
ABSTRACT 

LEE, JONG-SUB. Performance-Based Moisture Susceptibility Evaluation of Warm Mix 

Asphalt Concretes through Laboratory Tests and Digital Imaging Analyses. (Under the 

direction of Dr. Y. Richard Kim) 

 

This dissertation presents a performance-based methodology for the moisture susceptibility 

evaluation of warm mix asphalt concrete. This methodology is based on the simplified 

viscoelastic continuum damage (S-VECD) material model supported by cyclic direct tension 

testing and the layered viscoelastic analysis (LVEA) for the pavement evaluation. The visual 

stripping inspection afforded by digital imaging analysis is also proposed as an intuitive and 

straightforward method for moisture susceptibility evaluation. These methods are applied to a 

Superpave 19 mm hot mix asphalt (HMA) mixture and corresponding warm mix asphalt 

(WMA) mixtures modified by a polyethylene wax-type additive with and without an anti-

stripping agent. It is found that the fatigue life predicted by the S-VECD and LVEA models 

has a strong correlation with the percentage of stripping determined from specimen surfaces 

that have been fractured during cyclic direct tension testing of the HMA and WMA mixtures 

with various asphalt contents. Finally, a polyethylene wax-type additive combined with an 

anti-stripping agent is found to provide a longer fatigue life and less stripping than a pure 

polyethylene wax-type additive.  

For the cyclic direct tension testing, the end failure issue with the cylindrical 

specimen geometry of 100 mm in diameter and 150 mm in height is studied experimentally 

and numerically. In order to evaluate the effect of specimen geometry on the linear 

viscoelastic properties, damage characteristics, and fatigue performance predictions, finite 

element analysis and laboratory tests were conducted with different specimen heights and 

LVDT gauge lengths. It was found that the specimen geometry of 100 mm in diameter and 



 

130 mm in height improves the propensity of the middle failure without satisficing with the 

representative volume element (RVE) requirement. 

In addition to the cyclic direct tension (CDT) test, this research employed the indirect 

tensile (IDT) strength test, and Hamburg wheel tracking device (HWTD) test to evaluate the 

moisture susceptibility of WMA mixtures. Also, the stripped areas that were quantified via 

digital imaging analysis were derived from the CDT, IDT, and HWTD tests and compared 

with the mechanical properties of the mixtures to identify sensitive moisture susceptibility 

indicators. These methodologies were applied to a Superpave 9.5 mm hot mix asphalt (HMA) 

mixture and five corresponding WMA) mixture that use the following technologies: 1) 

Evotherm 3G that contains a chemical additive, 2) foaming, 3) WMA-A that contains a 

chemical additive and is currently under development, 4) WMA-B that contains an organic 

additive and is currently under development, and 5) WMA-C that also contains an organic 

additive (different from that used in WMA-B) and is also currently under development. 

Fatigue life ratios obtained from the S-VECD model combined with the LVEA were 

determined to be the most sensitive indicator for moisture susceptibility. The stripping 

inflection points (SIPs) derived from the HWTD tests also showed good sensitivity to 

moisture conditioning; however, each SIP was affected by the permanent deformation 

characteristics of a given mixture as well as its moisture susceptibility, thereby making the 

observation inconclusive. The findings from this study should provide guidance to agencies 

and material engineers in developing asphalt binder modifiers that lengthen the fatigue life of 

pavements and reduce moisture susceptibility
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CHAPTER 1 INTRODUCTION 

1.1 Statement of Problem 

The Kyoto Protocol, an international agreement linked to the United Nations Framework 

Convention on Climate Change, has led into increased efforts in the development of warm 

mix asphalt (WMA) technology in recent years. The goal of the agreement is to reduce 

greenhouse gas (GHG) emissions five percent from 1990 levels over the five-year period of 

2008 to 2012. Recently, the Kyoto Protocol was expanded to 2020. According to the 

National Asphalt Pavement Association (NAPA), ñWarm-mix asphalt allows the producers 

of asphalt pavement material to lower the temperature at which the material is mixed and 

placed on the road. Reductions of 50 to 100 degrees Fahrenheit (10 to 38 degrees Celsius) 

have been documented. Such drastic reductions have the obvious benefits of cutting fuel 

consumption and decreasing the production of greenhouse gases (1).ò   

Development of WMA technology began in Europe over 15 years ago. In 2002, 

NAPA introduced WMA technology to the United States, inspiring significant interest in the 

U.S. market. The first documented WMA pavement in the United States (Florida and North 

Carolina) was constructed in 2004, and since then many more field sections have been 

constructed.  

Numerous benefits may be gained from WMAôs lower asphalt production and 

placement temperatures, including: (1) reduced emissions and energy consumption; (2) safer 

working environment due to less harmful vapors; (3) extended paving season due to lower 

operational temperatures; (4) increased hauling distance between plant and project; (5) 
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shorter cooling time before the pavement can be opened to traffic; (6) minimized plant wear 

due to lower operational temperatures; and (7) less binder aging due to lower production 

temperatures. All these benefits can be achieved with a moderate increase in the asphalt 

mixture costs of approximately $2.5 to $3 per ton of mix. Also, it is important that the 

performance of WMA be comparable to HMA because if the pavement life is reduced, the 

frequency of reconstruction increases, causing an increase in energy consumption, emissions, 

and cost.  

On the other hand, one of the major concerns with using WMA is moisture 

susceptibility. There are several assumptions on the causes of the moisture susceptibility of 

WMA mixtures. First of all, greater potential for moisture damage exists due to partially 

dried aggregates during a low temperature mixing and compaction process. Second, when 

using foaming technologies, water injection to the asphalt binder may cause a presence of 

moisture in the mixture. Finally, the softer binders may be more prone to moisture 

susceptibility. A study (2) identified that high viscosity asphalt resists displacement by 

moisture better than those that have a low viscosity. In other words, the lower viscosity 

(lower PG grade) binder provides a poor retention on aggregate surface. However, it should 

be noted that the lower viscosity may be able to increase coat ability, resulting in more 

uniform film of asphalt over the aggregate particles. In general, it has been known that 

moisture damage occurs due to a loss of strength, durability at asphalt aggregate interface, 

and weakening of mastic. Moisture damage accelerates the occurrence of distresses such as 

stripping, pothole, and fatigue cracking in asphalt concrete pavements. The acceleration of 
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fatigue cracking is based on complicated mechanisms that need to be considered in terms of 

material properties and structural factors.  

 One of the main products from the Strategic Highway Research Program is the 

Superpave mix design system for asphalt mixtures. It consists of performance-graded asphalt 

binder specifications, aggregate specifications, and a volumetric mix design method. Various 

field trials of asphalt mixtures designed using the Superpave mix design method suggest the 

need for performance test methods to ensure the satisfactory performance of the mixtures 

under in-service conditions. In the volumetric mix design method, indirect tensile strength 

ratio from unconditioned and moisture conditioned specimens is used as a moisture 

susceptibility performance test of a pass-or-fail type. The tensile strength ratio (TSR) result is 

a significantly important factor to report the Superpave volumetric mix-design to US 

highway or DOT agencies before a plant production and field construction. However, many 

studies reported that most of WMA mixtures failed when following the current moisture 

susceptibility criterion of TSR 80% used in the Superpave mix-design, but the field 

performance of WMA mixtures have not seen any issue so far. Also, literatures reported that 

WMA is performing at least as well as the HMA. The detail information on the disagreement 

between the laboratory testing results and field observation is described in Chapter 2.4. 

The reason to incorrectly evaluate the performance of WMA mixtures may be that the 

current moisture susceptibility tests are not sensitive enough to capture the moisture 

susceptibility behavior of the viscoelastic composite asphalt mixtures. The IDT tests can 

measure the cohesion resistance of the binder as well as the frictional resistance of the 

aggregate. If the adhesive bond is poor, failure may occur at the aggregate-binder interface 
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(3). However, it is reported that the IDT test has some shortcomings because it can cause: 1) 

permanent deformation under the loading strip, 2) non-uniform strain distribution, 3) an 

unrealistic representation of the stress state, and 4) local failure at the support due to high 

stress (4). Although the method uses the tensile strength of the material, it is important to 

recognize that the compressive load is used to cause the tensile stress indirectly. The strength 

test is not a fundamental material test which can simulate material integrity occurred due to 

cyclic wheel moving loading. Also, it has a complexity of the stress state that causes a 

permanent deformation and cracking simultaneously. Therefore, they tend to be used only for 

pay specifications or as a screening type of test to measure peak stress (strength) in 

monotonic indirect tension (compression) mode, which cannot explain a ductility behavior of 

asphalt mixture.  

Another type of mechanical test that is commonly used by agencies for moisture 

susceptibility evaluation is the Hamburg wheel tracking Device (HWTD) test in accordance 

with AASHTO T324. The HWTD is the common moisture susceptibility test that simulates 

the hydraulic scouring on the surface of asphalt pavement with the tire pressure of cyclic 

traffic loading. The moisture damage mechanism of the HWTD testing about the scouring is 

different from the mechanism of IDT testing about the bottom-up cracking of moisture 

damage due to the tensile loading. The HWTD test can measure the stripping inflection point 

(SIP), i.e., the number of wheel passes at the intersection of the creep slope and the stripping 

slope, as a moisture susceptibility indicator. Here, the stripping slope is the accumulation of 

permanent deformation due to moisture damage. The main shortcoming of the HWTD test is 

that it is difficult to distinguish the permanent deformation due to viscous flow from the 
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permanent deformation due to moisture damage at high temperatures, because dry specimens 

are not tested in the current specifications (5). Due to their lack of sensitivity to moisture 

susceptibility, these tests tend to be used only as screening types of testing. The moisture 

susceptibility tests currently used for asphalt concrete are insufficient because the state of 

stress induced is not appropriate for best measuring the sensitivity of material properties to 

moisture damage. The currently available mechanical tests for the evaluation of moisture 

susceptibility utilize either compressive stress or tensile stress indirectly as induced by the 

compressive load. These test methods are not sensitive to capturing the effects of moisture 

damage because the state of stress they cause is not the optimal state to measure the sensitive 

changes in material properties due to moisture damage.  

1.2 Dissertation Outline and Objectives 

Moisture damage can occur when the bond between the asphalt cement and aggregate breaks 

down due to the presence of moisture on the interface of the asphalt-aggregate system, thus 

causing the binder to separate from the aggregate surface. This failure causes loss of strength, 

stiffness, and durability in an asphalt mixture. Usually, moisture damage is considered as a 

premature failure, and often occurs within a few years after construction. Although loss of 

adhesion causes a serious moisture damage problem, a different type of moisture damage 

may also occur more slowly. In such a case, stripping may not be obvious, but the integrity of 

the mixtureôs performance, which relates to resistance to fatigue cracking and rutting, is 

gradually diminished by moisture. The former case is related directly to the physico-chemical 

properties of the material (i.e., internal factors), and the latter relates to external factors, such 
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as heat, heavy rain, and traffic-induced premature stripping, which affect the in-place 

properties of asphalt concrete pavements. This study focuses on the second case by using two 

different moisture conditioning procedures (AASHTO T-283 and MIST) and mechanical 

testing procedures, i.e., the typical tensile strength ratio (TSR) test, Hamburg wheel tracking 

device test and the proposed cyclic direct tension tests. 

Moisture damage is caused mainly by adhesive failure between the aggregate and 

asphalt binder. The state of stress that is most suitable to test the adhesive properties at the 

interface of two materials is tensile stress, and the simplest form of test method that measures 

the tensile properties of a material is the direct tension test. To achieve a more sensitive and 

accurate evaluation of moisture susceptibility than is currently available, a fatigue life 

prediction ratio of moisture-conditioned to un-conditioned specimens can be used. It is 

difficult to conduct the moisture damage conditioning procedure and mechanical loading 

testing simultaneously because test specimens that contain water are hard to keep at a 

constant temperature and water saturation level during mechanical load tests. Therefore, the 

mechanical load tests were conducted after the moisture damage conditioning procedure was 

carried out so that moisture susceptibility could be evaluated separately. 

 The viscoelastic continuum damage (VECD) model is a rigorous mechanical model 

that can characterize the fatigue behavior of asphalt concrete using the elastic-viscoelastic 

correspondence principle, continuum damage mechanics, and time-temperature superposition 

principle with growing damage (6~8). The final product of the VECD model is the so-called 

damage characteristic curve, which is the relationship between pseudo stiffness (C) and the 

damage parameter (S). Pseudo stiffness describes a materialôs integrity and the damage 
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parameter represents the amount or degree of damage in a material (9,10). The power of the 

VECD model is that the damage characteristic curve remains the same regardless of the 

applied stress or strain amplitudes, loading type (cyclic vs. monotonic), and temperature, as 

long as the reduced loading frequency or reduced rate of loading  is high enough not to cause 

significant viscoplastic strain. This strength of the VECD model reduces the testing 

requirements significantly, which in turn decreases the amount of time and effort needed for 

testing, thereby lowering costs. 

The S-VECD model is a simplified version of the VECD model and is designed for 

the analysis of controlled crosshead (CX) cyclic test data and to reduce computational time 

while maintaining the accuracy of the VECD model. The S-VECD model has been adopted 

as a fatigue characterization software program for the asphalt mixture performance tester 

(AMPT) that has been designed to be used by agencies (11). Details on the development of 

the S-VECD model can be found in Chapter 3. 

 Outline 1.2.1

For the fatigue life prediction, the cyclic direct tension tests and viscoelastic continuum 

damage theory are suggested as the performance based moisture susceptibility tests. Since 

asphalt mixture is the viscoelastic material subjected to traffic loading time and pavement 

temperature and moisture damage is the stripping mechanism that chemically and physically 

reacts between aggregate surface and asphalt binder, the sensitive test method is necessary. 

Also, the viscoelastic material properties are governed by the combined stiffness of elastic 

component and ductility of viscous component. Therefore, it is important to consider not 
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only damage characterization that takes account into a stiffness reduction, but also the failure 

criterion that determines the ductility property of asphalt mixtures to predict a fatigue 

cracking and moisture susceptibility performances. In order to predict fatigue performance of 

the bottom-up and top-down cracking occurred due to moisture damage and traffic loading, 

two failure criteria of a peak phase angle and an average of dissipated pseudo strain energy 

rates were applied.  

