 24 hours (Figure 21(b)). This is immediately followed by 2 hours of 
conditioning at 25 ˚C.  

  

         (a)                                 (b) 

Figure 21: Photographic view of freeze-thaw specimen conditioning process for 
AASHTO T 283 

 

Thus, in the AASHTO T 283 conditioning process, water is forced to enter inside the 
sample during saturation and to increase in volume during freezing. The increased 
volume of water causes increased pressure inside the pores of the sample causing 
damage. Thawing through the process of hot water bath for 24 hours also contributes to 
the softening of the binder, mastic and samples. 

Test Results and Discussions 

The following Table 13 represents the results of all the AC mixtures tested in the IDT 
Device. Due repeatability of results, each mixture data set was generalized.  
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Table 13: AASHTO T283 results 

Mix 
Average AV 

(dry 
condition) 

Dry Tensile 
Strength 

(psi) 

Average AV 
(wet 

condition) 

Wet 
Tensile 

Strength 
(psi) 

TSR 
(UNM) 

TSR (Mix 
Design 
Chart) 

1 6.4 210.5 6.6 145.4 0.69 0.89 

2 6.3 202.3 6.6 138.4 0.68 0.95 

3 6.0 244.8 6.0 179.5 0.73 0.89 

4 7.3 214.5 7.4 154.8 0.72 0.89 

8 6.7 165.3 6.9 144.1 0.87 0.94 

9 5.3 97.3 5.6 141.5 1.45 0.86 

10 6.1 180.7 5.3 187.8 1.04 0.87 

11 7.0 160.3 6.1 158.7 0.99 0.87 

12 6.2 135.6 5.5 189.1 1.39 0.88 

13 5.9 307.2 5.8 250.5 0.82 1.14 

15 6.0 183.5 5.8 139.2 0.76 0.94 

16 7.2 118.0 6.5 164.8 1.4 0.92 

17 5.9 218.1 6.2 151.1 0.69 0.9 

18 5.8 168.7 6.1 120.3 0.71 0.89 

20 6.9 231.4 6.5 169.8 0.73 0.95 

21 6.3 180.4 6.6 125.8 0.70 0.91 

22 6.2 214.1 6.4 156.1 0.73 0.94 

23 5.5 121.5 5.8 91.2 0.75 0.87 

24 5.9 173.7 6.6 145.6 0.84 0.91 

25 5.9 212.2 6.3 157.6 0.74 0.9 

26 6.2 165.2 6.7 102.9 0.62 0.91 

27 6.9 142.4 6.7 121.3 0.85 0.88 

28 6.9 215.0 7.1 161.2 0.75 0.93 

29 7.1 132.8 6.8 179.6 1.35 0.93 
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Table 13: AASHTO T283 results (Continued) 

Mix 
Average AV 

(dry 
condition) 

Dry 
Tensile 
Strength 

(psi) 

Average AV 
(wet 

condition) 

Wet 
Tensile 
Strength 

(psi) 

TSR 
(UNM) 

TSR (Mix 
Design 
Chart) 

30 6.7 209.5 6.6 166.5 0.79 0.92 

31 6.3 209.0 6.1 144.8 0.69 0.99 

32 6.4 95.4 5.5 61.3 0.64 1.09 

33 6.4 191.7 6.5 139.3 0.73 0.87 

34 6.4 140.7 6.5 89.9 0.64 0.92 

35 6.5 140.4 6.1 105.6 0.75 0.92 

36 7.7 146.0 6.7 99.0 0.68 0.92 

37 7.0 179.9 7.1 142.3 0.79 0.96 

38 7.0 165.9 7.1 143.4 0.86 0.93 

39 5.6 160.5 7.4 107.2 0.67 0.92 

40 5.5 154.1 7.3 190.3 1.23 0.92 

41 6.6 148.1 6.7 135.1 0.91 0.91 

 
 

It can be inferred from the table above that 11 out of the 41 mixtures tested meet the 
specification requirements of NMDOT of a minimum TSR value of 85%. Mixture 24, 
TSR value of 0.84, came close to meeting the minimum requirement which can be 
easily interpreted as a pass, dramatically falls short to meet or exceed the TSR value of 
0.91 reported in the mix design chart supplied by the NMDOT.  Comparing the TSR 
values provided in the mix design charts to the TSR values generated from testing of 
laboratory prepared samples, only mixtures 9, 10, 11, 12, 16 and 40 results show a 
higher resistance to moisture susceptibility. Note that all the mixes except for mix 40 
indicated contains WMA additives; where these results align with Gandhi’s ([41] study of 
the effects of WMA additives on asphalt binder and mixture properties which found that 
WMA additives improved the TSR of the mixes.  It should be noted that Mixtures 1 and 
2 contain 35 % and 33 % of RAP respectively. According to Katman et al. [42] his study 
revealed that mixes with RAP are more resistant to moisture damage and have better 
fatigue resistance; due to the ability of RAP to absorb water. He also states that 
presence of bitumen coating the aggregate in RAP prevents water to fill the aggregate, 
thus aggregate adherence is not affected. But in the case of our test results, it shows 
otherwise. In regards to rut depth and TSR values, no significant correlation was 
observed between the two results.  

Mixture 27 met the State’s TSR value requirement, but didn’t match up with the 
prescribed value in reference to mix design charts. However, mix 29 display of 
heightened strength under moisture conditioning cannot be justified by its use of a lower 
asphalt binder grade of PG64-28. The only measure to associate to its increased 
strength is the RAP component of 15%. 
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Comparing the SPS-10 mixtures, mixes 8 through 12 have the same mix design 
components such as gradation, 20% rap content, aggregate blend type and binder 
grade of PG70-28, but with the exception of the warm mix additives used for each 
respective mix. In reference to Table 4, Mix 8 does not contain any WMA agent, while 
mix 10 and mix 11 contains Evotherm and Cecabase RT respectively. Results from 
Table 13 show that both mixtures 8 and 10 meet the minimum TSR requirement, but 
mixture 8 falls short of the TSR ratio reported by the NMDOT mix design chart. On the 
other hand, mixture 10 has a significantly higher value of 1.04 in comparison to the 0.87 
NMDOT value. In correlation with the HWTD data, similar rut depth and good TSR 
values were observed for mixtures 8 and 10; where mixture 10 performed slightly better 
than mixture 8. This might be attributed to the Evotherm agent present in the mix. On 
the other hand, despite a significantly higher rutting resistance in mixture 11 compared 
to mixes 8 and 10, opposite trend was observed in TSR ratio. Among the SPS-10 
mixtures assessed for rutting deformation, it was observed that Cecabase RT additive 
showed to improve the performance of mixtures 11 and 12 in aspects of rutting 
resistance and all HWTD phases.  

From table 13, the average tensile strength of dry subset samples for SPS-10 section 1 
to Section 5 are 165.3 psi, 97.3 psi, 180.7 psi, 160.3 psi, and 135.9 psi, respectively. 
Thus, it is seen that mixture with Evotherm showed maximum tensile strength, followed 
by HMA, Cecabase mixture 2 with polymer modified binder, Cecabase mixture 1 and at 
last, foaming. On the other hand, the average tensile strength of wet subset samples 
are 144.1 psi, 141.5 psi, 187.9 psi, 158.7 psi, and 189.1 psi, respectively. Thus, it is 
seen that Cecabase mixture 2 showed maximum tensile strength value in wet condition, 
followed by Evotherm, Cecabase 2, HMA, and Foaming. So, the trend is different in dry 
and wet condition. Thus, the ratio between wet conditioned tensile strength and dry 
condition tensile strength is considered the key parameter of moisture damage 
resistance or stripping resistance. Based on the New Mexico specification, all the 
samples passed in the TSR tests. Based on the TSR value, Foaming section showed 
highest stripping resistance, followed by Cecabase 2, Evotherm, HMA, and Cecabase 
1.  

The current findings from table 13 suggest that the indirect tensile strength test may not 
be the best choice for the purpose of assessing and controlling moisture damage in 
asphalt mixtures. The inconsistencies in the results could be that the moisture 
conditioning used in AASHTO T 283 may not simulate actual field conditions well. 
Another reason to consider is that the time gap between the collections of the HMA 
materials to the completion of the specified test in the laboratory, samples might have 
experienced asphalt binder oxidation. This is hypothesized to be a major contributor to 
age-related pavement failure [43] which might have attributed to the decrease of the 
TSR values for most of the tested samples. 
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(a) (b) 

 

(c) 
Figure 22: (a) Dry Tensile strength, (b) wet tensile strength, and (c) laboratory TSR 

values compared to mix design chart values 
 
Table 14 presents a comparison of TSR test results conducted at UNM and NMDOT 
laboratory for mixture 41.Comparing the tensile strength in wet and dry condition, it was 
observed that there is no significant difference between the UNM and NMDOT test 
results for both condition. Figure 23 illustrates the TSR values obtained from laboratory 
test at UNM and NMDOT. TSR value was found to be 0.91 at UNM laboratory whereas 
0.92 at NMDOT. 
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Table 14: AASHTO T283 results for mix 41 

Mix 
Sample 

No. 
AV* (%) 

Dry 
Tensile 
Strength 

(psi) 

AV* 
(%) 

Dry 
Tensile 
Strength 

(psi) 

AV* (%) 

Wet 
Tensile 
Strength 

(psi) 

AV* 
(%) 

Wet 
Tensile 
Strength 

(psi) 

  NMDOT NMDOT UNM UNM NMDOT NMDOT UNM UNM 

41 1 7.5 127.4 7.6 129 7.5 128.7 6.9 146.1 

41 2 7.0 169.6 6.4 156.4 7.0 153.7 6.6 132.4 

41 3 7.4 151.5 6.3 158.9 6.8 130 6.7 127 

 Avg. 7.3 149.5 6.8 148.1 7.1 137.5 6.7 135.2 

*AV=Average air void 
 

 

Figure 23: TSR test results for mix 41 
 

TSR test was also conducted in UNM and NMDOT laboratory for mix 37.Table 15 
presents a comparison of TSR test results. Figure 24 illustrates the TSR values 
obtained from laboratory test at UNM and NMDOT. TSR value was found to be 0.0.79 
at UNM laboratory whereas 0.71 at NMDOT.  
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Table 15: AASHTO T283 results for mix 37 

Mix 
Sample 

No. 
AV* (%) 

Dry 
Tensile 
Strength 

(psi) 

AV* 
(%) 

Dry 
Tensile 
Strength 

(psi) 

AV* (%) 

Wet 
Tensile 
Strength 

(psi) 

AV* 
(%) 

Wet 
Tensile 
Strength 

(psi) 
  NMDOT NMDOT UNM UNM NMDOT NMDOT UNM UNM 

37 1 6.5 196.7 6.8 169.6 7.1 136.3 6.9 143.3 

37 2 5.8 187.9 7.2 173.1 7.0 153.7 7.3 131.2 

37 3 5.2 199.8 7.1 197.1 7.7 126 7.1 152.1 

 Avg. 5.8 194.8 7.0 179.9 7.3 138.6 7.1 142.3 

*AV=Average air void 

 
Figure 24: TSR test results for mix 37 

 

Correlation between the TSR and HWTD test 

It can be clearly noticed from Table 5 that eleven out of the forty-two mixes exhibited 
characteristic of stripping potentials indicating that these mixes were more prone to 
moisture damage than the rest of the mixes. The TSR is a laboratory testing procedure 
used to measure the moisture susceptibility of the AC mixes. The stripping number of 
these eleven mixes obtained from the HWTD test were correlated with their wet tensile 
strength from IDT test. Figure 25 depicts the relationship between these two 
parameters. A mixture having higher stripping number is expected to have higher wet 
tensile strength. It is observed from Figure 25 that there is no sensible correlation 
between them. 
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Figure 25: Wet tensile strength with stripping point 
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LABORATORY TESTING FOR BINDER G* AND δ 
 

This test method covers the determination of the dynamic shear modulus and phase 
angle of asphalt binder when tested in dynamic (oscillatory) shear using parallel plate 
test geometry. Oscillatory loading frequencies using this standard can range from 1 to 
100 rad/s using a sinusoidal waveform. Specification testing performed at a test 
frequency of 10 rad. This test method is intended for determining the linear viscoelastic 
properties of asphalt binders as required for specification testing and is not intended as 
a comprehensive procedure for the full characterization of the viscoelastic properties of 
asphalt binder. Test specimens 2 mm thick by 8 mm in diameter are formed between 
parallel metal plates. During testing, one of the parallel plates is oscillated with respect 
to the other at pre-selected frequencies and rotational deformation amplitudes (strain 
control) (or torque amplitudes (stress control)). The required stress or strain amplitude 
depends upon the value of the complex shear modulus of the asphalt binder being 
tested. The required amplitudes have been selected to ensure that the measurements 
are within the region of linear behavior. 
 

  

         (a)                                 (b) 

Figure 26: a) 8 mm binder test specimens for DSR testing b) Anton-Paar DSR setup 
 
For the purpose of this study, aged materials in accordance with AASHTO T 240 [44] 
will be tested in the DSR. Since asphalt behavior depends on both time and 
temperature, the ideal test for asphalt would evaluate both. The devices, which measure 
both these properties, are generically known as dynamic shear rheometers, oscillatory 
shear rheometers, or dynamic rheometers. By adapting these devices for use with 
asphalt, both time and temperature effects can be evaluated. When used to test asphalt 
binders, dynamic shear rheometers, or DSRs, measure the rheological properties 
(dynamic shear modulus, phase angle, etc.) at both high and intermediate temperatures 
(Figure 26).  

DSR operation mainly consists of an asphalt that is sandwiched between a fixed plate 
and a plate that oscillates back and forth as shown in Figure 27. The oscillating plate 
starts at point A and moves to point B. From point B the oscillating plate moves back, 
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passing point A on its way to point C. From point C the plate moves back to point A. 
This movement comprises one cycle of oscillation. All SuperPave DSR tests are 
conducted at a frequency of 10 radians per second, which is equal to about 1.59 Hz; 
where the specified DSR oscillation rate is meant to simulate the shearing action 
corresponding to a traffic speed of about 55 mph. 