For the fatigue characterization of the cyclic direct tension tests, the issue of 

fracturing at the end of specimens was studied.  A new specimen geometry that satisfies a 

representative volume element requirement and causes a middle failure was found through 

the direct tension cyclic tests and finite element analyses. The moisture susceptibility 

analysis methods for the bottom-up cracking prediction were compared at a material level 

and combined material and structure level. For the performance based moisture susceptibility 

evaluation, two different levels of structural analyses were conducted: 1) layered viscoelastic 

(LVE) analysis and 2) layered viscoelastic continuum damage (LVECD) analyses. The S-

VECD model combined with the layered viscoelastic analysis is to predict the moisture 

susceptibility of a bottom-up cracking as a simple closed form solution approach whereas the 

S-VECD model combined with the layered viscoelastic continuum damage analysis is to 

visually simulate the both moisture susceptibilities of the bottom-up and top-down cracking 

as a comprehensive analysis approach. Also, stripping quantification procedures on the 

fractured or scoured surface were developed using digital imaging analyses. By finding out 

the relationship between the stripped areas with the corresponding mechanical properties, the 

most sensitive moisture susceptibility indicator of each test method was investigated. 
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 Finally, Moisture Induced Sensitivity Test (MIST) was used to develop the moisture 

conditioning procedure that coincides with that of current AASHTO T238. The benefit of the 

MIST development procedure is to reduce moisture damage conditioning time of current 

AASHTO T283. Figure 1 shows the schematic outline of overall research in this dissertation. 
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Figure 1. Schematic outline of overall research. 
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 Dissertation Objectives 1.2.2

¶ Investigation of the bottom-up and top-down cracking performance related moisture 

susceptibility evaluation methodology using the S-VECD model and 3D structural 

analysis. 

¶ Development of stripping quantification procedure for the CDT, HWTD, and IDT testing 

using the digital imaging analyses. 

¶ Investigation of stripping mechanisms of the CDT, HWTD, and IDT testing. 

¶ Investigation of sensitive moisture susceptibility indicators of IDT, HWTD, and CDT 

tests that strongly related to the corresponding quantified stripped areas. 

¶ Determination of MIST moisture conditioning procedure that produces the same moisture 

damage corresponding with the AASHTO T283. 

For the Fatigue Cracking Performance Based Moisture Susceptibility Evaluation 

Methodology:  

1. A new cylindrical specimen geometry was investigated to characterize the fatigue 

performance for the CDT test: (1) to evaluate the end plate gluing effect on the LVE 

material and viscoelastic damage properties; (2) to investigate the damage propagation to 

find a failure location; and (3) to verify a new specimen geometry that can ensure the 

RVE requirement for the fatigue performance prediction through finite element analysis 

and experimental tests. 

2. S-VECD model combined with layered viscoelastic (LVE) analysis is investigated as a 

means of evaluating the bottom-up cracking related moisture susceptibility of HMA and 

WMA mixtures. 
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3. The bottom-up and top-down cracking related moisture susceptibility analysis methods 

are investigated by using the S-VECD material model coupled with the layered 

viscoelastic continuum damage (LVECD) structure analyses. 

For the Stripping Quantification Procedure: 

1. Digital imaging analysis method is developed as a reference method to determine 

moisture susceptibility. 

2. One threshold value for CDT test and HWTD tests is determined in pixel counting 

method whereas two threshold values for IDT strength test are decided to quantify the 

stripped areas. 

For the Sensitive Moisture Susceptibility Indicators: 

1. The moisture susceptibility indicators are identified based on the material properties and 

fatigue life that are predicted from the coupled S-VECD and LVE models. 

2. The moisture susceptibility indicators are identified from the CDT test, IDT strength test, 

and HWTD test that best related to the stripped area using the digital imaging analyses in 

each. 

For the Framework Development of MIST Conditioning Procedure: 

1. The protocol is developed using the CDT tests and digital imaging analyses. 

2. The moisture damage conditions of MIST are investigated to produce the same fatigue 

characteristics and stripped areas with those of AASHTO T283 procedure.
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CHAPTER 2 LITERATURE REVIEW 

Relevant background information and current technology relevant to the proposed research is 

presented in this section. Currently used warm mix asphalt technologies, mechanism of 

moisture damage, moisture susceptibility test methods, and the laboratory and field 

performance testing results related to warm mix asphalt are discussed. 

2.1 Warm Mix Asphalt Mixtures 

 Definition of Warm Mix Asphalt 2.1.1

Federal highway administration (FHWA) and national asphalt pavement association (NAPA) 

classify the type of asphalt mixtures depending on a mixing temperature of aggregates. Cold, 

half warm mix asphalt, warm mix asphalt, hot mix asphalt mixtures are defined as the mixing 

temperature range from 0°C to 25°C, from 25°C to 100°C, from 100°C to 135°C, and from 

135°C to the above in each. The concept of WMA technology is to induce the reduction of 

asphalt binder viscosity so that the workability and coating ability can be increased at the 

lower mixing and compaction temperatures. Typically, the WMA mixtures use the lower 

mixing temperature of aggregate as keeping the same mixing binder temperature compared 

with HMA mixtures, thereby resulting in the consistent better density of pavement at the low 

compaction temperature. The better compactability and density of asphalt pavement indicates 

the better long-term performance of the aging and moisture damages due to a lower 

permeability to air and water. The expected reduction in plant emission with the use of warm 

mix asphalt mixture was reported as shown Table 1 (12). 
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Table 1 Expected Emission Reduction from WMA 

Plant Emissions Expected Reductions 

Carbon dioxide (
2CO ) 30% to 40% 

Sulfur dioxide (
2SO ) 30% to 40% 

Carbon monoxide (CO) 10% to 30% 

Nitrous oxides (
XNO ) 60% to 70& 

Dust 20% to 25% 

 

 WMA Technology  2.1.2

There are three types of WMA technologies currently being utilized: Foaming processes, 

chemical additives, and organic additives. Over 30 WMA technologies are marketed and 

available in the USA as shown in Figure 2. In all cases, the goal is to improve workability of 

asphalt concrete such that the processes of mixing and compaction can be conducted 

satisfactorily at reduced temperatures compared to conventional HMA. 
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Figure 2. Current available WMA technologies. 

The foaming processes introduce foaming of asphalt using water injecting nozzle, 

damp aggregates, or water bearing mineral such as zeolite. Foaming is a result of water that 

is in close contact with asphalt binder turning to steam upon heating. The steam increases the 

water volume and consequently the asphalt binder volume. When expanded, the asphalt 

binder is said to be foamed, and the resulting emulsion-like effect reduces the asphalt binder 

viscosity. Figure 3 shows the volume expansion example of asphalt binder using the foaming 

process of Double Barrel Green. The asphalt binder film thickness of 9 mm is expended into 

that of 165 mm with small steam bubbles. The volume of asphalt binder is increased more 

than 18 times. The more expanded surfaces the asphalt binder produces, the more chance of 

the consistent coat with the binder the aggregates have (13).  

Ç Foaming Technology
ωAdvera (Zeolite)
ωLow Emission Asphalt (LEA)
ωDouble Barrel Green (DBG)
ωTerex
ωAquablck
ωAspha-Min (Zeolite)
ωAquaFoam
ωMeeker Warm Mix
ωAccu-Shear
ωTri-Warm Mix Injection System

Ç Chemical Additive
ωCecabase RT

ωEvotherm 3G

ωHypertherm

ωRediset WMX

Ç Organic Additive
ωAstech PER

ωSasobit

ωSonnewarmix

ωThiopave

ωTLA-X
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Figure 3. Volume of asphalt binder expanded from foaming process. 

The chemical additive uses a surfactant that reduces a viscosity of asphalt binder. A 

known example of the surface-active agent is soap in life. The surfactant induces the low 

internal friction of asphalt binder. By adding a chemical component of micelles in the 

additives, a good adhesion between water and oil is made for the better moisture 

susceptibility as shown in Figure 4 (14). 

 

 

Figure 4. Improved adhesion between water and oil through Micelles. 
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 The organic additive is the wax that acts as lubricant liquid oil above around 110°C. 

The lubricant oil reduces the viscosity of asphalt binder. The one problem of the organic 

additive is that the property of wax may have a brittle issue after cooling down the heated 

liquid wax. Therefore, more chemical components may be added to improve the brittleness 

and adhesion. For example, LEADCAP organic additive includes the crystal controller that 

enhance the cohesion among non-polar particles and the adhesion promoter that improve the 

adhesion between aggregates and asphalt binders. The crystal controller and adhesion 

promoter are illustrated in Figure 5 (a) and (b), respectively (15). 

The binder modification of WMA additives may be performed off-site and the final 

product delivered to the asphalt concrete plant, or the modification may be performed on-site 

with appropriate equipment. The additives available often include anti-stripping agents and 

compaction aids. In most cases, by blending pure asphalt binder with WMA additives, 

additional anti-stripping agent is not necessarily required. This is because the additives 

already contain the anti-stripping agent used to improve moisture susceptibility of asphalt 

mixture. The following discusses the primary WMA products currently in use in the United 

State. Especially, the foaming process is the representing technique widely used in United 

States. 
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Figure 5. (a) Crystal controller and (b) adhesion promoter in the organic wax type 

additive. 

2.1.2.1 Foaming Process (16~18) 

Aspha-min:  Aspha-min is a synthetic zeolite made of aluminosilicates of 

alkalimetals. The additive is a powder with particle sizes equivalent to a #50 sieve size. It 

contains about 20 percent water due to the hydrothermal-crystallization procedure. This 

water is released by increasing the temperature. When introduced to heat, the zeolite releases 

a small amount of water, creating a controlled foaming effect that leads to a slight increase in 

volume and a reduction in the viscosity of the binder. 

Advera: Advera is a synthetic zeolite identical to Aspha-min. The powder of Advera 

is classified with 100 percent passing the #200 sieve. Therefore, the distribution of Advera is 

expected to be more uniform than the Asphamin.  

Astec: The Astec Company has developed a asphalt injection equipment with its 

Double Barrel®  asphalt plants to produce WMA. When the cold water comes in contact with 

the hot asphalt binder, the asphalt foams and expands in volume. The expanded and foamed 

asphalt can coat the aggregates at low temperatures. The advantage of this system is that 

(a) (b)
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there is no need to purchase costly additives, but the disadvantage is that the method requires 

specialized equipment.  

WAM -Foam: WAM-Foam is the product made from Shell and Kol-Veidekke 

companies. In the WAM-Foam system, two binders, a soft binder and a hard but foamed 

binder, are used to produce WMA mixtures. The soft binder, which can be mixed at 

temperatures of approximately 100° to 120°C, is first mixed with the aggregate to fully coat 

the particles. Next, a hard asphalt binder is foamed with cold water and combined with the 

precoated aggregate particles. It is reported that the combined mixture can compacted at 

temperatures between 80° and 90°C. 

2.1.2.2 Chemical Additive (16,17) 

Evotherm
TM

: Three different types of Evotherm additives exist. 1) Evotherm ET 

(Emulsion Technology): a high asphalt content, water-based asphalt emulsion. Evotherm ET 

requires no plant modification and simply replaces the liquid asphalt in the HMA design. It 

offers temperature reduction greater than 55°C. 2) Evotherm DAT (Dispersed Asphalt 

Technology): a concentrated solution (a chemical additive: modification of the interfacial 

tension and adhesion and water: creation of a water in bitumen to improve workability) of 

Evotherm additives in-line injected at the mix plant. The plant modifications are required. 

Evotherm DAT offers mix producers total flexibility in switching between warm mix and hot 

mix production while lowering mix temperature 45-55°C. 3) Evotherm 3G: developed in 

partnership with Paragon Technical Services and Mathy Technology & Engineering, this 

water-free chemical additive of Evotherm is suitable for introducing chemical additives at the 

mix plant or asphalt terminal. It generally lowers mix temperature 33-45°C. The Evotherm 
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3G uses chemical surfactant (surface-active agent) which induces low internal friction of the 

asphalt binder, resulting in better mixing and compacting at a low temperature. 

2.1.2.3 Organic Additive (19) 

Sasobit: Sasobit is a product of the Fischer-Tropsch (F-T) synthesis that is created 

when coal or natural gas is heated with water and a catalyst to 180° to 280°C. This synthetic 

wax has a melting temperature of 72° to 114°C). The product has been used successfully as a 

pre-blend at binder supplier, an in-line blend at asphalt mixing plant, and a mix-in (pellet 

form). Depending on the blend concentration, Sasobit can produce temperatures that are 20° 

to 30°C lower than standard HMA production temperatures. The manufacturer does not 

recommend blending the solid Sasobit with the asphalt binder during mixing because it will 

result in an inhomogeneous distribution of Sasobit within the mix. Therefore, Sasobit needs 

to be blended with the hot asphalt binder stream to ensure homogenous distribution. 

2.2 Moisture Damage Mechanisms of Asphalt Pavement 

Moisture damage has been observed as a stripping phenomenon. Stripping is defined as ñthe 

breaking of the adhesive bond between the aggregate surface and the asphalt cement 

(adhesion failure)ò in an asphalt mixture (20). Stripping is a complicated phenomenon that 

needs to be considered in terms of the type and use of a particular mix, the binder 

characteristics, aggregate characteristics, environment, traffic, construction practice, and the 

use of anti-stripping additives (21). Figure 6 shows the field cored samples taken from U.S 

highway 177 in North Carolina. As seen in the field cores, moisture damage that stripped 

from asphalt binder covered with aggregates accelerates the fatigue cracking. As increasing 
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the stripped areas at the pavement, the complete breaking was observed. The stripping is the 

significant evidence of moisture damage observed in the field. 

 

 

Figure 6. Field cores take from US highway 177 that shows fatigue cracking and 

stripping. 

A literature review indicates that there are six different mechanisms of stripping: 1) 

detachment, 2) displacement (film rupture), 3) spontaneous emulsification, 4) pore pressure, 

5) hydraulic scour, and 6) pH instability (22).  

Detachment is related to the weak adhesive bond that causes a separation of the 

asphalt film from the surface of the aggregate. Displacement is explained by a break or 

disruption of the asphalt film on the aggregate surface.  

Spontaneous emulsification is an inverted emulsion of water droplets that cause the 

adhesive bond to break; that is, once the emulsion formulation penetrates the aggregate 

surface, the adhesive bond is broken. Asphalt is an oily material and therefore very 

hydrophobic, providing excellent waterproofing ability but does not easily adhere to wet 
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hydrophilic surfaces of most aggregates. Naturally hydrophilic aggregate materials have a 

greater affinity for water than bitumen under normal circumstance which means that bitumen 

cannot adhere to a wet aggregate surface as shown in Figure 7. Therefore, the adhesive bond 

between asphalt and aggregate depends on the chemical nature of the components and the 

source of the asphalt and type of aggregate. Asphalt has low polarity compared to water. 

Some aggregates are acidic, with surfaces that tend to be negatively charged, whereas some 

aggregates are basic with positive surface charge. Acidic aggregates include those with high 

silica ( 2SiO ) contents while basic aggregates include carbonates ( CaNaCO ++3

2

). 

 

Figure 7. Surface Physio-Chemical effects between Aggregate, Water, and Bitumen. 

Pore pressure causes progressive adhesion and cohesion failure and is accelerated by 

the stress imparted to the entrapped water in the asphalt mixture that is caused by repeated 

traffic loading. Other types of stripping, such as potholes and raveling, can be observed on 

the surface of an asphalt pavement and also can be caused by the pore pressure and hydraulic 

scour that is due to traffic loading. Hydraulic scour occurs on the saturated surface of an 

asphalt pavement due to tire pressure. Moisture induced damage processes are divided into 
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physical and mechanical processes. Moisture induced physical damage is caused by 

molecular diffusion of moisture to the air-void in the asphalt mixture and a stripping of the 

mastic, due to water flow. Mechanical damage is the occurrence of intense water pressure 

fields inside asphalt concrete caused by traffic loads and referred to as pumping action as 

illustrated in Figure 8 (23). 

 

Figure 8. Physical and Mechanical Mechanism of Moisture Damage (23). 

Finally, pH instability is a chemical reaction that affects the adhesion between the 

asphalt and the aggregate due to the pH of the contact water. pH values below 4 dissolve 

amine and lime from the aggregate surface.  Figure 9 illustrates silica content of some 

common aggregate types. Bitumen, especially those with high acid value, has a tendency to 

be slightly negatively charged and thus adhesion problems occur primarily with acidic 

aggregates as depicted in Figure 10. Other aggregate properties like surface texture, porosity, 

shape and absorption will also influence the aggregate and bitumen adhesive bond (24). 

 



 

24 

 

Figure 9. Silica Content of Common Aggregate Type. 

 

Figure 10. Polarity Effects of Aggregate and Bitumen. 

In most cases, stripping starts at the bottom of the asphalt layer and then propagates 

upwards due to the tensile behavior of the structure and the presence of water above the 

subgrade (25).  
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2.3 Laboratory Moisture Susceptibility Evaluation of Asphalt Mixtures 

To evaluate the moisture susceptibility of asphalt mixtures in the laboratories, two different 

damage mechanisms of the traffic loading and moisture have been considered together. As 

accumulating traffic cycles, the stiffness of asphalt pavement is mechanically deteriorated. 

Exposing water in the asphalt pavement physically and chemically makes it embrittle. 

Thereby, the moisture damage accelerates the fatigue cracking dramatically. 

The first damage mechanism has been examined through a mechanical loading test 

that can measure the fatigue performance and stripping related indicators whereas the second 

damage mechanism has been simulated via a moisture conditioning procedure that can 

represent the moisture damage that occurs in the field. Also, those damage mechanisms have 

been tested in two different ways. The first method is to carry out the mechanical loading test 

after a moisture damage conditioning procedure, such as in the procedure described in 

AASHTO T 283 (26) (refer to chapter 4.3.1 and 4.5.1), and the second method is to conduct 

both procedures simultaneously, such as the procedure described in AASHTO T 324 (27) 

(refer to chapter 4.3.2).  

 Currently Available Mechanical Moisture Susceptibility Tests 2.3.1

Table 2 presents the currently available moisture conditioning procedures and mechanical 

tests that are generally used to evaluate moisture susceptibility. Boiling test and Static 

immersion test evaluate the moisture susceptibility through the visual observation of 

stripping after conditioning the asphalt loose mixtures in the water bath. The main weakness 

of both tests is that there is no quantified indicator that can objectively evaluate the moisture 
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susceptibility. Other Lottman test, Tunnicliff and root test, Modified Lottman test, and 

Immersion-compression test utilize the indirect tensile strength ratio with and without 

conditioning the compacted asphalt mixture in the water bath as the quantified moisture 

susceptibility indicator. Those tests are conducted to predict the bottom-up cracking fatigue 

performance accelerated with moisture damage by using a performance indicator of indirect 

tensile strength. The main weakness of those monotonic compressive tests is that the 

moisture susceptibility indicator of the strength is not sensitive enough to predict the fatigue 

performance of viscoelastic asphalt mixtures.  

Other than those compressive strength tests, the HWTD test is design to simulate the 

scouring that happen on the surface asphalt pavement with the contact tire in the water bath 

at 50°C. The indicator of moisture susceptibility is the stripping inflection point that can be 

measured by finding the intersection point between rutting slopes at two different stable 

regions. The HWTD is the rutting test that can measure viscoplastic flow at a high water 

temperature with the stripping. 
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Table 2 Currently Available Moisture Susceptibility Tests 

Moisture 

Susceptibility 

Test 

Standard 

Method 

Mechanical 

Test 

Moisture Conditioning 

Procedure 

Moisture 

Susceptibility 

Indicator  

Boiling Test 
ASTM D 

3625 
None Boiling Water 

Visual 

Observation of 

Stripping 

Static 

Immersion 

Test 

AASHTO 

T 182 
None 

Immersing in Water at 25°C  

for 16-18 hours 

Visual 

Observation of 

Stripping 

Lottman Test 
NCHRP 

246 

Monotonic 

Compressive 

Strength Test 

Vacuum Saturation with 

Water: 4 years performance 

Additional Freeze (15 hr,  

-18°C)-thaw (24 hr, 60°C) 

cycles: 4-12 years 

Indirect 

Tensile 

Strength Ratio 

Tunnicliff and 

Root Test 

ASTM D 

4867 

Monotonic 

Compressive 

Strength Test 

Vacuum Saturation with 

Water 

Indirect 

Tensile 

Strength Ratio 

Modified 

Lottman Test 

AASHTO 

T 283 

Monotonic 

Compressive 

Strength Test 

Vacuum Saturation with 

Water/Additional Boiling 

Water (24 hr, 60°C) 

Indirect 

Tensile 

Strength Ratio 

Immersion-

Compression 

Test 

AASHTO 

T 165 

Monotonic 

Compressive 

Strength Test 

Freeze (15 hr, -18°C)-thaw 

(24 hr, 60°C) cycles 

Indirect 

Tensile 

Strength Ratio 

Hamburg 

Wheel-

Tracking Test 

AASHTO 

T 324 
Wheel Tracking Test in Water at 50°C 

Stripping 

Inflection 

Point 

 

 Moisture Damage Conditioning Procedure for the Laboratory Tests 2.3.2

None of moisture damage mechanism proposed in the literature have been proven by 

connecting theoretical considerations to observed field behavior. The only laboratory-based 

approaches for accelerating the effect of moisture in mixtures that have been proposed 

include: 1) boiling the mixture in a loose state (ASTM D3625), 2) letting the compacted 

mixture sit in a hot water bath for a period of time and freezing the mixture (AASHTO T-

283), 3) vacuum saturating the mixture and then loading it with stresses intended to simulate 
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traffic, and 4) vacuum saturating the mixture and then inducing pore pressures in the mixture. 

Due to the traditionally short period of time that vacuum, it is not likely to accelerate the 

attack of water on the asphalt film. Rather, its direct effects are to saturate the mixture by 

inducing negative pressures within the mixture (AASHTO T-283 conditioning protocol). 

Similarly, the cyclic loading of a saturated mixture results in other types of damage-related 

mixture effects, which are not strictly associated with moisture sensitivity. Boiling and other 

high temperature acceleration techniques also likely damage the structure of the mixture, thus 

again confounding the effects of moisture damage. In contrast, the application of cyclic pore 

pressure alone may offer the promise of creating a mechanism that accelerates both long-

term moisture intrusion through the asphalt film and the effects of the expansive pressure of 

water without introducing other complicating damage effects. 

2.3.2.1 Hot Water Conditioning with Vacuum Saturation (AASHTO T 283)  

After applying vacuum pressure of 13~67 kPa to specimens submerged in a vacuum 

container at 25ЈC in order to match a saturation level of 65~80%, the saturated specimens 

were placed in a water bath at 60ЈC for 24 hours. After completely conditioning the 

specimens for moisture damage, the hot specimens were transferred to a water bath at room 

temperature to cool. The specific procedures are described in the following (26). 

1) Make at least four specimens for each test, two to be tested dry and two to be tested 

after partial saturation and moisture conditioning. 

2) The testing specimens shall be compacted to 7±0.5% air voids. 

3) For moisture conditioning, place the specimens in the vacuum container and fill the 

container with distilled water at room temperature. 
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4) Apply a vacuum of 13-67 kPa absolute pressure (10~26 in. Hg partial pressure) for a 

short time (times will vary up to 10 minutes depending on the vacuum pump and the 

type of mix). 

5) Remove vacuum and leave the specimen submerged in the distilled water for 10 

minutes. 

6) Determine the bulk specific gravity of the saturated specimen and saturated surface-

dry (SSD) mass to calculate the volume of absorbed water. 

7) Determine the degree of saturation by comparing the volume of absorbed water with 

the volume of air voids. 

8) If the degree of saturation is greater than 80%, the specimen is considered damaged 

and shall be discarded. 

9) If the degree of saturation is less than 65%, repeat the steps beginning with step 4) 

using more vacuum pressure or time. 

10) If the degree of saturation is 65% to 80%, place each of the saturated specimens into a 

60±1°C water bath for 24±1 hours. 

11) After soaking for 24±1 hours, transfer the specimens to a water bath already at 

25±1°C. 

12) The wet specimens shall remain in the water bath for 2 hours. 

2.3.2.2 Moisture Induced Stress Tester (MIST) 

The moisture induced stress tester (MIST) shown in Figure 11 was developed to 

quickly simulate (less than four hours) the conditions of pore pressure in a saturated 

pavement under traffic load. The MIST consists of a system to use a supply of compressed 
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air to lead and apply vacuum to force water out and in through an asphalt mixture sample, 

which is kept in water maintained at a constant temperature of 40°C. The air pressure was 

276 kPa. MIST conditioning was conducted for 500 or 1,000 cycles (28).  

 

Figure 11. Moisture Induced Stress Tester (MIST) Device. 

2.3.2.3 Cyclic Pore Pressure Conditioning using Modified Triaxial cell of MTS 

In order to test the concept of using cyclic pore pressures for conditioning mixtures, 

an existing triaxial system was modified by University of Florida research team. The cyclic 

pore pressure conditioning system is composed of modified triaxial cell, high-pressure water 

distribution system, a closed-loop servo-hydraulic controller and data acquisition system, 

servo-hydraulic volume change device, and high and low temperature water conditioner such 

as Figure 12. The first step for specimen pore pressure conditioning is that a vacuum of 25 

in-Hg was applied to the conditioning chamber for 15 minutes and allowed to rest for another 

15 minutes. No specific saturation levels were targeted, since each mix has a unique void 

structure that may enhance or reduce the saturation capacity of the mixture. It is believed that 

forcing a target saturation level might cloud the effective differences between mixtures in 

resisting moisture ingress and therefore possibly moisture damage. Second, the water in the 
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cell was heated. Finally, a computer program is started by drawing water from the source into 

the volume changer. The hydraulic volume changer then continues to apply cyclic pressure 

into chamber. The pore pressure ranges are 34~103 kPa. The conditioning cycle was repeated 

once every three seconds for a total of 5800 cycles which take about five hours (29, 30). 

 

Figure 12. Components of Cyclic Pore Pressure Conditioning System. 

2.3.2.4 UK Saturation and Ageing Tensile Stiffness (SATS) Conditioning Procedure 

Researchers at the Nottingham Center for Pavement Engineering have developed a 

combined ageing/moisture damage laboratory test that has been shown to correctly predict 

the performance of asphalt mixtures in the field and replicate the magnitude of this moisture 

damage distress. The SATS test is based around the principle of combining ageing with 

moisture conditioning by conditioning pre-saturated asphalt mixture specimens at an elevated 

temperature (85°C) and pressure (2.1 Mpa) in the presence of moisture for a duration of 65 

hours. A pressure vessel is used to hold five specimens in a tray as shown in Figure 13. 
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Figure 13. SATS Pressure Vessel and Specimen Tray. 

The test conditions used with the SATS test were selected in order to reproduce in the 

laboratory. The field observed 60% decrease in stiffness modulus for a high modulus based 

on asphalt moisture. The SATS test moisture conditioning procedure is as follows: 1) 

specimens are immersed in distilled water at 20°C and saturated using a residual pressure of 

between 40 and 70 kPa for 30 minutes (i.e. AASHTO T283: 13-67 kPa with vacuum pressure 

for a short time). 2) prior to introducing the testing specimen, the pressure vessel and water 

are maintained at the target temperature of 85°C for at least 2 hours. 3) The saturated asphalt 

specimens are then placed into the pressure vessel, the vessel is sealed and the air pressure is 

gradually raised to 2.1MPa for 65 hours. After 65 hours, the vessel is allowed to cool to 30°C 

before the air pressure in the vessel is released. During the test there is a continuous cycling 

of moisture within the pressure vessel to simulate actual pavement moisture condensations 

(31). 
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2.4 Disagreement between Laboratory Moisture Susceptibility Evaluation 

Results of Warm Mix Asphalt Mixture and Field Performance 

Observations 

 Laboratory Performance Testing Results 2.4.1

Johnston et al. (32) utilized repeated flexural bending and IDT tests to evaluate moisture 

susceptibility of WMA and HMA mixtures. The flexural bending fatigue testing was 

conducted in accordance with AASHTO T321 at 18°C. The test results indicated that the 

foamed WMA mixture had a fatigue life over three times greater than the HMA mixture. 