 

  

                                    (a)                                     (b) 

Figure 27: Principle of DSR operation with sample, with stress-strain response of a 
viscoelastic material 

 
This test is used to characterize the viscous and elastic behavior of asphalt binders at 
high and intermediate temperatures. It does this by measuring the complex shear 
modulus (G*) and phase angle (δ) of asphalt binders. G* is a measure of the total 
resistance of a material to deforming when repeatedly sheared. It consists of two parts: 
a part that is elastic (recoverable) and a part that is viscous (non-recoverable). δ is an 
indicator of the relative amounts of recoverable and non-recoverable deformation. 
Together, the complex shear modulus and the phase angle define the resistance to 
shear deformation of the asphalt binder in the linear viscoelastic region. G* and δ are 
used as predictors of HMA rutting; where rutting is the main concern early in any 
pavement service life. 

In order to resist rutting, an asphalt binder should be stiff (it should not deform too 
much) and it should be elastic (it should be able to return to its original shape after load 
deformation). Therefore, the complex shear modulus elastic portion (G*/sinδ) should be 
large. Traditionally, SuperPave specification requires a minimum value for the elastic 
component of the complex shear modulus be meet (Table 16). Intuitively, the higher the 
G* value, the stiffer the asphalt binder is able to resist deformation, and lower the δ 
value, the greater the elastic portion of G* is able to recover its original shape after 
being deformed by a load. However, the scope of this project requires the testing for G* 
and δ values to be used in the |G*|-based Witczack model to predict dynamic modulus 
(E*) values; which provides insight into a material’s viscous properties. The binder 
samples are then tested at different temperatures of 40, 55, 70, 85, 100, 115, and 130°F 
in accordance to AASHTO T 342 [45]. 
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Table 16: Superpave specification on DSR test for rutting parameter 

Parameter Unaged Binder RTFO aged Binder 

G*/sinδ ≥ 1 kPa ≥ 2.2 kPa 

 
Asphalt binders collected from the asphalt plant for Mixtures 2, 4, 7, 8, and 13 were 
tested. Table 17 provides information in regards to the mixtures’ properties and Table 
18 represents the rheological results for the tested binders in the DSR. Figure 28 shows 
the complex shear modulus and phase angle of the RTFO aged binder with 
temperature. 
 

Table 17: Materials collected 

Test 
Code 

Mixture Type Mix Summary 
Binder 
Grade 
Used  

Binder 
Grade 

Specified 

Asphalt 
Source  

D2A1 2 HMA SP-III w/ 33%RAP 64-22 76-22 
Western 
Refining 

D4A1 4 HMA SP-III 64-28 64-28 NuStar 

D6A1 7 WMA 
SP-III  ( 

EVOTHERM) 
76-28 76-28 Holly Frontier 

D4A4 8 HMA SP-III w/ 20%RAP 70-28 76-22 Holly Frontier 

D4A9 13 WMA SP-III (TEREX) 76-22 76-22 Holly Frontier 
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Table 18: Rheological properties for the tested binders 
Binder Grade 

Used 
Temperature (°F) G* (kPa) δ (°) G*/sinδ (kPa) 

PG 64-22 40 18671.3 31.6 35594.5 

PG 64-22 55 8209.42 34.7 14403 

PG 64-22 70 2961.87 39.9 4619.31 

PG 64-22 85 898.76 46.6 1236.61 

PG 64-22 100 309.43 53 387.63 

PG 64-22 115 86.5 60 99.87 

PG 64-22 130 24.94 67.2 27.05 

PG 64-28 40 21321 43 31280.1 

PG 64-28 55 6322.77 51 8141.64 

PG 64-28 70 1713.8 57.6 2029.56 

PG 64-28 85 435.94 62.8 490.05 

PG 64-28 100 117.45 66.9 127.68 

PG 64-28 115 34.65 70.9 36.68 

PG 64-28 130 11.23 74.8 11.63 

PG 70-28 40 15311 40.8 23455.8 

PG 70-28 55 5154.88 45.3 7253.48 

PG 70-28 70 1577.52 49.5 2073.96 

PG 70-28 85 477.27 52.8 598.87 

PG 70-28 100 149.57 55.3 181.88 

PG 70-28 115 50.49 57.5 59.84 

PG 70-28 130 17.97 60 20.74 

PG 76-22 40 12585 42.7 18557.5 

PG 76-22 55 3965.9 49.7 5202.34 

PG 76-22 70 1097.48 56.2 1321.16 

PG 76-22 85 291.81 61.2 333.06 

PG 76-22 100 80.11 64.6 88.69 

PG 76-22 115 25.58 67.1 27.76 

PG 76-22 130 9.06 69.2 9.69 

PG 76-28 40 18600 40.8 28465.6 

PG 76-28 55 6240 47.6 8450.07 

PG 76-28 70 1810 53.9 2240.13 

PG 76-28 85 477 58 562.47 

PG 76-28 100 140 59.1 163.16 

PG 76-28 115 48.4 58.4 56.83 

PG 76-28 130 18.8 57.2 22.37 
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Figure 28: Complex shear modulus and phase angle of asphalt binders tested in DSR 

 

 
Figure 29: G*/sinδ vs Temperature for RTFO-aged binders 

 
For the purpose of correlating binder results with HWTD results, a closer examination of 
the G*/sinδ values between the temperatures of 115°F and 130°F could provide insight 
(Figure 29). The reason for selecting this temperature range is that the HWTD test is 
performed at 50°C, which lies between the specified temperature ranges when 
converted into °F. 
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Table 19: G*/sinδ and rut depth comparison for tested mixtures 

Mix Type Mix Summary 
Binder 

PG 
G*/sinδ - 

115°F 
G*/sinδ - 

130°F 
Rut Depth 

(mm) 

2 HMA SP-III w/ 33% RAP 64-22 99.87 27.05 1.81 

4 HMA SP-III 64-28 36.68 11.63 2.48 

7 WMA SP-III - Evotherm 76-28 59.84 20.74 15.96 

8 HMA SP-III w/ 20% RAP 70-28 27.76 9.76 4.76 

13 WMA 
SP-III - Terex 

Foaming 
76-22 56.83 22.37 3.46 

 
From Table 19, Mixture 2 experiences the best performance against rutting deformation. 
It can be seen that the complex shear modulus for the corresponding mix at the two 
specified temperatures are the highest among the tested group. Not much can be 
discussed about Mixture 7 due to the fact that its high rutting failure was attributed 
mainly to its composition of unique aggregates of Dacite, which was identified earlier. 
Complex shear modulus values for Mixture 7 and Mixture 8 are very close to one 
another, despite having similar binder grade of PG76-XX, the slight difference in values 
may be a result of the WMA agents present in both mixes. 

Comparing Mixture 2 and Mixture 8, they contain 33% and 20% RAP content 
respectively. Mixture 2 shows to have significantly higher values in both rut depth and 
complex shear modulus; this may be attributed to the elevated RAP content resulting 
into a stiffer binder. 

As most of the collected mixes contain high contents of RAP, it would be beneficial to 
study the effects of RAP on properties of the plant produced mixtures due to possible 
blending. According to a study conducted by Mcdaniel et al. [46] it was found that 
asphalt binders recovered from plant produced mixes showed that as the RAP content 
increased, the high temperature grade of the recovered binder also increased by 1 to 3 
degree Celsius. Also, a blending analysis using comparison of measured mix moduli to 
predicted moduli suggested that significant blending of the RAP and virgin binder 
occurred in 16 of the 20 mixes that was tested during the study. 

In order to evaluate these effects, extraction and recovery of asphalt binder from asphalt 
concrete is an approach to be considered. The process is elaborately explained and 
showed in the following. Extraction of asphalt binder is performed following AASHTO 
D2172 [47]: Standard Test Methods for Quantitative Extraction of Bitumen from 
Bituminous Paving Mixtures and AASHTO D5404 [48]: Standard Practice for Recovery 
of Asphalt from Solution Using the Rotary Evaporator respectively. 
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Figure 30(b) shows the sample emerged in 600 mL of Trichloroethylene solvent and 
kept covered for 45 minutes. The bowl was mounted securely in the centrifuge, where a 
filter paper was introduced on top of the bowl in order to capture the fines. The bowl 
was clamped tightly to start the centrifuge slowly and followed with an increased speed 
to 3600 rev/min, as shown in Figure 30(c). When the solvent flow ceases to drain, the 
centrifuge is stopped completely. The addition of another 200 mL of Trichloroethylene 
solvent is poured into the asphalt mixture for binder extraction as shown in Figure. 
These steps were repeated until the extract was not less than straw color. 
 
 

  
(a) (b) 

 
(c) 

Figure 30: Binder solvent extraction in centrifuge phase I 
 

The following step involves the introduction of the extract in another centrifuge 
(AASHTO D1856), shown in Figure 31, to a centrifuge charge of no less than 30 
minutes with 770 times of gravity with a small flow rate of 150 mL/min. The procedure 
allows the removal of fines which were not separated using the initial centrifuge 
process. 
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                        (a)                            (b) 

Figure 31: Binder solvent extraction in centrifuge phase II for removal of fines 
 

Binder recovery from solvent extract was achieved through the process of using the 
rotary evaporator in accordance to AASHTO D5404 (Figure 30). At first, the oil bath was 
heated to 140°C and a vacuum of 50 mm of Hg was introduced into the system. The 
vacuum allows introducing a 600mL of asphalt solvent extract solution in the distillation 
flask by the sample line. A nitrogen flow of 500mL/min was begun to reduce further 
aging of the binder sample. The distillation flask started to rotate at a speed 40 rpm and 
lowered into the heated oil bath. The vacuum pressure, oil bath temperature and 
condenser temperature can be found in Figure 32. 
 

 
Figure 32: Recovery of asphalt binder (rotavapor) 

 
The remaining amount of solvent extract was introduced in the distillation flask as the 
solvent in the flask becomes very low.  When the bulk of the solution was recovered 
from the extract the distillation flask lowered 1.5 in in the oil bath, the vacuum was 
reduced to 80 m of Hg, the system introduced to a higher nitrogen flow of 600 mL/min 
and a higher rotation of 45 rpm for a duration of 10 minutes. 

As shown in Figure 32, the last step of the procedure includes the binder recovery from 
the volumetric flask into a small aluminum container at an oven temperature of 165°C. 
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Figure 33: Asphalt binder recovery post-rotavapor process 

 
Asphalt binders from Mixtures 8, 9, 10, 11, 12, 22, 25 and 33 were extracted and tested 
for complex shear modulus and phase angle were performed. Table 20 provides 
information in regards to the mixtures’ properties and Table 21 represents the 
rheological results for the tested binders in the DSR. Figure 34 shows the complex 
shear modulus and phase angle of the extracted binder with temperature. 
 

Table 20: Binder extraction from HMA/WMA Mixes 

Test 
Code 

Mixture Type Mix Summary 
Binder 
Grade 
Used  

Binder 
Grade 

Specified 

Asphalt 
Source  

D4A4 8 HMA 
SP-III w/ 
20%RAP 

70-28 76-22 
Holly 

Frontier 

D4A5 9 WMA 
SP-III w/ 
20%RAP 
(TEREX) 

70-28 76-22 
Holly 

Frontier 

D4A6 10 WMA 
SP-III w/ 
20%RAP 

(Evotherm) 
70-28 76-22 

Holly 
Frontier 

D4A7 11 WMA 
SP-III w/ 
20%RAP 

(Cecabase) 
70-28 76-22 

Holly 
Frontier 

D4A8 12 WMA 
SP-III w/ 
20%RAP 

(Cecabase+) 
70-28 76-22* 

Holly 
Frontier 

D5A1 22 HMA 
SP-III w/ 
35%RAP 

58-28 64-28 
Western 
Refining 

D5A2 25 HMA 
SP-III w/ 
35%RAP 

58-28 70-22 
Western 
Refining 

D3A10 33 HMA 
SP-III w/ 
25%RAP 

64-22 70-22 
Western 
Refining 
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Table 21: Rheological properties for extracted binders 

Mixture Temperature (°F) G* (kPa) δ (°) G*/sinδ (kPa) 

8 40 21136.6 37.3 34879.5 

8 55 8083.81 43.8 11679.4 

8 70 2682.77 50.7 3466.82 

8 85 774.08 57.5 917.82 

8 100 222.48 63.3 249.04 

8 115 66 68.7 70.84 

8 130 21.17 73.4 22.09 

9 40 29907.7 34.6 52668.9 

9 55 11873.9 40.7 18208.7 

9 70 4106.41 47.4 5578.63 

9 85 1223.56 54.1 1510.49 

9 100 359.1 60 414.65 

9 115 107.63 65.2 118.56 

9 130 34.45 69.9 36.68 

10 40 17270.7 38.5 27743.5 

10 55 6617.39 44.7 9407.79 

10 70 2212.15 51.1 2842.49 

10 85 649.78 57.3 772.16 

10 100 191.88 62.7 215.94 

10 115 58.42 67.6 63.19 

10 130 19.28 72.1 20.27 

11 40 18267.3 38.8 29152.9 

11 55 6768.23 45.6 9473.04 

11 70 2164.9 52.6 2725.15 

11 85 604.73 59.3 703.29 

11 100 169.05 65.1 186.37 

11 115 49.47 70.3 52.54 

11 130 15.9 74.9 16.47 
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Table 21: Rheological properties for extracted binders (continued) 

Mixture Temperature (°F) G* (kPa) δ (°) G*/sinδ (kPa) 