Moisture susceptibility testing was conducted with AASHTO T 283. The tensile strengths 

and TSR (Tensile strength ratio) values were much lower for the Warm-Foam (0.5) when 

compared to the HMA (0.85). The authors stated that anti-stripping additive should be used 

to solve this problem. 

Hurley and Prowell (33) studied the performance of different WMA additives. All the 

warm mix additives caused a decrease in air voids when using the gyratory compactor. This 

could reduce the optimum asphalt content. However, a literature recommended continuing 

the use of optimum asphalt content for a control mixture determined with no warm mix 

additive.  Results from testing strength gain with time indicate that no cure time is needed in 

the field before opening to traffic when using any of the three warm mix technologies 

(Sasobit, Aspha-min, and Evotherm ET). Reducing the mixing and compaction temperature 

causes an increase in moisture susceptibility for the mixture by observing TSR values. The 

addition of hydrated lime to the Aspha-min mixture made with granite improved the moisture 
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resistance. Magnabond (Anti-stripping agent) improved the moisture resistance of the Sasobit 

mixtures. Hamburg results verified these findings. 

Diefenderder and Heron (34) investigated plant produced WMA mixture to evaluate 

effect of moisture containing aggregate on the moisture susceptibility using IDT and HWTD 

tests. The plant-produced WMA mixtures had a TSR of 0.69. The un-aged specimen 

prepared with moist aggregate had a TSR of 0.5, and the four-day oven-aged sample had a 

TSR of 0.71. This indicates that WMA was susceptible to moisture damage when the 

aggregate are not dried adequately. There were trends that showed an increase in both the 

conditioned and unconditioned tensile strengths when the WMA was aged and when the 

production temperature increased. Statistical testing showed that the conditioned and 

unconditioned tensile strengths for field-mix HMA were significantly higher than the field-

mixed WMA specimens. However, the field-mixed, laboratory-compacted WMA had 

significantly higher conditioned and unconditioned tensile strengths than the field-mixed, 

plant-compacted WMA even though the TSR criterion was not met. This may have resulted 

from re-heating of the WMA. The Hamburg wheel tracking device was used to evaluate 

moisture susceptibility and rutting potential. Both HMA and WMA specimens were below 

the criterion. The moisture susceptibility criterion for the Hamburg was a minimum stripping 

inflection point of 10,000 passes. The results showed that laboratory and field produced 

HMA and WMA specimens were resistant to moisture damage. TSRs of the Evotherm ET 

mix were lower than the control HMA and they did not meet the minimum TSR requirement 

of 0.8. 
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Button el al. (35) studied the difference of strength results between laboratory and 

field specimens. For the laboratory and field specimens, the strength results of the HMA field 

cores are ranged from 992 to 1351 kPa. The difference between the tensile strength for the 

laboratory and field produced WMA was significant: 413 kPa for the laboratory mixture, and 

ranging from 1220 to 1461 kPa for the field cores. 

Akisetty (36) studied WMA with CRM (Crumb rubber modified binder) mixtures 

using IDT testing. In South Carolina, there was no significant difference between the strength 

values of the control and warm CRM mixtures.  

Austerman et al. (37) evaluated moisture susceptibility of WMA mixtures using 

HWTD testing. The HWTD testing was performed in accordance with AASHTO T 324. The 

stripping inflection points showed that all mixtures containing warm mix additives were 

much more susceptible to moisture damage than the control mixture.  

Hurley et al. (38) used Sasobit additive to evaluate moisture susceptibility using IDT 

and HWTD tests. Sasobit was evaluated as part of a WMA demonstration in Michigan on 

state highway M95. The moisture susceptibility of the mixes was evaluated using AASHTO 

T 283. The strength values of the WMA were higher than those of the control HMA. Both 

mixtures exceeded the TSR criterion of 0.8. Also, HWTD testing was conducted in 

accordance with AASHTO T 324. The WMA passed the stripping inflection point criterion 

of a minimum of 5,000 cycles whereas the control failed to meet this criterion. 

Xiao et al (39) investigated the effect of hydrated lime on WMA mixtures using IDT 

tests. The dry strength values of the WMA mixtures (Aspha-min and Sasobit) with moist 

aggregate were lower than those of other mixtures. Hydrated lime helped offset this decrease. 
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Hydrated lime visibly improved the strength and TSR values for the mixtures considered. 

There were no significant differences in the dry or wet strength values when comparing the 

control mixture to the mixtures containing Aspha-min and Sasobit.  

Hurley et al. (40) researched an effect of reheating on the strength of WMA mixtures. 

For specimens compacted without reheating, the majority of the samples failed to meet the 

TSR criterion of 0.8. For specimens compacted from reheat mix, the strength values 

increased compared to those compacted from non-reheat mix. However, the increase in 

strength values did not improve the TSR values.  

Hurley et al. (41) conducted HWTD tests to evaluate moisture susceptibility of HMA 

and WMA (Sasobit and Evotherm) mixtures. Both control and Sasobit mixes presented 

acceptable stripping inflection points and rut depths. The Evotherm ET mix failed both the 

stripping inflection points and rutting criteria. 

Kvasnak et al. (42) also carried out IDT and HWTD test to evaluate moisture 

susceptibility of HMA and WMA mixtures. The moisture susceptibility was conducted in 

accordance with AASHTO T 283 without the freeze-thaw cycle. Only the two control mixes 

and the Astec Double Barrel Green mix met the TSR criterion of 0.8. TSRs for the Evotherm 

DAT, Sasobit, and Advera WMA were 0.45, 0.59, and 0.53, respectively. Hamburg testing 

was conducted in accordance with AASHTO T 324. All of the mixes except for Advera 

WMA and Evotherm DAT met the stripping point criterion. 
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 Field Performance Observation 2.4.2

Bonaquist et al. (43) investigated the usage and field performance of WMA mixtures in 

Europe. Several field demonstrations (Norway, U.K., and Netherlands) were constructed in 

Europe using WMA technologies (Emulsion and Foam) from 1996 to 1999. No major 

problems were encountered during the placement and compaction operations. The air voids 

of the WMA were comparable to HMA. The WMA sections were exposed to traffic very 

soon after construction with no problems. Visual observation of the sections immediately 

after construction and three years later showed comparable performance to that of HMA with 

no visible distresses. 

DôAngelo et al. (44) investigated performance testing methods for WMA mixtures 

from European countries. While in the United States it is important to know if the warm mix 

additive changes the grade of the binder, European countries focus more on performance test 

results. Placement of HMA and WMA were the same in the countries visited. The only 

difference was the lower placement temperatures of the WMA. When compared to U.S. 

contractors, European contractors are better equipped to research and develop new WMA 

technologies.  

West (45) surveyed the performances of fatigue cracking and rutting to compare 

HMA and WMA mixtures through laboratory IDT testing and field observation. Cores were 

obtained from three of the field demonstration locations and tested for indirect tensile 

strength. The oldest site where cores were extracted was approximately two-years old. The 

tensile strength results showed that the WMA strengths improved over time as the binders 

oxidized and some degree of curing occurred. After two years in service, the WMA and 
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HMA had similar tensile strength values. Additionally, core analysis showed that the 

majority of densification of WMA occurs in the first six months in service. From simple 

visual inspection of the paving sites, it appeared that HMA and WMA had the same amount 

of rutting, and that the cracking resistance of WMA is at least equal to than HMA. More 

importantly, none of the field trials had shown any sign of moisture damage thus far.  

Harder et al. (46) investigated the strength variation as curing time goes for aging 

effect of WMA mixtures. TSR tests were performed on each dayôs production. Initially, the 

specimens were prepared after two hours aging at 95°C. After eight days of production, an 

un-aged set was added. Both dry and wet tensile strengths were higher for the aged as 

compared to the unaged samples. The mean TSR for the unaged specimens was 0.91 and the 

mean TSR for the aged samples was 0.9. There appears to be a reduction in moisture content 

between the plant and field.  

Jones et al. (47) observed the moisture content of HMA and WMA mixtures in 

asphalt plant. Moisture contents of the mixes collected at the plants showed a more 

interesting trend. The moisture content of the Control HMA mix was just 0.09 percent, 

considerable lower than those of the mixes with additives, which had moisture contents of 

0.25 percent (Advera and Sasobit mixes) and 0.32 percent (Evotherm).  



 

39 

CHAPTER 3 THEORETICAL BACKGROUND OF 

PROPOSED MOISTURE SUSCEPTIBILITY TESTS 

The NCHRP 9-19 and 9-29 projects have developed specification for test equipment and for 

several test methods that can be used by state highway agencies and contractors to conduct 

performance testing of asphalt mixtures. The Asphalt Mixture Performance Tester (AMPT) is 

the test equipment, i.e., the product of the NCHRP 9-29 project. Also, Research under the 

FHWA project DTFH61-08-H-0005, Hot Mix Asphalt Performance-Related Specifications 

Based on Viscoelastoplastic Continuum Damage (VEPCD) Models, has resulted in test 

methods and mechanistic models that can be performed on AMPT to determine the fatigue 

cracking performance of asphalt mixtures. The fatigue cracking performance is determined 

by direct tension cyclic testing and the viscoelastic continuum damage (VECD) model. The 

efficiency of these test method and model allows the fatigue cracking performance and 

moisture susceptibility evaluation of one asphalt mixture under a wide range of service 

conditions within a two-to three-day period.  

3.1 Viscoelastic Continuum Damage Theory 

In the VECD model, linear viscoelastic material properties and damage characteristics have 

been used to predict fatigue performance. Here, the linear viscoelastic properties are derived 

from dynamic modulus tests while the damage characteristics are procured from the cyclic 

direct tension test. In order to attain the asphalt material stiffness as accumulating damages, 

the linear viscoelastic properties and damages need to be considered together. Therefore, the 
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sensitive and accurate moisture susceptibility test requires both of the dynamic modulus test 

and the cyclic direct tension test. The linear viscoelastic properties and damages can derive 

the constitutive equations that mechanically explain the relationship between stress and strain 

with any damage. And then, by determining failure criteria in the VECD model, the fatigue 

performance can be predicted with a pavement structure response through finite element 

model. 

 Linear Viscoelastic Properties 3.1.1

The dynamic modulus, |E*|, assumes a fundamental linear viscoelastic material characteristic 

in the form of a mastercurve that exhibits frequency- and temperature-dependent behavior. 

To determine the fundamental material properties of mixtures through dynamic modulus 

testing, it is important to understand the principle of time-temperature superposition (t-TS). 

Simply stated, the same modulus value of a material can be obtained both at low test 

temperatures and long times (slow frequencies) or at high test temperatures but short times 

(fast frequencies). Generally speaking, the behavior of a material at high temperatures is the 

same as that under long loading times or slow loading rates/frequencies, and the material 

behavior at low temperatures is the same as that under short loading times or fast loading 

rates/frequencies. The mastercurve of the dynamic modulus can be fitted to obtain the 

coefficients of a sigmoidal function, Equation (1), and the time-temperature shift factors 

function, i.e., Equation (2), by employing an optimization process. To transform a frequency-

dependent property to a time-dependent property, the relaxation modulus, E(t), of an  

analytical form can be used, as described in Equation (3). The relaxation modulus of the 
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Prony series form can be used as a unit response function in the convolution integral that 

shows a viscoelastic material constitutive relationship between strain and stress, as expressed 

in Equation (4) (48). The convolution integral allows the viscoelastic material response to be 

derived from any input loading history through the relaxation modulus. 
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Rf   = reduced frequency, 

e  = exponential function, 

, , ,a b d g  = fitting coefficients of sigmoidal function, 

Ta   = time-temperature shift factor, 

1a ,
2a ,

3a  = fitting coefficients of time-temperature shift factor function, 

T   = temperature, 

E¤  = long term equilibrium modulus, 

i   = index of summation, 

m   = number of prony terms, 

iE   = modulus of Prony term number i, 

t   = time, 

ir  = relaxation time of Prony term i, 

s  = stress, 
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t  = integration term, and 

e  = strain. 

 Viscoelastic Continuum Damage Characteristics 3.1.2

In order to apply continuum damage mechanics to viscoelastic asphalt concrete materials, an 

elastic-viscoelastic correspondence principle, time-temperature superposition principle, and 

Schaperyôs work potential theory are used in the VECD model. First of all, the elastic-

viscoelastic correspondence principle allows using elastic solutions for viscoelastic materials 

by incorporating the pseudo strain concept (49).  Second, the time-temperature superposition 

principle can derive the constitutive relationship between stress and strain with any damage 

at any loading frequency and temperature by using a shift factor derived from LVE properties 

(50). Finally, Schaperyôs work potential theory uses the concept of an internal state variable 

that quantifies any microstructural change through stiffness reduction in the material (51).  

The power of the elastic-viscoelastic correspondence principle is that it allows 

viscoelastic material to use linear constitutive equations, such as a generalized Hookeôs law, 

by using Laplace transform and pseudo strain concept. The constitutive equations for 

isotropic elastic and viscoelastic bodies can be expressed by Equations (5) and (6) in each. 