12 40 33178 30.8 64795.4 

12 55 14311.1 36.2 24231.3 

12 70 5418.12 42.3 8050.54 

12 85 1779.23 48.5 2375.61 

12 100 570.6 53.7 708.01 

12 115 184.29 57.6 218.27 

12 130 65.03 59.9 75.17 

22 40 8695.5 43.6 12609.1 

22 55 3107.51 50.1 4050.64 

22 70 965.21 56.8 1153.5 

22 85 267.81 63.4 299.51 

22 100 76.16 69.3 81.41 

22 115 22.92 74.8 23.75 

22 130 7.64 79.3 7.77 

25 40 16703.8 40.1 25932.6 

25 55 6055.2 47.3 8239.33 

25 70 1877.57 54.9 2294.9 

25 85 489.94 62.4 552.85 

25 100 126.18 69 135.16 

25 115 33.92 75 35.12 

25 130 10.29 79.8 10.46 

33 40 25050.6 35.7 42928.6 

33 55 10007.6 41.8 15014.4 

33 70 3433.16 48.6 4576.87 

33 85 1000.78 55.7 1211.45 

33 100 283.3 62.1 320.56 

33 115 81.6 68.1 87.94 

33 130 25.32 73.5 26.4 
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Figure 34: Complex shear modulus and phase angle of extracted binders tested in 

DSR 
 

As mentioned previously, the higher the G* value, the stiffer the asphalt binder is able to 
resist deformation. Comparing the G* retrieved for mixes 8-12 against the rheological 
properties of virgin binder grade PG70-XX, it is clearly noticeable that mixture 
incorporated with RAP and WMA additives display higher G* values across the tested 
temperatures. According to Li et al. [49] experimental results indicate that asphalt 
mixtures containing RAP have higher complex shear modulus values than the control 
mixtures containing no RAP.  
 

  
    (a)           (b) 

Figure 35: G* of as-recovered binders in comparison to virgin RTFO-aged binders at 
115°F and 130°F 

It is quite evident from Figure 35 that the complex shear modulus of extracted binder for 
SPS-10 mixtures and mix 33 show an elevated value. Comparing the results for mix 9 
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and mix 12 to the virgin RTFO-aged rheological property, the percent increase in G* are 
close to 300 and 600%. This clearly illustrates that the parameters tested from virgin 
RTFO-aged binders of varying binder performance grade doesn’t accurately depict the 
actual binder behavior. On the other hand, values retrieved from mixtures 22 and 25 
display an opposite trend, experiencing a decrease of 40% in value of complex shear 
modulus. This may be attributed to unsuccessful blending of RAP within the binder 
system.  

To completely characterize the flow characteristics of the recovered binders, master 
curves were constructed for the as-recovered and Rolling Thin Film Oven (RTFO)-aged 
virgin binders. The master curve of an asphalt binder provides a relationship between 
the binder stiffness and reduced frequency over a range of temperatures and 
frequencies; making it possible to predict viscoelastic properties over a wide frequency 
range and also to predict viscoelastic properties at any temperature [50]. In order to 
create a master curve, the stiffness of an asphalt binder at multiple temperatures and 
frequencies is measured. Then, this is followed by fitting the data into a viscoelastic 
model applied to asphalt binders. For the purpose of this study, master curves will be 
constructed for mixtures 8 through 12. The reason for the selection is that this particular 
cluster of mixes utilizes the same material components for design, with the exception of 
modification with various warm mix additives. Also, it is worth noting that these mixes 
are incorporated with 20% RAP and it would be a great insight to identify the occurrence 
of RAP blending and the effects of WMA to the rheological properties of the binders.  

As shown in Figure 36, it was observed that all mixtures modified with various warm mix 
additives and RAP of 20% display rheological characteristics of higher complex shear 
modulus across the frequency range. This is to be expected as RAP is added to asphalt 
binder, resulting in a stiffer binder mixture.  

Despite the fact that asphalt bitumen make up 4 to 8 % of a pavement mix structure, it 
provides a level of rigidity, structural bonding, resilience, and absorbance which holds 
the total pavement mixture together as a solid body [51]. However, with higher traffic 
densities and effects of environmental exposure, binder flows and dissipates energy 
with time [52]. As a result, asphalt binder experience a variety of thermomechanical 
demands; where pavement defects transpire such as rutting at high temperatures due 
to thermal susceptibility of asphalt [53]. The resistance of asphalt mixtures to rut 
deformation is related to the stiffness of bitumen, mix volumetric, and the bonding 
interaction between bitumen and aggregate [54-56]. The asphalt contribution to 
permanent deformation process has traditionally been handled by looking at the asphalt 
binder’s consistency based on softening point and penetration tests [57-59]. Nowadays, 
with the addition of Reclaimed Asphalt Pavement (RAP) materials, polymer modified 
asphalts, and warm mix agents, the asphalt rutting characterizations attained through 
these empirical tests is insufficient. It would be beneficial to study the effects of such 
added materials on the properties of the plant produced mixtures and determining the 
fundamental rheological properties is the proper manner to characterize the asphalt 
binder’s rutting behavior. 
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(a) (b) 

  
  

(c) (d) 

 
(e) 

Figure 36: Master curves for as-recovered binders for mix 8-12 in comparison to PG76-
22 (RTFO-aged) 

 
To better understand the effects of these warm mix additives on the mixtures 
performance, frequency temperature sweep and multiple stress-creep recovery tests 
were employed to investigate the rutting resistance, using high temperature rheological 
properties of warm mix-modified binders. Two approaches were considered for this 
task: the Superpave rutting specification parameter (G*/sinδ) and multiple stress-creep 
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recovery, where both test methods were conducted at a fixed temperature of 50°C using 
a dynamic shear rheometer. By using these specific approaches, the rheological rut 
properties of modified asphalt binders were determined and then correlated with 
Hamburg Wheel Track Testing (HWTT) results performed at 50°C. 

The MSCR test aims at measuring the permanent deformation properties of asphalt 
binders. In order to provide a new high temperature binder specification that more 
accurately indicates the rutting performance of the bitumen and is blind to modification, 
this test was developed by the U.S Federal Highway Administration [60]. The test is 
typically performed at the maximum PG (performance grade) temperature of each 
binder. But for this study, tests were conducted at 50°C in order to correlate results with 
the HWTT. In accordance with AASHTO TP70, the percent recovery (% R) and non-
recoverable creep compliance (Jnr) are determined and reported as average results. 
The MSCR test consists a total of 10 cycles of creep and recovery - 1 s loading time of 
a constant shear load and followed by 9 s unloading time at stress levels of 0.1 and 3.2 
kPa. A typical creep and recovery curve in MSCR test is shown in Figure 37. 
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Figure 37: A typical creep and recovery curve in MSCR test 
 

At each stress level, ten cycles are applied with no time lag and corresponding strain 
values are recorded. The percent recovery is calculated through the use of equation 3, 
where er and et represent the recoverable deformation and total deformation, 
respectively. For each of the ten cycles at a creep stress (σ, Pa), the non-recoverable 
creep compliance, Jnr (kPa-1) is given by equation 4, where enr and σ are the non-
recoverable deformation and test stress level, respectively. Finally, Jnr is determined at 
3.2 kPa using equation 5. 
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It was observed that all forms of warm mix modification was observed to increase the 
superpave rutting parameter (Figure 38(a)). For example, G*/sinδ value for binders with 
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Terex® foaming, Evotherm®, Cecbase®, and Cecabase®+ was found to be 
approximately 27.90, 20.47, 19.90,and 91.83 kPa, respectively, compared to 11.70 kPa 
for control HMA. Results indicate that the addition of Cecabase® with polymer 
modification increased G*/sinδ substantially. From these results, Cecabase®+ is 
recognized to be the most effective additive in improving rutting resistance followed by 
Terex® foaming, Evotherm®, and Cecabase® unmodified. Based on the simple 
regression analysis (Figure 38(b)), a good correlation of R2 = 0.91 was observed 
between the maximum rut depth and rheological parameter values of these mixtures. 