The constitutive equation of viscoelastic material can be transformed in the Laplace domain 

as shown in Equation (6). And, the Laplace inversion of Equation (6) can be expressed as 

Equation (7). By using a reference modulus (Ὁ ) of Equation (8), the pseudo strain (‐  of 

Equation (9) can be produced. Typically, the reference modulus is considered as one. After 

replacing the convolution integral term to obtain the stress ( 11

0
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t
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pseudo strain (‐ , the Hookeôs law for the viscoelastic material can be derived as expressed 

in Equation (10). The viscoelastic constitutive equation of Equation (10) is the same form as 

that of elastic constitutive Equation (5) so that all Hookeôs law related mechanistic solutions 

of linear elastic isotropic solid can be used for viscoelastic material. This approach should be 

the most significant impact for viscoelastic material researchers to conduct that the 

mechanistic viscoelastic material analyses at the level of linear elastic material. 
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where, 

 eR = pseudo strain, 

 e = strain, 

 „ = stress, 

 n = Poissonôs ratio, 

            E (t-†) = LVE relaxation modulus (unit response function), and 

 t = integration term. 
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Continuum damage mechanics considers a damaged body with some stiffness as an 

undamaged body with reduced stiffness. The damage parameter (D) represents the damaged 

condition of a material in terms of effective stress or modulus value. This parameter helps to 

create a fundamental constitutive model for damaged material properties, as expressed by 

Equation (11). The viscoelastic continuum damage theory adapts pseudo stiffness (C) as the 

damage parameter used in the continuum damage mechanics, which is a function of an 

internal state variable (S) for the constitutive equation of damaged viscoelastic material, as 

shown in Equation (12). 
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where, 

 eR = pseudo strain, 

 e = strain, 

 „ = stress, 

 Ὀ = damage parameter, 

 „ᴂ = effective stress, 

 Ὁᴂ = effective modulus, 

                   ὪὛ  = effective modulus, and 

 RE  = Reference Modulus. 

 

The main output of the VECD model is the damage characteristic curve of C(S) that 

describes the deterioration of the material integrity (C: pseudo stiffness) as damage (S) grows. 

Depending on the characteristics of the asphalt mixtures, unique damage characteristic curves 
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can be acquired. The damage characteristic curve represents the relationship between pseudo 

stiffness (C) and damage (S), regardless of loading conditions. Figure 14 and Figure 15 show 

the pseudo stiffness and damage as a function of a number of loading cycles at four different 

strain levels, respectively. During the cyclic direct tension testing, fast damage accumulation 

and pseudo stiffness reduction occurs at a high strain level whereas slow damage 

accumulation and stiffness decrease happens at low strain level. However, by re-plotting the 

pseudo stiffness used in Figure 14 and the damage used in Figure 15into one graph, the 

fundamental viscoelastic material property of damage characteristic curve can be derived as 

shown in Figure 16. 

 

Figure 14. Pseudo stiffness (C) vs number of cycles at different strain input levels. 
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Figure 15. Damage (S) vs number of cycles at different strain input levels. 

       

Figure 16. Pseudo Stiffness vs. damage (damage characteristic curve). 
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tests that can reduce computational time and overcome AMPT machine limits. The S-VECD 

is a simplified version of the VECD model and is designed to reduce computational time 

while maintaining the accuracy of S-VECD theory. The S-VECD model employs a piecewise 

approach to separate the first load cycle analysis from the other load cycles. It is found that 

an approximately 15%~25% reduction of material integrity occurs during the first cyclic load 

cycle, which indicates the necessity of full analysis using all the data points. After analyzing 

all the data points of the first load cycle, each successive peak data point for the subsequent 

load cycles is used to calculate the pseudo stiffness (C) and damage (S) using a load shape 

function extracted from the analysis of the first load cycle. By multiplying the peak load 

amplitude by a load shape function (Ὧρ), an entire load cycle history can be created for 

accurate analysis. For the pseudo strain and pseudo stiffness calculations in the S-VECD 

model, a loading form (‍) is used to extract the tension-only stress from the combined 

compression and tension stress. Alpha (‌) is related to the damage evolution rate in work 

potential theory and is calculated from the maximum slope of the relaxation modulus and 

time in log-log scale. The alpha has a relationship with m, the maximum slope between log 

creep compliance and log time, depending on the test control mode. For monotonic or 

controlled crosshead (CX) tests, a = 1/m + 1 (12). Also, the dynamic modulus ratio (DMR) is 

adopted to check the specimen variability between the dynamic modulus tests used to 

determine the LVE properties and the direct cyclic tension tests used to determine the S-

VECD properties. It is also found that the damage characteristic curves fit well when using 

normalized pseudo stiffness values calculated by applying the DMR concept within ±10% of 
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specimen variability. Therefore, specimens with ±10% difference in the DMR can be utilized 

for S-VECD model characterization. 

Finally, the number of cycles to failure (ὔ) can be predicted regardless of any 

loading frequency (ὪὶὩὨ) or history (‐Ὑ) until damage accumulates to failure by using the 

VECD models. The damage at failure can be determined by the drop point of the phase angle 

or the average of dissipated pseudo strain energy rates ( RG ) during cyclic direct tension 

testing (11, 52). The two failure criteria of peak phase angle and the average of RG  were 

used in this study to predict the fatigue life with and without moisture conditioning as a 

moisture susceptibility evaluation. 

3.2 Failure Criteria for  Fatigue Characterization 

Traditionally, the fatigue failure criterion is defined as the point where the modulus value 

reduces to 50% of the initial modulus or the peak point of phase angle. The peak phase angle 

approach is more consistently to predict fatigue life than that of 50% reduction of the 

modulus, but it is required to gain the empirical relationship by testing at multiple 

temperature and frequencies. For the evaluation purpose of fatigue life prediction at a single 

intermediate temperature and frequency, the peak phase angle of failure criterion is the 

simplest method. Recently, a new failure criterion was developed to consistently predict 

fatigue performance in S-VECD model as finding the power-law relationship between rates 

of dissipated pseudo strain energy (G ) and a number of cycles to failure at the peak phase 

angle. It was found that the new method is independent of the mode of loading and 

temperature and it only requires a single temperature, at a single loading frequency, and at 
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three to four different strain amplitudes for the cyclic direct tension tests (52). By using the 

two different failure criteria of the peak phase angle and the averaged G  in closed form 

solutions, the final fatigue performance and moisture susceptibility could be predicted in this 

study. The first failure criterion of the peak phase angle is used to predict fatigue and 

moisture susceptibility performance at a single temperature in a manner of fast analysis 

method whereas the second one of the average of total dissipated pseudo strain energy rates 

is employed at a temperature variation in a comprehensive and accurate manner. 

 Peak Phase Angle 3.2.1

 Figure 17 shows a typical pattern of change in phase angle during an entire CX 

cyclic test. The phase angle increases until the strain localization occurs, and then decreases. 

The opposite occurs around the failure point, which makes the determination of the number 

of cycles to failure accurate and consistent.  
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Figure 17. Fatigue life definition of a typical CX cyclic test indicating number of cycles 

to failure (Nf). 

 Average Rate of Total Dissipated Pseudo Strain Energy 3.2.2

Originally, the dissipated pseudo strain energy rate method was proposed how energy is 

evaluated during cyclic loading as shown in Figure 18 (a) (53). The research suggested 

finding the dissipated pseudo strain energy rate at a stabilized region at multiple strain levels 

and the constant slope is called, ñ RG ò. The dissipated pseudo strain energy is accumulated 

from the external loading and material stiffness reduction. However, it was found that the 

RG  method is dependent on the mode of loading. Therefore, the new RG  method is 

proposed by using the average of total dissipated pseudo strain energy rate that can consider 

a total number of cycles to failure (ὔ) (52). Instead of using the stable region of the 

dissipated pseudo strain energy rate, considering overall rate of damage accumulation during 
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the cyclic tests seems to be more reasonable and could solve the problem of the loading mode 

independence. Figure 18 (b) shows an example of whereby the average of total dissipated 

pseudo strain energy rates is procured. 

 

Figure 18. Fatigue life definition determined from (a) the dissipated pseudo strain 

energy rate in a stable region and (b) the average of total dissipated pseudo strain 

energy rates.  
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3.3 Closed Form Solutions for Fatigue Cracking Prediction 

Without the full version of finite element structural simulation, rigorous model of closed 

form solution can predict fatigue life at any pavement structure. By using the strain kernel 

obtained from the finite element structural pavement response as inputs of the VECD model, 

the bottom-up cracking performance and the corresponding moisture susceptibility can be 

simulated. Because the main difficulty of the closed form solution is to solve the convolution 

integral, the analytical solution is suggested to calculate the pseudo strain via Microsoft 

Excel and Matlab programs. As following the analytical derivation of pseudo strain described 

in Section 3.3.1, the closed form solutions for the fatigue life prediction could be gained 

through two different failure criteria: 1) peak phase angle and 2) averageRG in the next 

Section 3.3.2 and 3.3.3. In this dissertation, the closed form solution of the peak phase angle 

criterion is used for performance based moisture susceptibility evaluation in Chapter 6, 7, 9, 

and 10. Also, the close form solutions using the two criteria are compared to predict fatigue 

performance in the Chapter 5.  

 Analytical Derivation for Pseudo Strain Calculation of Convolution Integral 3.3.1

Equations (13) to (32) show the derivation of analytical solution for the pseudo strain 

calculation. 
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Here, assumes that the input (e) varies linearly between data points 
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Therefore, the analytical solution for the pseudo strain calculation is expressed in 

Equation (33). 
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Where, 

eR = pseudo strain, 

e = strain, 

E(z t- ) = LVE relaxation modulus, 
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t = integration term, 

iE  = modulus of Prony term number i, 

t  = time, 

ir = relaxation time of Prony term i, 

e = exponential function, 

K1 = loading shape factor, 

DMR = dynamic modulus ratio, and 

a = damage evolution rate. 

 Close Form Solution using the Failure Criterion of Peak Phase Angle 3.3.2

The derivation of the number of cycles to failure for any input history using peak phase angle 

failure criterion is described in Equations (34) to (42).  

21
( )( )

2

R RW C S e=  (34) 

( ) , ( )R

R
C S C S

s
s e

e
= =  (35) 

RW
S

S

a
å õµ
= -æ ö

µç ÷
 (36) 

1
2 2 21 1 1

( ) ( ) ( )
2 2 2

R R RdS dC dC dt dC

dt dS dt dS dt

a
a a

a

e e e
+å õ å õ å õ

= - = - = -æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷

 (37) 

12 1
1

1 1

1

( )
( ) ( )

2

Rn

i i i i

i

S C C t t

a

a
a

e +
+

- -

=

å õ
@ - - -æ ö
ç ÷
ä  (38) 

12 12 1

11 11 12( ) , ( ) 1 ,
b C caS dC

C S e C S c S c c S
dS

-
= = - =-  (39) 

( )
2

1

1 1 1

2

R

red red

dS dS dt dS C
K

dN dt dN dt f S f

a

e
å õµå õ

= = = - æ öæ ö
µç ÷ç ÷

 (40) 



 

56 

( )( ) ( )12
21

11 12 1

1 1

2

C R

red

S dS C C K dN
f

a
a

e
-

- å õå õ
= æ öæ ö
ç ÷ç ÷

 (41) 

( )( ) ( )12
21

11 12 1

1

1 1

2

failure failure

ini

S N

C R

redS

S dS C C K dN
f

a
a

e
-

- å õå õ
= æ öæ ö

ç ÷ç ÷
ñ ñ  (42) 

Therefore, the final closed form solution for the fatigue life prediction using the peak 

phase angle failure criterion is expressed in Equation (43). 
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Where, 

     RW  = total dissipated pseudo strain energy, 

dS = increment of damage growth during calculation step, 

K1 = loading shape factor, and 

11, 12C C  = power function coefficients of damage characteristic curve. 

 Close Form Solution using the Failure Criterion of Average Rate of Dissipated 3.3.3

Pseudo Strain Energy 

The derivation of the number of cycles to failure for any input history using average rate of 

dissipated pseudo strain energy failure criterion is described in Equations (44) to (52).  
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  Therefore, the final closed form solution for the fatigue life prediction using the 

average RG  failure criterion is expressed in Equation (53). 
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Where, 

      RW  = total dissipated pseudo strain energy, 

     0,

R

tae  = pseudo strain amplitude in tension loading mode, 

      RG  = dissipated pseudo strain energy rate, 
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,m n = fitting coefficients of power function for a relationship between average 

RG and fN , 

,y z = power function coefficients of damage characteristic curve, 

a = damage evolution rate, 

b = load form factor, and 

eR0,ta  = the pseudo strain tension amplitude (cycle-specific).
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CHAPTER 4 EXPERIMENTAL PROGRAM 

In this chapter, the specimen preparation and asphalt binder modification procedures are 

explained to produce HMA and WMA mixtures for the mechanical moisture susceptibility 

tests in laboratory. Also, the existing two common moisture susceptibility tests of indirect 

tensile strength ratio and HWTD tests and proposed moisture susceptibility test of cyclic 

direct tension test ratio are described. Finally, two moisture conditioning procedures of the 

existing AASHTO T283 and MIST are discussed. 

4.1 Specimen Preparation 

For the moisture susceptibility tests, all specimens were fabricated using the Superpave 

gyratory compactor. Except the specimens for the HWTD test, the other mechanical testing 

specimens were cored and cut from the gyratory specimen size of the 178 mm height by 150 

mm in diameter that is the maximum size fabricated by IPC gyratory compactor as shown in 

Figure 19. This is because NCHRP project 9-26A (54) results suggest that such specimen 

preparation procedure may be able to overcome the high variability of air void distribution in 

the specimens and of test results. 

To obtain specimens of uniform air void distribution, these samples were cored and 

cut to a height of 150 mm with a diameter of 100 mm and a height of 130 mm with a 

diameter of 100 mm for dynamic modulus test and cyclic direct tension test, respectively. 

The reason to use the different specimen geometry in each test will be discussed in Chapter 5. 
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The target air void of the dynamic modulus and cyclic direct tension tests is 5.5% which is 

typical air void measured after a densification by traffic loading at North Carolina highways. 

For the indirect tensile strength test, two specimens of 63.5 mm height by 100 mm in 

diameter were taken from one gyratory specimen of the 178 mm height by 150 mm in 

diameter. The targeting air-void for the mechanical test is also 5.5%. 

For the HWTD test, the two pairs of Superpave gyratory specimens of 60 mm height 

by 150 mm in height were fabricated with the air void of 7% for each mixture. Cutting 

gyratory specimens is required to fit the molds designed for the HWTD. 

 

  
(a)               (b) 

Figure 19. Specimen fabrication for uniform air voids: (a) coring; and (b) cutting. 