 
(a) 

 
(b) 

Figure 38: Superpave rutting parameter results 
 
With respect to MSCR test evaluation, the Jnr value of control HMA was found to be 
0.59 kPa-1 (Figure 39(a)). The Jnr values of the extracted binders with Terex®, 
Evotherm®, Cecabase®, and Cecabase®+ was found to be 0.15, 0.46, 0.23, and 0.02, 
respectively. Lower Jnr values were observed for all WMA modified mixtures in 
comparison to control HMA. This indicates increased rut resistance. As shown in Figure 
39(b), the % Recovery value of the control sample was found to be 13.47. The % 
Recovery values of the extracted binders with the presence of Terex®, Evotherm®, 
Cecabase®, and Cecabase®+ was found to be 32.58, 18.14, 23.71, and 77.54, 
respectively. This also indicates increased rutting resistance compared to the control 
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sample. Based on the lowered Jnr and heightened % Recovery values from the 
incorporation of Cecabase®+, the influence of polymerization is exhibited through the 
decreased rutting potential. 
 

 
(a) 

 
(b) 

Figure 39: MSCR parameter results 
 

As shown in Figure 40, a simple linear regression analyses were performed between 
the two parameter results obtained from this test method in contrast to HWTT, As 
shown in Figure 39, a correlation value of R2 =  0.96 and R2 = 0.77 were found for Jnr 
and % Recovery, respectively. Hence, indicating the non-recoverable creep compliance 
parameter as a reliable measure when it comes to evaluating rutting resistance, out of 
the MSCR parameters. 
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(a) 

 
(b) 

Figure 40: Simple linear regression analysis of MSCR results with respect to HWTT 
 

Based on the Jnr values, the order of rut resistance for the extracted binders can be 
seen as (i) Cecabase®+, (ii) Terex® Foam, (iii) Cecabase®, (iv) Evotherm®, and (v) 
Control. This ranking order shows that compared to the control HMA sample, WMA 
modification improves the rutting potential of the mixtures. 
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PREDICTING E* AND CORRELATING IT WITH HWTD 
 

In this task, mixture volumetric data and binder shear modulus and phase angle 
obtained in the previous chapter will be utilized to predict mix E* using the |Gb*|-based 
Witczak equation. As part of the structural design processes to optimize field 
performance of asphalt concrete mixtures, various laboratory tests such as the 
Hamburg Wheel Tracking Test (HWTT) and Dynamic Modulus (DM) have been 
proposed and developed for use as a simple performance test to characterize the 
rutting resistance potential of asphalt concrete mixes. The purpose of dynamic modulus 
testing is to define the materials stress to strain relationship under continuous sinusoidal 
loading, where the stiffness of the aspahlt mixture is measured under dynamic loading 
at various temperatures and frequencies, thus it is used to determine which mixes may 
be more susceptible to performance issues such as rutting. As the task does not 
prescribe the testing of dynamic modulus, the only approach is to utilize an E* prediction 
model for mixes used in this study and attempt to correlate findings with HWTT results., 

The |Gb*|-based Witczak model, also known as Witczak-Bari model [61] was presented 
in 2006 as a newly revised version of the widely used Witczak-Andrei predictive model; 
where the complex shear modulus (Gb*) and phase angle (δb) of binder replaced the 
viscosity, from the current A-VTS relationship, as direct inputs, because Gb* can more 
effectively describe binder stiffness with changing in temperature and loading time. This 
was developed using the Bari database of 7400 measured |E*| values obtained from 
346 different asphalt concrete mixtures. |Gb*|-based Witczak equation can be as: 
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Where: 
          |E*| = Asphalt mix dynamic modulus (105 psi) 
         |Gb*|   = Dynamic shear modulus (psi) 
           δb    = Phase angle (degree) 
           Va   = Air voids in the mix (% by volume) 
           Vbeff  = Effective binder content (% by volume) 
           P200   = % Passing #200 sieve (0.075 mm) 
           P4       = Cumulative % retained on #4 sieve (4.75 mm) 
           P38   = Cumulative % retained on 3/8 inch sieve (9.5 mm) 
           P34   = Cumulative % retained on 3/4 sieve (19 mm) 

However, a number of studies were conducted to evaluate the performance of the 
model mentioned above. According to a study conducted by Singh et al. [62] the 
accuracy of the |Gb*|-based Witczak equation is poor when compared to other available 
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|E*| models. Also, El-Badawy et al. [63] reported that the |Gb*|-based Witczak model 
produces less accurate and relatively higher biased estimates of |E*| than η-based 
Witczak model (equation 7). 
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Where: 
          |E*| = Asphalt mix dynamic modulus (105 psi); 
            η   = Binder viscosity (106 poise); 
            f    = Loading Frequency (Hz); 
           Va   = Air voids in the mix (% by volume); 
           Vbeff  = Effective binder content (% by volume); 
           P200   = % Passing #200 sieve (0.075 mm); 
           P4       = Cumulative % retained on #4 sieve (4.75 mm); 
           P38   = Cumulative % retained on 3/8-inch sieve (9.5 mm); 
           P34   = Cumulative % retained on 3/4-inch sieve (19 mm). 

Several studies also indicate the shortcomings of the η-based Witczak model. It was 
found that the |E*| predicted by the equation above estimates lower dynamic modulus 
values at higher temperatures and higher values at lower temperatures. Zaman et al. 
[64] reported that this model significantly underestimates |E*| values when the DSR test 
data is used.  

Rahman et al. [65] developed a predictive model to estimate the dynamic modulus 
values of asphalt concrete mixtures typically produced in New Mexico. The following 
equation is as follows: 
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Note that the |E*| is kept in angular frequency space, so that the angular loading 
frequency associated with a certain pair of |Gb*| and δb can be readily used in the 
equation to estimate the dynamic modulus of the asphalt concrete mix for that particular 
angular frequency of loading.  

where: 
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The variables affecting |E*| of mixes considered in this study are the following: fineness 
modulus (Fm), uniformity coefficient (Cu) for the aggregate used in the asphalt concrete 
mixtures; effective binder content (Vbeff), air void content (Va), the viscosity of the binder 
(η), and the loading frequency (f). The definitions of Fm, Cu, and η are given below; 
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where: 
            η   = Binder viscosity (cP); 
          |Gb*| = Binder shear modulus (Pa); 
            δb   = Binder phase angle (degree); 
           ω   = Angular frequency used to measure Gb* and δb (radians/sec); 
           ao, a1, and a2  = Fitting parameters, respectively, 3.63922, 0.13137, and -0.0009; 
 

For ω = 10 rad/sec [where f = ω/(2π) = 10/(2*3.14) = 1.59 Hz], which is the specified 
test frequency in the Superpave PG system. 
 
A total of 13 standard sieves will be used for sieve analyses of the aggregate blends. 
The designations and the opening sizes are presented in Table 22. 
 