The relationship between the air voids of gyratory and cored specimens for each test 

type must be determined to obtain target air voids for the test specimens. Care should be 

taken in measuring the air voids of fabricated specimens in terms of the mixtureôs surface air 

void. Two air void measurement methods currently are used by the NCSU research team, as 

shown in Figure 20. One is the Corelok method that uses polymer bags as sealants, and the 

other is the saturated surface dry (SSD) method (AASHTO T116, ASTM D2726). 
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(a)               (b) 

Figure 20. Air void measurement methods: (a) Corelok; and (b) SSD. 

 The Corelok machine was developed due to limitations of the SSD method. For 

example, a significant amount of interconnecting voids, such as found in open-graded friction 

course (OFGC) mixtures that allow water to drain through fabricated specimens, will affect 

results when low volumes are determined. In this study, the Corelok was employed to 

measure the air voids of all cored and cut specimens. 

4.2 Binder Modification for WMA Mixtures  

The difference between the HMA and WMA mixtures is an asphalt binder property and 

temperature, meaning that aggregate gradation and aggregate temperature of mixing for 

HMA and WMA are the same. By adding the organic, chemical additives, and water steam to 

the virgin binder, the viscosity of asphalt binder can be reduced to produce warm mix asphalt 

mixtures at lower mixing and compaction temperatures. Before mixing the asphalt binder 

with aggregate and RAP, the binder needs to be modified. In this study, two different organic 

additives, chemical additives, and PTI former machine of total five different warm mix 



   

 

62 

asphalt technologies were utilized to evaluate the moisture susceptibility of warm mix asphalt 

mixtures.  

Figure 21 presents the asphalt binder modification and mixing procedures for the 

warm mix asphalt mixes with chemical additives. After placing the virgin binder in an oven 

at 130°C for 2-3 hours, the chemical additive of 0.5% by weight is added to the virgin binder 

and stirred with using a stick bar for 1-2 minutes. The binder modification temperature 

should be less than 130°C so that the chemical additives are not evaporated. After blending 

the chemical additive with the virgin binder, the modified binder was cooling down to reheat 

and mix with aggregates later. No additional anti-stripping is required because it is already 

included in the chemical additives. 

 Figure 22 explains the procedure of the foamed mix using PTI machine. Since the 

foamed asphalt binder does not include any anti-stripping agent, anti-stripping agent need to 

be added to virgin binder before using the PTI machine of Figure 23. When the modified 

binder was ready to mix the aggregates, it was poured into a thermal-resistant plastic bag 

located in the PTI machine. After reaching the target binder temperature of 135°C, two 

percentage of water was injected into the binder. Then, the foamed binder was blended with 

aggregates. The distilled water is recommended to prevent clogging the nozzle. 

 Figure 24 shows how the organic additive is added into the virgin binder. After taking 

out the aggregate from an oven, pour the aggregate into mixing bowl and make crater-shaped 

aggregate hole with using a spoon so that the asphalt binder can be stored in the center of the 

mixing bowl. Before mixing the asphalt binder with aggregates, the last step is that the 

organic additives were uniformly spread out on top of the asphalt binder. The advantage of 
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this procedure to avert reheating of asphalt binder during the binder modification that may 

cause aging and crystallization issues, but the organic additives may be less uniformly 

distributed to asphalt binder than pre-modified asphalt binder such as the chemical additives 

and foaming technology. 

 

Figure 21. Asphalt binder modification procedures for mixes with Evotherm 3G 

chemical additive. 

 

 

Figure 22. Asphalt binder modification procedures for mixes using PTI foaming 

machine. 

Blend pure binder with 0.5% 

chemical additive at 130ÁC 

for 1-2 min.

(No anti-stripping agent)

Cool down at 

ambient temp.

Reheat the binder and mix with 

aggregate

Blend pure binder with 0.7% 

anti stripping agent at 135ÁC

Cool down at 

ambient temp.

Reheat and foam the binder using 

PTI machine with 2% water

Directly mix foamed binder with 

aggregate

Store the compacted specimens for 

at least12 days before testing
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Figure 23. PTI Foamer Machine. 

 

 

Figure 24. LEADCAP additives are added while mixing asphalt sample. 

4.3 Existing Mechanical Moisture Susceptibility Tests 

In order to evaluate the moisture susceptibility of HMA and the corresponding five different 

WMA mixtures, current moisture susceptibility tests of the indirect tensile strength ratio and 

Hamburg wheel tracking device test were conducted. Since those two common tests have 
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been used as a pass-or-fail type test, the current failure criteria were adapted to evaluate the 

performance of moisture susceptibility. 

 Indirect Tensile Strength Testing 4.3.1

For the quantification of moisture damage resistance, the indirect tension test uses the ratio of 

the unconditioned to moisture damage-conditioned tensile strength by applying a 

compressive mode of loading as shown Figure 25 (a). The criteria value of the indirect tensile 

strength ratio is 80% in Superpave mix-design in accordance with the specification of 

AASHTO T 283. 

 

Figure 25. (a) IDT tester and (b) a comparison of fractured surfaces with and without 

moisture conditioning. 

By applying the load at a constant rate of 2 inches/minute (50 mm/min), the tensile 

strength is measured as maximum stress. The tensile strength is calculated as follows. 
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2

* *
t

P
S

t Dp
=  (54) 

 

Where, 

      
tS  = Indirect tensile strength (psi), 

P  = Peak load (lbs), 

t  = Specimen Thickness (in), and 

D  = Specimen Thickness (in). 

 

One of the important evaluation methods is the visual inspection of stripped areas on 

the fractured surface of specimens as shown in Figure 25 (b). It has been classified into three 

levels of stripping (light, moderate, and severe) to visually determine a degree of moisture 

susceptibility. However, it is hard to classify those three levels consistently by visual 

inspection from many different people. Therefore, it seems that the objective method to 

quantify the stripped areas can improve the evaluation of moisture susceptibility intuitively. 

 Hamburg Wheel Tracking Device Testing 4.3.2

The HWTD has been used to predict permanent deformation potential and moisture damage 

together, but the combined permanent deformation and stripping evaluation causes a 

complexity of damage analysis and gives higher variability of testing results. The testing 

specimens are submerged in water of 50°C and a steel wheel 47 mm wide is rolled across the 

surface of each submerged specimen at a load of 705 N. The wheel passes over each 

specimen 50 times per minute at a maximum velocity of 34 cm/sec in the center of the 

specimen. Each specimen was loaded for 20,000 passes or until the average LVDT 
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displacement is 40.90 mm to evaluate the moisture susceptibility of the HMA and WMA 

mixtures. Figure 26 (a) and (b) present the HWTD test and tested specimens that show a 

permanent deformation and stripping, respectively. 

 

 

Figure 26. Hamburg Wheel-Tracking Testing Device. 

The HWTD test takes approximately 6.5 hours. The rut depth is plotted against the 

number of passes. And, the plot result usually shows a curve with two distinct steady-state 

portions which are creep slop and stripping slop as expressed in Figure 27.  The creep slope 

relates the rate of plastic flow whereas the stripping slope relates the rate of plastic flow to 

the degree of moisture damage. By finding out the intersection point of the creep slope and 

the stripping slope in a bilinear fashion, the stripping inflection point is measured. 

The stripping inflection point is related to the resistance of asphalt mixtures to 

moisture damage. The inflection point which is seen at a high number of wheel passes 
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indicates less moisture susceptibility material. There is good correlation between stripping 

observed in the laboratory HWTD tests and field pavements with known moisture damage. 

Additionally, the stripping inflection point relates known stripping performance (27). 

 

 

Figure 27. Stripping inflection point from HWTD test ing results. 

 

The recommended pass-fail criteria for HWTD are shown in Table 3 (55). 

 

Table 3 Pass-Fail criteria for HWTD testing  (55) 

Characteristic Variable 
Mixes Containing the 

Conventional Binder 

Mixes Containing the 

Polymer Modified Binder 

Stripping Inflection Point 5,000 10,000 

Rut Depth at 20,000 passes (mm) 8.0 11.0 

 

 

4.4 Proposed Moisture Susceptibility Tests 

In addition to two common moisture susceptibility tests of AASHTO specifications, the 

proposed moisture susceptibility method of cyclic direct tension tests was carried out to 
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evaluate the HMA and the five different WMA mixtures. For the fatigue life ratio prediction 

with and without moisture damage, the cyclic direct tension test is employed in conjunction 

with S-VECD material model and three-dimensional finite element structural model. After 

the cyclic direct tension tests were completed, the tested specimens were split into two pieces, 

and the stripped areas on the fractured surfaces were analyzed through digital imaging 

analyses. All tests were conducted using both moisture-conditioned and unconditioned 

specimens. In the following, the mechanical test methods, moisture conditioning procedure, 

and stripping image capture procedure used in this study are described. 

 Testing Machines for Cyclic Direct Tension Test 4.4.1

Computer-controlled hydraulic machines manufactured by Mechanical Testing and Sensing 

(MTS) and Asphalt Mixture Performance Tester (AMPT) were used for the cyclic direct 

tension tests that employ the simplified viscoelastic continuum damage (S-VECD) model to 

predict the fatigue life ratio with and without the moisture damage as presented in Figure 28. 

The AMPT is designed to assess the potential performance of asphalt mixtures such that it is 

optimized for DOT agencies and contractors to determine the fundamental asphalt mixture 

properties with the reduced testing time and cost. The AMPT machine is capable of applying 

the cyclic loading so that the load cell of 5 kips capacity can be used. The capacity of load 

cell required for the monotonic direct tension test that employs VECD model is 20 kips. Both 

machines can use the loading frequencies from 0.01 Hz to 25 Hz. The temperature control 

system in MTS can be operated from -10̄ C to 55̄C with the use of additional nitrogen gas 

whereas the temperature range of AMPT is from 4̄ C to 55̄ C without additional nitrogen gas.  
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Figure 28. (a) MTS and (b) AMPT for the cyclic direct tension testing. 

Data acquisition programs were prepared to measure and record the vertical linear 

variable differential transducers (LVDTs), a load cell, and an actuator. In this study, the 

testing specimens for the MTS and AMPT machines are attached with four LVDTs of 90° 

interval. The advantage of using the four LVDTs is even though one LVDT has a problem, 

the data acquired from the others can be used for the fundamental characterization of asphalt 

mixture. For example, Figure 29 presents the location of three LVDTs and four LVDTs. 

When LVDT 1 has a malfunction or issue out of the four LVDTs described in Figure 29 (a), 

the LVDT 2 and 3 faced each other can be used to characterize the overall material properties 

of asphalt mixture. However, having the problem of specimen cutting and LVDT 1 out of 

three LVDTs, the others of LVDT 2 and 3 cannot represent the global properties of the tilted 

asphalt mixture as described in Figure 29 (b). 

DEVCON®  steel putty was used to glue the steel end plates and targets (taps) for the 

LVDTs that were used before the cyclic direct tension testing.  
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Figure 29. Cylindric al specimen attached with (a) four LVDTs and (b) three LVDTs for 

mechanical testing. 

 Dynamic Modulus Testing 4.4.2

Dynamic modulus testing was performed in load-controlled mode in axial tension-

compression and in axial compression following the protocol given in AASHTO TP 62-03, 

TP 79, and PP 61. Tests were completed for all mixtures at 5°C, 20°C, 40°C, and 54.4°C and 

at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. Using the MTS machine, the load levels were 

determined by a manual trial and error process so that the resulting strain amplitudes were 

between 50 and 70 microstrain to prevent damage to the specimens. Before conduction actual 

dynamic modulus testing, pre-stress controlled tests are required to estimate the target strains 

at each frequency and temperature. However, using the AMPT, the targeting strain 

amplitudes are automatically adjusted with the computer based trial and error iteration. 

The dynamic modulus values, |E*|, were fitted for the coefficients of the sigmoidal function 

and time-temperature shift factors by optimizing the dynamic modulus mastercurve. After 
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determining the shift factors, the dynamic modulus was converted to the relaxation modulus, 

E(t), of the Prony series form to obtain a constitutive relationship between the strain and 

stress in the time domain. Finally, a power term, alpha (‌), was calculated from the 

maximum log-log slope, ά, of the relaxation modulus and time using the relationship, 

11
m

a= + . The alpha indicates the damage evolution rate used in the VECD theory.  

 Cyclic Direct Tension Testing with Simplified Viscoelastic Continuum Damage 4.4.3

Model 

The viscoelastic damage characteristics were determined by conducting the cyclic direct 

tension tests at 19°C and 10 Hz. The testing temperature was determined to avoid a 

viscoplastic effect to quantify the viscoelastic damage during the cyclic direct tension tests. 

Based on the results of damage characteristic curve calculated from the cyclic direct tension 

tests with various PG grade binder, the below Equation (55) is suggested by NCSU. However, 

asphalt mixture that includes RAP, RAS, and modifies may need to check the temperature 

based on the damage characteristic curves observed at various temperature. 

 

High Temperature of PG Grade + Low Temperature of PG Grade
( ) 3 19

2

o oT C C¢ - < (55) 

 

The cyclic direct tension tests were performed at two different strain amplitudes 

(relatively high strain and low strain) for the fatigue prediction with the failure criterion of 

peak phase angle. The high strain amplitude targets the fatigue failure at around 1,000 cycles, 

and the low strain amplitude targets the failure at about 10,000 cycles. The resulting two sets 
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of cycle test data were used to develop the S-VECD model. On the other hand, four different 

strain amplitudes that induce the fatigue failure at around 1,000 cycles, 4,000 cycles, 16,000 

cycles, and 64,000 cycles were used for the fatigue prediction with the failure criterion of the 

average of dissipated pseudo strain energy rates. The strain levels of crosshead actuator were 

utilized as input loading values of the cyclic direct tension tests using MTS machine while 

on-specimen strain levels were used as the inputs of the tests using AMPT. The typical input 

strain levels of the actuator are ranging from 500 to 3000 microstrains and those of on-

specimen strain are ranging from 250 to 800 microstrains for specimen full size of 100 mm in 

diameter and 130 mm in height.  

Fingerprint dynamic modulus tests were conducted to check the variability of the test 

specimens before running the cyclic direct tension tests. Checking the specimen variability is 

important so that the linear viscoelastic properties obtained from the dynamic modulus tests 

can be used properly in the VECD analysis. 

4.5 Moisture Damage Conditioning Methods (AASHTO T283, MIST) 

In this dissertation, the moisture damage conditioning portions of the modified AASHTO T-

283 specifications were followed for the indirect tensile strength testing and cyclic direct 

tension testing. Freeze-thaw cycle procedures are excluded as following the modified 

AASHTO T283 specification used in NCDOT. Also, in order to develop the moisture 

damage process for the mechanistic testing specimen using hydraulic cyclic pore pressure, 

the so-called moisture-induced stress tester (MIST) was utilized.  
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After completely conditioning the specimens for moisture damage, the hot specimens 

were transferred to a water bath at room temperature to cool. The wet specimens were dried 

using an electric fan at room temperature, and then core-dried one after the other to minimize 

thermal stress. The completely dried moisture-conditioned specimens thus could be used to 

avoid the effects of changing saturation levels during testing.   

 Modified AASHTO T283 4.5.1

The moisture conditioning procedure found in AASHTO T 283 was applied to cored and cut 

specimens. After applying vacuum pressure of 13~67 kPa to specimens submerged in a 

vacuum container at 25ЈC in order to match a saturation level of 65~80%, the saturated 

specimens were placed in a water bath at 60ЈC for 24 hours. The modified AASHTO T283 

excludes freeze-thaw cycle procedure. The detail procedure is explained as follows: 

 

1) The testing specimens shall be compacted to 5.5±0.5% air voids. 

2) For moisture conditioning, place the specimens in the vacuum container and fill the 

container with distilled water at room temperature. 

3) Apply a vacuum of 13-67 kPa absolute pressure for a short time (times will vary up to 

10 minutes depending on the vacuum pump and the type of mix) by using the 

equipment shown in Figure 30 (a). 

4) Remove vacuum and leave the specimen submerged in the distilled water for 10 

minutes. 
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5) Determine the bulk specific gravity of the saturated specimen and saturated surface-dry 

(SSD) mass to calculate the volume of absorbed water. 

6) Determine the degree of saturation by comparing the volume of absorbed water with 

the volume of air voids. 

7) If the degree of saturation is greater than 80%, the specimen is considered damaged and 

shall be discarded. 

8) If the degree of saturation is less than 65%, repeat the steps beginning with step 4) 

using more vacuum pressure or time. 

9) If the degree of saturation is 65% to 80%, place each of the saturated specimens into a 

60±1°C water bath for 24±1 hours as shown in Figure 30 (b). 

10)  After soaking for 24±1 hours, transfer the specimens to a water bath already at 25±1°C. 

11)  The wet specimens shall remain in the water bath for 2 hours. 

12)  Remove the wet specimens from water bath and dry them using electric fan at room 

temperature at first and then using core-dry machine to minimize thermal stress. 

13)  After drying specimen, moisture conditioned specimens can be ready for testing. 
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Figure 30. (a) Vacuum equipment to control a saturation level, (b) moisture 

conditioning at 60°C for 24 hours. 

 Moisture Induced Sensitivity Tester 4.5.2

In this study, the so-called moisture-induced stress tester (MIST) was adapted to accelerate 

the moisture damage with hydraulic pore pressure at a high temperature as shown in Figure 

31.  

The main concept behind applying cyclic stresses and pore pressure to the testing 

specimens is to force compressed and vacuum air to enter and exit the bladder in the water 

tank. Several NCDOT WMA mixtures have been tested successfully in the MIST at 60°C, 

276 kPa pressure, and 3,500 cycles by Instrotek, Inc. Therefore, those testing conditions have 

been selected as a starting point for this study. However, if the MIST moisture damage 

conditioned specimens become inappropriate for mechanical testing due to their weak 

integrity, the conditioning procedure will be modified. The MIST operation procedure is as 

follows: 

1) Fill specimen tank with clean water. 
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2) Verify that the desired settings (pressure, number of cycles, and temperature) are properly 

selected and press Start button. 

3) During the test, the display will indicate the number of cycles remaining, temperature, 

and maximum pressure obtained during each cycle. 

4) Once the test has finished, place the empty bucket under the drain valve. 

5) Open the drain valve and allow the water to drain into the bucket. 

6) Once all the water has drained from water tank, close the drain valve, and then pour room 

temperature water for 2 to 3 minutes. (This will give the samples enough time to cool 

down and ensure sample integrity during removal.) 

7) Drain the water out of sample tank 

8) Condition the specimens in 25°C ± 1.5°C temperature water for a minimum of 2 hours. 

 

Figure 31. MIST Equipment .
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CHAPTER 5 NEW SPECIMEN GEOMETRY STUDY FOR 

PROPSED MOISTURE SUSCEPTIBILITY TEST 

This chapter presents a specimen geometry study of cylindrical specimens that is used in 

direct tension cyclic testing of asphalt concrete for the fatigue characterization. This 

geometry is designed to be adopted in the asphalt mixture performance tester (AMPT) that is 

developed under the auspices of the NCHRP Project 9-29 for efficient performance testing of 

asphalt concrete. The test results from the direct tension cyclic testing are analyzed using the 

simplified viscoelastic continuum damage (S-VECD) model to determine the damage 

characteristic curve and energy-based failure criteria, which are in turn used to determine the 

fatigue cracking performance of asphalt mixtures and pavements. 

The current specimen geometry for the direct tension cyclic testing is 100 mm in 

diameter and 150 mm in height with the linear variable differential transducer (LVDT) gauge 

length of 100 mm in the middle of the specimen. In order to use the displacement data for the 

fatigue performance modeling, the failure must occur within the LVDT gauge length. Recent 

experiments with stiff mixtures have shown that the failure often occurs outside the LVDT 

gauge length. Finite element analysis and laboratory experiments were conducted using 

different LVDT gauge lengths to evaluate the effects of the specimen geometry on the linear 

viscoelastic properties and fatigue performance predictions. Using the finite element program, 

VECD-FEP++, it was found that diameter-to-height ratios between 1 to 2 and 1 to 1.3 can 

derive the same dynamic modulus mastercurves and damage characteristic curves within 10% 

variability. In addition, the specimen geometries of 75 mm x 110 mm, 75 mm x 130 mm, 75 
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mm x 150 mm, 100 mm x 130 mm, and 100 mm x 150 mm incorporate middle failure if 

homogeneous air voids are distributed over the specimen diameter and height. Through the 

experimental program, statistical evidence was found that the geometries of 75 mm x 130 

mm, 75 mm x 150 mm, and 100 mm x 150 mm result in the same dynamic modulus values, 

whereas 75 mm x 130 mm, 75 mm x 150 mm, 100 mm x 130 mm, and 100 mm x 150 mm 

provide the same damage characteristic curves at 5% significance. Finally, the fatigue 

prediction of the G  (i.e., the pseudo strain energy release rate) failure criterion is required in 

order to use the new specimen geometry of 100 mm x 130 mm, which leads to a much 

greater likelihood of middle failure than the current geometry of 100 mm x 150 mm. 

5.1 Introduction  

In order to characterize the properties of composite materials through laboratory testing, the 

representative volume element (RVE) concept must be applied for the smallest volume of a 

material that can represent the global properties of the material. For asphalt mixtures, the 

minimum ratio of the nominal maximum aggregate size (NMAS) to the specimen diameter 

must be 1 to 4, and the minimum ratio of the specimen diameter to the specimen height must 

be 1 to 2, according to ASTM D 3497. The recommended cylindrical specimen size is 101.6 

mm (4 inches) in diameter and 203.2 mm (8 inches) in height (56). The NCHRP 9-19 report, 

Superpave Support and Performance Model Management, states that the RVE requirement 

for axial compression tests, such as dynamic modulus and flow number tests, can be satisfied 

by adopting the specimen geometry of 100 mm in diameter and 150 mm in height. The use of 
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0.3-mm thick latex membranes separated by silicone grease at the bottom and top of the 

specimens can create frictionless boundaries (ends) during the axial compression tests.  

Also, the NCHRP 9-19 study showed that the RVE requirement for axial tensile tests, 

such as constant crosshead rate direct tensile monotonic tests and direct tensile cyclic tests, 

can be satisfied using the specimen geometry of 75 mm in diameter and 150 mm in height. 

Because gluing the specimens with steel end plates causes friction boundaries at the ends of 

the specimens during axial tensile tests, the conservative diameter-to-height ratio of 1 to 2 

was considered to be independent of aggregate size and specimen boundary compared to the 

axial compression tests (57). The NCHRP 9-29 report, Simple Performance Tester for 

Superpave Mix-Design, indicates that the asphalt mixture performance tester (AMPT) can 

run not only the dynamic modulus and flow number tests for the mechanistic-empirical 

pavement design program (a product of NCHRP 1-37A), but also the direct tensile cyclic 

fatigue tests discussed in AASHTO TP 107 (58~60). In this study, all of the cylindrical 

specimens to be used in the AMPT were fabricated to be 100 mm in diameter by 150 mm in 

height and were cored and cut from gyratory-compacted mixture specimens that were 150 

mm in diameter and 160 mm to more than 180 mm in height. Coarse-graded mixtures 

sometimes require more height to ensure smooth, uniform ends with minimal or no surface 

irregularities, in accordance with AASHTO PP 60 (60).    

With regard to the direct tensile fatigue tests, a recent experimental problem involved 

the failure location at the ends of the asphalt specimens. In order to perform direct tensile 

fatigue tests, the test specimens need to be glued with end plates and set up in the AMPT. 
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During tensile loading, the overall specimen tended to shrink, and then friction forces were 

applied at the top and bottom of the specimen due to the glued end. During testing, it was 

observed that as more and more material was cut from the top and bottom of the gyratory-

compacted specimens, the likelihood of middle failure greatly increased. This outcome was 

due to the air void gradient along the diameter and height of the gyratory-compacted asphalt 

mixture specimens. A study (61) found that the air void content is high near the mold wall 

and top and bottom of the specimen, and the average difference in the air void content 

between the cored and cut specimens that are 75 mm x 150 mm in height and the gyratory-

compacted specimens that are 150 mm x 175 mm in height is 2.5 percent.  

Therefore, fabricating shorter test specimens that are cored and cut from taller 

gyratory-compacted specimens can make test specimens that have a more uniformly 

distributed air void content such that middle failure occurs within the gauge length of the 

linear variable differential transformer (LVDT). In this study, in order to propose a new 

specimen geometry that can ensure the RVE requirement and middle failure, laboratory 

mechanical tests and finite element analysis were conducted using different specimen 

geometries and LVDT gauge lengths. For the mechanical tests, dynamic modulus and direct 

tensile tests were conducted to characterize the linear viscoelastic (LVE) material and 

viscoelastic damage properties, respectively. 



   

 

82 

5.2 Finite Element Analysis and Experimental Programs 

 Viscoelastic Continuum Damage-Finite Element Program in C++ 5.2.1

Asphalt mixtures have been tested in the laboratory for this study to characterize the 

viscoelastic material properties. By simulating laboratory testing using the finite element 

method, the boundary effect at the top and bottom of a specimen can be evaluated. Because 

the ends of the test specimens need to be glued to steel end plates for the tensile loading tests, 

the effect of friction should be taken into account in order to determine the proper specimen 

geometries and LVDT gauge lengths. 

In this study, dynamic modulus and constant crosshead-rate direct tensile monotonic 

tests were simulated to evaluate the structural boundary effects of cylindrical specimens with 

different specimen geometries. For the simulations, the VECD-Finite Element Program in 

C++ language (VECD-FEP++), developed at North Carolina State University, was used to 

implement the VECD material model into the finite element structural model. VECD-FEP++ 

is a two-dimensional axisymmetric structural analysis tool that can simulate the LVE 

material and viscoelastic continuum damage properties. The strain and stress can be derived 

from the accumulated damage at any nodal point in the specimen structure. As the damage 

accumulates, the pseudo stiffness (C) also can be calculated to predict the cracking potential 

throughout the entire cylindrical structure.  

Using finite element analysis, the friction effect on the LVE and VECD properties 

was evaluated to determine the LVDT gauge lengths according to the corresponding 

specimen geometries. Also, damage propagation was investigated to find the failure location 
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for the different specimen geometries. Therefore, in order to determine a new specimen 

geometry and LVDT gauge length, conservative tensile-compressive and compressive-only 

loading modes for the dynamic modulus tests and direct tensile monotonic tests were 

simulated to evaluate the friction at the top and bottom of each specimen that had glued-on 

steel end plates. The effects of gluing on the tensile and compressive or tensile-only modes of 

loading were determined by fix ing the boundary nodal points in the x-axis and y-axis 

directions at the bottom of the specimens and the boundary nodal points in the x-axis 

direction at the top of the specimens. No fixed boundary conditions were used for the 

compressive-only loading mode so that the strain distribution could be symmetric about the 

center (x-axis) of the specimen. The loading was applied to the boundary nodal points at the 

top of each specimen as a displacement in the y-axis direction. Figure 32 (a) and (b) show a 

symmetric vertical strain and stress distribution about the center in the y-axis direction 

through the cylindrical specimen. Figure 32 (c) describes the measurement methods used for 

the stress and strain for the simulations in VECD-FEP++. 
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Figure 32. (a) Vertical strain contour (Ezz), (b) vertical stress contour (Szz), and (c) 

stress and strain measurement to simulate laboratory tests. 

 Experimental Program 5.2.2

After evaluating the effects of specimen geometry and LVDT gauge length on the LVE 

material and VECD properties using VECD-FEP++, laboratory tests were conducted to 

verify the friction effect statistically and to find the specimen geometry and LVDT gauge 

length that could satisfy the RVE requirement and fracture within the LVDT gauge length 

range. Tensile-compressive dynamic modulus tests and direct tensile cyclic tests were carried 

out for experimental verification at different specimen geometries and LVDT lengths. 