Table 22: Standard sieves used 
Sieve Designation Sieve opening (mm) 

2 inch 50.00 

1.5 inch 37.50 

1 inch 25.00 

¾ inch 19.00 

½ inch 12.50 

3/8 inch 9.50 

No. 4 4.75 

No. 8 2.36 

No. 16 1.18 

No. 30 0.60 

No. 50 0.30 

No. 100 0.15 

No. 200 0.075 
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Figure 41: Dynamic modulus master curves at 21.1°C for mixtures 4, 8, 14 and 19 

considered in this study 
 

The objective of this subtask is to validate the accuracy of the newly developed 
regression-based |E*| predictive model for the asphalt concrete mixtures typically used 
in New Mexico. As shown in Figure 41, tested dynamic modulus data for mixtures 4, 8, 
14, and 19 were considered in this assessment. A variety of binder performance grades 
are used in these mixtures depending on the regional climate associated with the 
pavement operation site. 

As shown in Figure 42, the newly developed |E*| prediction model has a fairly good 
coefficient of determination of R2=0.956 in normal or arithmetic scale. Again, in 
logarithmic scale, the coefficient of determination is R2=0.961, which is excellent for this 
type of models where numerous complexities are involved. Both of the plots show that 
the |E*| data points are around the line of equality without any significant bias. 
Therefore, it can be said that the discussed predictive model provides a fairly good 
estimation of |E*| of asphalt concrete mixtures of New Mexico. 
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           (a) 

 

Figure 42: |E*| Predicted by the new η-based model versus measured |E*| plot in a) 
normal or arithmetic scale, and b) in logarithmic scale. 

        (b) 
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MEPDG RUT PREDICTION AND COMPARISON WITH HWTD 

RUTTING 
 

Developed under multiple NCHRP projects including 1-37A, 1-40 and 9-30A over the 
past fifteen years, the AASHTO Mechanistic-Empirical Pavement Design Guide 
(MEPDG) is emerging as a mainstream pavement design method throughout North 
America. The method established a direct tie between pavement distresses and various 
design inputs including material properties, pavement structures, traffic loadings, and 
climate and so on. The design method has been packaged in a user-friendly working 
platform now called the AASHTOWare Pavement. 

In this task, the predicted E* data and/or mix volumetrics with G* and δ data will be used 
in MEDPG at level 3 and 2 to determine AC rutting of the mixtures collected within a 
specified pavement geometry. HWTD laboratory test results will be compared with the 
MEPDG predicted rutting. This is reasonable during the time of this study due to the 
lack of availability of field rutting values for this mixes.  

A predictive rutting system was developed to evaluate the permanent deformation within 
all rut susceptible layers in the pavement within the analysis period. Individual layer rut 
depths are predicted for each layer as a function of time and traffic repetition. This also 
allow for the prediction of the total pavement rut depth, with time and traffic repetitions. 
Regardless of the material type considered, there are generally three distinct stages for 
the permanent deformation behavior of pavement materials under a given set of 
material, load and environmental conditions. 

The MEDPG software relates rut depth to the vertical permanent deformation of 
different structural layers. The mechanistic analysis initializes with first calculating the 
resilient strain in each analysis layer based on elastic layer theory. After the resilient 
strains are obtained, the plastic strain of each analysis layer is then calculated by using 
one of the three empirical rutting models, depending upon which material is used in the 
analysis layer. Since the three rutting models were all established based on laboratory 
experiments, they are subject to further calibrations. The AC rutting model is expressed 
in equation as: 
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Where 𝜀𝑟,𝐴𝐶,𝑖 denotes the resilient strain of AC at the mid-depth of the 𝑖𝑡ℎ analysis layer 

under a specific traffic load. 𝜀𝑝,𝐴𝐶,𝑖 is the corresponding accumulated plastic strain, 𝑘𝑧 is 

the depth confinement factor as a function of total asphalt layer thickness and depth to 

computational point, 𝑇𝑖 is the temperature at the 𝑖𝑡ℎ analysis layer in Fahrenheit degree, 
N is the number of load repetitions. Lastly, 𝛽𝐴𝐶, 𝛽𝑇, 𝛽𝑁 represent the calibration factors, 
which equal to 1.0 by default. Note that 𝛽𝐴𝐶 is also known as AC-scale factor, and the 
𝛽𝑇, 𝛽𝑁 are called temperature and traffic exponents, respectively. 
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Figure 43 shows the MEPDG rut analysis for the following fifteen HMA/WMA mixes and 
Table 23 lists the generalized rut results simulated for pavement life cycle of 20 years. It 
can be seen that mixture 5 experiences the most rut deformation of 13.42 mm out of the 
studied group. Compared to the rutting values retrieved from testing of laboratory 
compacted samples, mixture 5 displays a high rutting resistance equaling to a rut value 
of 2.3 mm after the performance of 20,000 wheel passes.  
 

 
Figure 43: MEPDG Level 2 analysis rut prediction 

 
Table 23: MEPDG rut prediction data  

Mix 1 year 5 years 10 years 20 years 
UNM Max. 

Rut 

4 2.12 4.58 6.33 9.28 2.48 

5 3.29 6.39 9.23 13.42 2.3 

6 1.93 3.95 5.59 8.08 15.27 

8 1.48 3.52 5.18 7.46 4.76 

9 1.33 3.19 4.67 6.72 4.77 

10 1.52 3.61 5.32 7.69 4.67 

11 1.62 3.86 5.69 8.19 3.71 

12 1.23 3.03 4.47 6.46 2.41 

13 3.18 6.18 8.91 12.98 3.46 

16 2.03 4.15 5.88 8.51 5.02 

17 2.03 4.4 6.31 9.45 3.02 

22 1.87 4.46 6.47 9.21 2.84 

23 2.13 4.35 6.17 8.93 6.34 

25 2.32 5.66 8.23 11.78 5.85 

33 2.02 4.39 6.3 9.43 4.4 
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(a) (b) 

 
 

(c) (d) 
Figure 44: MEPDG rut prediction simulation for (a) 1st year, (b) 5th year, (c) 10th year, 

and (d) 20th Year 
 

As discussed in earlier in this report, extracted binders from the SPS-10 group of 

mixtures along with mixture 22, 25, and 33 were tested for G* and δ, where these two 

parameters will be used to perform a level 2 analysis in order to measure long term 

performance. As shown in Figure 44, an analysis of as-recovered and virgin RTFO-

aged binder for each respective mixture has been simulated for 20 year life cycle. It was 

observed that despite having the similar design components with the exception of WMA 

additives, the simulation with virgin binder properties displays an elevated permanent 

deformation value for all five mixtures. However, as-recovered binder properties show 

that the incorporation of RAP and WMA does mitigate the rutting susceptibility of 

mixtures. On the other hand, actual binder input simulation for mixtures 22 and 25 

results in an increased rut deformation compared to the virgin binder simulation. As 

mentioned in the concluding remarks in task 4 of this report, this decrease in rutting 

resistance might be attributed to the unsuccessful blending of RAP within the binder 

system, thus not experiencing the expected stiffening effect. 
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Figure 45 illustrates the MEPDG rut analysis for all the SP IV mixes collected so far for 
this study. The analysis was performed for a design life of 20 years and employing the 
binder shear modulus, phase angle, and volumetric properties of the mixture 
determined in task 4. It is observed from figure 45, mixture 39 shows the highest rut 
deformation of 14.69 mm and mix 38 shows the second highest rut deformation of 12.78 
mm after 20 years of pavement service life. The rut depths of all the other mixes are 
appeared to be very close to each other. 

 
Figure 45: MEPDG Level 2 analysis rut prediction for SP IV Mixes 

 

Table 24 presents a comparison of MEPDG rut depth with the laboratory measured rut 
deformation. As can be seen from table 24, the highest rut depth was observed for 
mixture 39 (4.98 mm) followed by mixture 38 (4.16 mm) which are consistent with the 
MEPDG analysis value. The MEPDG analysis yields higher rut depth after 20 years of 
pavement service life compared to the laboratory measured value for all the tested 
mixtures.  
 

Table 24: MEPDG rut prediction data in mm 

Mix 1 year 5 years 10 years 20 years 
UNM 

Max. Rut 

21 2.68 5.86 8.28 11.99 3.99 

31 2.64 5.51 7.83 11.67 3.03 

36 2.63 5.49 7.77 11.55 3.27 

37 2.74 5.72 8.07 11.99 1.83 

38 2.89 6.03 8.58 12.78 4.16 

39 3.65 7.27 10.21 14.69 4.98 

40 2.7 5.65 8.02 11.65 3.45 

41 2.8 5.83 8.26 12.27 4.0 
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HWTD SPECIFICATION DEVELOPMENT FOR NEW MEXICO 
 

Due to excessive rutting deformation incurred by mix 6 and 7, rut specification limit for 
SP-III was developed based on the HWTD laboratory test results for the other 31 mixes. 
Table 25 summarizes the maximum and minimum rut depth incurred by the mixes at 
various number of wheel passes. A total of 6 mixes have PG 64-XX binder grade and 
the maximum and minimum rut depth are measured 2.2 mm and 5.3 mm respectively 
from HWTD test at 10,000 wheel passes. The allowable maximum rut impression depth 
for PG 64-XX AC mixes at 10,000 wheel passes is developed based on the maximum 
rut values of the 6 mixes. The rut specification limits for other PG binder mixes are 
developed by employing the same principle. 

 
Table 25: Maximum and minimum rut depth (mm) at various wheel passes 
Binder 
Grade 

Total Mixes 
5000 

(Passes) 
10000 

(Passes) 
15000 

(Passes) 
20000 

(Passes) 

64-XX 6 2.0 - 4.0 2.2 - 5.3 2.4 - 7.1 2.5 - 11.4 

70-XX 10 1.5 - 3.6 1.7 - 4.3 1.8 - 5.3 1.9 - 7.0 

76-XX 15 1.3 - 3.1 1.5 - 3.6 1.6 - 4.1 1.8 - 4.8 

 

Based on the HWTD laboratory test results, the New Mexico DOT is recommended to 
follow table 26 as a criteria to measure the quality of rut resistance of SP-III mixtures. If 
the reported rut depth is higher than the prescribed maximum rut value, the mix will be 
considered as failed. For example, the rut value of an SP-III mix involved with any of the 
following binder PG grade exceeds the maximum rut value, this mixture will be 
assessed as a failure. 

 
Table 26: Rut specification limits for SP-III mixes 

Binder Grade 
HWTT Number 

of Wheel Passes 
Test Temperature (°C) 

Max Rut 
Value (mm) 

64-XX 10000 50 5.5 

64-XX 15000 50 7.0 

64-XX 20000 50 11.5 

70-XX 10000 50 4.5 

70-XX 15000 50 5.5 

70-XX 20000 50 7.0 

76-XX 10000 50 3.5 

76-XX 15000 50 4.0 

76-XX 20000 50 5.0 
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Nine total SP-IV mixtures were collected and tested in this study. The rut specification 
for SP-IV mixtures was developed based on these test results. The rut specification for 
SP-IV mixtures is presented in Table 27.  The New Mexico DOT is recommended to 
follow Table 26 as a criteria to measure the quality of rut resistance of SP-IV mixtures. If 
the reported rut depth is higher than the prescribed maximum rut value, the mix will be 
considered as failed. For example, the rut value of an SP-IV mix involved with any of the 
following binder PG grade exceeds the maximum rut value, this mixture will be 
assessed as a failure. 
 

Table 27: Rut specification limits for SP-IV mixes 

Binder Grade 
HWTT Number of 

Wheel Passes 
Test Temperature (°C) 

Max Rut 
Value (mm) 

64-XX 10000 50 5.5 

64-XX 15000 50 6.0 

64-XX 20000 50 6.5 

70-XX 10000 50 4.5 

70-XX 15000 50 5.0 

70-XX 20000 50 5.5 

76-XX 10000 50 3.5 

76-XX 15000 50 4.0 

76-XX 20000 50 4.5 
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CONCLUSIONS AND RECOMMENDATIONS 
 

General 

This research project conducts a comprehensive study to measure and minimize the 
rutting and stripping potentials of AC mixes using Hamburg Wheel Tracking Device. 
HWTD and TSR tests were conducted on the collected forty-two AC mixes. DSR and 
MSCR tests were also conducted on the virgin and extracted binder of several mixes. 
Several pavement sections were analyzed in MEPDG software and the resulting rut 
depth after the pavement design life were compared with the laboratory rut deformation. 

Conclusions 

Based on the overall tasks in this research project the following conclusions can be 
drawn: 

▪ Given the HWTD test results conducted on the collected forty-two AC mixes, it 
was observed that the laboratory rut deformation was sensitive to aggregate 
type, PG binder grade, and RAP content. It was also found that SP-IV mixes 
experience less rutting compared to SP-III mixes. 

▪  TSR test was conducted to assess the moisture susceptibility of the collected 
mixes. Of the collected forty-two mixes eleven mixes exhibited characteristic of 
stripping potentials. Attempt was made to correlate the moisture susceptibility of 
these mixes obtained from TSR test with the stripping potentials of the HWTD 
test results. This study found no strong correlation between them. 

▪ Of the collected forty two mixes five were collected from the specific pavement 
study sections-10. These five mixes having the same mix design only differ in 
WMA additives and polymer modified binder.  The HWTD results demonstrated 
that WMA additives enhance the rutting potentials of the mixtures. 

▪ Several pavement sections were modeled and analyzed in MEPDG software. 
The obtained rut values after twenty years of pavement design life were 
compared with the laboratory HWTD test results. The MEPDG rut values are 
found to be higher than that of the HWTD test results. 

▪ A detailed specification for the NMDOT was developed to evaluate the quality of 
rut resistance of both the SP-III and SP-IV mixes.  

Recommendations 

Recommendations are made to perform further research in the following area:  

▪ The rut specification for SP-IV mixes was developed based on the HWTD test 
results for only nine mixes. The HWTD test should be conducted on more mixes 
in order to generate a detailed specification for SP-IV mixes. 
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▪ Field rut performance of the selected pavement sections can be monitored each 
year and compared it with the laboratory test results. 
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