Analysis of variance (ANOVA) was conducted to determine whether the LVE and fatigue 

damage properties measured from different specimen geometries and LVDT gauge lengths 

were statistically significant at a desired and satisfactory level. In addition, the effect of 

different specimen geometries and LVDT gauge lengths on fatigue life prediction was 

Controlled Strain Mode

(a)

Strain: 
|U1-U2|/LVDT Length

(b) (c)
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evaluated using two failure criteria: 1) peak phase angle and 2) rate of dissipated pseudo 

strain energy. Finally, the new specimen geometry that increases the propensity of middle 

failure was investigated by performing direct tensile cyclic tests using a broader range of 

asphalt mixtures that have had difficulty with end failures. Figure 33 presents a flowchart of 

the finite element analysis and laboratory mechanical tests. 
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Figure 33. Flowchart of finite element analysis and laboratory mechanical tests for new 

specimen geometry study. 

5.2.2.1 Material and Superpave Mix-Design  

This study uses reclaimed asphalt pavement (RAP) and non-RAP mixtures typically 

used in North Carolina to recommend the new specimen geometry that can ensure the RVE 

requirement and middle failure. A Superpave NMAS 9.5 mm mixture consisting of granite 

aggregate, 19% RAP, 5.2% PG 70-22 virgin binder, and 1.2% PG 64-22 binder from RAP 
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were used to verify the VECD-FEP++ by comparing the results of actual laboratory tests 

with those of the corresponding simulations. In addition, Superpave NMAS 9.5 mm mixtures 

consisting of granite aggregate and 6.6% PG 64-22 binder were fabricated to verify 

statistically the effect of specimen geometry on the viscoelastic asphalt properties measured 

from the laboratory tests. Finally, 28 different asphalt mixtures that experienced difficulty in 

fracturing within the LVDT gauge lengths were tested to confirm the improved middle 

failure using the new specimen geometry.  

5.2.2.2 Dynamic Modulus Tests (NCHRP 9-19 and TP 62)  

Two geometries of cylindrical specimens were used to characterize the LVE 

properties: 1) 75 mm diameter by 150 mm height (75 mm x 150 mm) in tensile-compressive 

cyclic stress-controlled mode, according to NCHRP 9-19, and 2) 100 mm diameter by 150 

mm height (100 mm x 150 mm) in compressive cyclic stress-controlled mode, according to 

AASHTO TP 62 and PP61 (62, 63). In accordance with AASHTO TP 62, the tests were 

completed for all specimen geometries at -10°C, 5°C, 20°C, 40°C, and 54.4°C and at 25, 10, 

5, 1, 0.5, 0.1 Hz. The load levels were determined by a trial and error process so that the 

resulting strain level was between 50 and 75 microstrains. The two different LVDT gauge 

lengths of 100 mm and 70 mm were mounted in the middle of each specimen to measure the 

displacement for the 75 mm x 150 mm and 100 mm x150 mm specimens, respectively. 

5.2.2.3 Direct Tensile Tests (NCHRP 9-19)  

Two geometries of cylindrical specimens were used to characterize the damage 

properties: 1) 75 mm x 150 mm in tensile constant crosshead rate control mode (monotonic 
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tensile), according to NCHRP 9-19, and 2) 100 mm x 150 mm in tensile constant cyclic 

crosshead control mode (cyclic tensile), according to AASHTO TP 107. In this study, the 

constant strain loading rate of 0.0004 strain per second for the direct tensile monotonic tests 

and the cyclic loading frequency of 10 Hz with different amplitudes of actuator displacement 

fractured at 1,000, 10,000, and 100,000 cycles for the direct tensile cyclic tests were used at 

an intermediate temperature of 19°C. The four LVDTs, 100 mm in length, were mounted to 

measure the deformation in the middle of each specimen. The four LVDTs with the 100 mm 

and 75 mm gauge lengths were mounted to measure the displacements for the 75 mm x 150 

mm and 100 mm x 150 mm specimens, respectively. 

5.3 Verification of VECD -FEP++ with Experimental Data 

The mesh size and analysis time step needed for the VECD-FEP++ were determined by 

observing the convergence of the stress and strain outputs simulated from the dynamic 

modulus and monotonic direct tensile fatigue tests. The regular quadrilateral cell size of 5 

mm and time step of 0.01 second were selected to set up the mesh size of the specimen 

geometries and investigate the stress, strain, and damage propagation history. 

The ratio of vertical strain to lateral strain is referred to as Poissonôs ratio. Asphalt 

mixtures have different Poissonôs ratios depending on the temperature and loading frequency. 

To verify if VECD-FEP++ could simulate the structural effects of the limited boundary 

conditions during dynamic modulus and direct tensile testing, the laboratory test results were 

used as inputs to the VECD-FEP++ to compare the simulation results with the experimental 

results. The FHWA-NJ-2008-004 project developed an equation that explains the 
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relationship between Poissonôs ratio and the dynamic modulus (64). The relationship is 

derived from the measurements of the vertical and lateral LVDT gauges. In this study, 

Equation (1) is used to calculate the Poissonôs ratios of the asphalt mixtures used in this study 

as input values of the VECD-FEP++.  

y = -0.0505 × LN(x) + 0.864 (55) 

where, y = Poissonôs ratio and x = dynamic modulus (psi). 

Figure 34 shows that the dynamic modulus and direct tensile monotonic test results 

that were simulated using VECD-FEP++ are in good agreements with the results obtained 

from the laboratory tests. Figure 34 (a) and (b) present a comparison of the dynamic modulus 

values in semi-log scale and log-log scale, respectively. Figure 34 (c) and (d) present proof 

that the simulation results for pseudo stiffness (C), damage (S), and the combined damage 

characterization coincide with the monotonic tensile test results. 
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Figure 34. Simulation results of the dynamic modulus: (a) in a semi-log scale, (b) log-log 

scale, (c) pseudo stiffness and damage, and (d) damage characteristic curves. 

5.4 Specimen Geometry and LVDT Length Effect on Linear Viscoelastic 

Properties and Damage Characteristics through VECD-FEP++ 

The tensile-compressive and compressive dynamic modulus and monotonic tensile tests were 

simulated using different specimen geometries through the VECD-FEP++ to determine the 

effects of the boundary conditions at the edges of the specimens.  

Figure 35 (a) and Figure 36 (a) show the simulated dynamic modulus mastercurves 

and damage characteristic curves for the different specimen geometries with the 

corresponding LVDT gauge lengths. The effects of specimen geometry and LVDT gauge 
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lengths were evaluated to calculate the errors of the dynamic modulus at different 

temperatures and loading frequencies and the pseudo stiffness at different damage levels, as 

shown in Figure 35 (b) and Figure 36 (b). The errors were calculated from the reference 

results of the 75 mm x 150 mm specimen with the LVDT gauge length of 75 mm, because 

the geometry with a traditional diameter-to-height ratio of 1 to 2 is the least affected by the 

boundary limitations among the eight combinations. As the results of both simulations 

indicate, a shorter LVDT gauge length can measure the displacement more accurately than a 

longer LVDT gauge length because it avoids the boundary effects at the ends of the specimen. 

Also, all the specimen geometries with diameter-to-height ratios between 1 to 1.3 and 1 to 2 

can derive similar dynamic modulus mastercurves and damage characteristic curves within 

10% variability for the given boundary conditions.  
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Figure 35. Simulated results of (a) dynamic modulus mastercurves and errors of (b) 

dynamic modulus mastercurves compared to the reference geometry of 75 mm x 

150mm specimen with the LVDT gauge length of 75 mm. 

0

10000

20000

30000

1.E-08 1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

|E
*|

 (
M

P
a

)

Reduced Frequency (Hz)

75x150L100 75x150L75

75x130L100 75x130L75

75x110L100 75x110L75

100x150L70 100x130L70

(a)

-10

-8

-6

-4

-2

0

2

4

6

8

10

1.0E-07 1.0E-04 1.0E-01 1.0E+02

M
o

d
u

lu
s
 E

rr
o

r 
(%

)

Reduced Frequency

75x150L100 75x130L100

75x130L75 75x110L100

75x110L75 100x150L70

100x130L70

(b)



   

 

93 

 
Figure 36. Simulated results of (a) damage characteristic curves and errors of (b) 

damage characteristic curves compared to the reference geometry of 75 mm x 150mm 

specimen with the LVDT gauge length of 75 mm. 
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5.5 Specimen Geometry Effect on Damage Propagation through VECD-

FEP++ 

The investigation into damage propagation allows the effects of the specimen geometry to be 

evaluated by observing where the pseudo stiffness of potential cracking initiates, propagates, 

and fails for the different specimen geometries. Figure 37 (a) and (b) show that initial 

damage occurs at the top and bottom-right edges of the specimen and then immediately starts 

again at the center of the specimen. When tensile cyclic loading is applied, the initial damage 

propagates from the center of the specimen toward the middle of the specimen edge, and then 

the specimen finally fractures in the middle of the specimen. The pattern of damage 

propagation is almost identical for both specimen geometries of 75 mm x 150 mm and 75 

mm x 130 mm.  

Figure 38 (a) and (b) also exhibit similar damage propagation and patterns with those 

of Figure 37 (a) and (b). The 100 mm x 130 mm specimen is most similar to the other 

specimens. However, the shape of the initial damage in the center of the specimen and the 

failure areas at the right edge are larger than for the other specimens. The simulation results 

indicate that the specimen geometry of 100 mm x 130 mm is the most likely to cause failure 

within the LVDT gauge length range, as evidenced by the damage propagation from the 

center of the cylindrical specimen to its wider range at the edge. Therefore, all the simulation 

results used in this study indicate that all specimens fracture in the middle of the specimen if 

the air void distribution is homogeneous over the specimen diameter and height. The more 
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the air void content is uniformly distributed, the more likely the specimen is to fracture in the 

middle of the specimen.  

The next section discusses the results from the ANOVA analysis that was performed 

to determine if there is statistical evidence that one of the specimen geometries with its 

corresponding LVDT gauge length has different LVE and damage properties from the others. 
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Figure 37. Damage propagation contour of potential cracking (pseudo stiffness, C) for: 

(a) 75 x 150 mm and (b) 75 x 130 mm specimens. 

(a) 75mm x 150mm Cylindrical Specimen 

(b) 75mm x 130mm Cylindrical Specimen 

(1.38 Second) (1.39 Second) (2.18 Second) (4.95 Second)

(1.39 Second) (1.40 Second) (2.23 Second) (5.02 Second)
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Figure 38. Damage propagation contour of potential cracking (pseudo stiffness, C) for: 

(a) 100 x 150 mm and (b) 100 x 130 mm specimens. 

(a) 100mm x 150mm Cylindrical Specimen 

(b) 100mm x 130mm Cylindrical Specimen 

(1.34 Second) (1.35 Second) (2.02 Second) (4.85 Second)

(1.37 Second) (1.38 Second) (2.10 Second) (4.91 Second)
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5.6 Specimen Geometry Effect on Linear Viscoelastic Properties and 

Damage Characteristics through Laboratory Tests and Statistical 

Analyses 

Based on the VECD-FEP++ simulation results, it was found that the specimen geometries for 

diameter-to-height ratios between 1 to 1.3 and 1 to 2 have similar LVE and VECD properties 

within 10% variability and that damage propagation causes middle failure of the specimens.  

Laboratory tests were conducted to verify the simulation results and statistically determine 

which specimen geometry is different from the others within the replicate variation. 

Figure 39 (a) and (b) show the dynamic modulus mastercurves for tensile and 

compressive cyclic loading as a function of reduced frequency in semi-log scale and log-log 

scale, respectively. The semi-log scale can better demonstrate the moduli at high frequency 

loading and low temperature conditions and the log-log scale can more clearly distinguish the 

moduli at low frequency loading and high temperature conditions. Figure 39 (c) presents the 

phase angle results as a function of reduced frequency in the semi-log scale. Finally, Figure 

39 (d) explains the pseudo stiffness at different damage states in terms of damage 

characteristic curves obtained from the direct tensile cyclic fatigue tests.  
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Figure 39. Laboratory dynamic modulus mastercurves: (a) in semi-log scale, (b) in log-

log scale, (c) phase angles, and (d) damage characteristic curves. 

Using the experimental data, one-way ANOVA was conducted to verify whether the 

specimen geometry of 100 mm x 130 mm or 100 mm x 150 mm has different modulus and 

damage characteristics than the other geometries of 75 mm x 130 mm and 75 mm x 150 mm 

at 5% significance. If the p-value is less than the significance level, the assumption that all 

specimen geometries have the same dynamic modulus values at different reduced loading 

frequencies and pseudo stiffness values at different damage states is rejected. Table 4 (a) and 

(c) show that the specimen geometries of 75 mm x 130 mm, 75 mm x 150 mm, and 100 mm 

x 150 mm have the same LVE properties and damage characteristics because all the p-values 

are greater than the 5% significance level. Table 4 (b) and (d) show that the geometry of 100 
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mm x 130 mm produces statistically different LVE properties than the other geometries at -

10°C and 5°C, but yields the same damage characteristics as the other geometries of 75 mm x 

130 mm and 75 mm x 150 mm. Therefore, it could be concluded that the geometries of 75 

mm x 130 mm, 75 mm x 150 mm, and 100 mm x 150 mm lead to the same dynamic modulus 

mastercurves, whereas the geometries of 75 mm x 130 mm, 75 mm x 150 mm, 100 mm x 

130 mm, and 100 mm x 150 mm lead to the same damage characteristic curves with the 

variability of replicate specimens at a 5% significance level. 
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Table 4 One-way ANOVA Results for the Dynamic Modulus and Direct Tensile Cyclic 

Tests at 5% Significance 

Dynamic Modulus Tests (p-value), Ŭ = 0.05 

(a) 
75x130mm 
75x150mm 
100x150mm 

25Hz 10Hz 5Hz 1Hz 0.5Hz 0.1Hz 

-10 0.0579 0.0557 0.0541 0.052 0.0531 0.0713 

5 0.1947 0.294 0.4283 0.8164 0.7036 0.3841 

20 0.4908 0.3434 0.2772 0.2375 0.2538 0.3253 

40 0.2681 0.2796 0.2826 0.2612 0.2428 0.1931 

54 0.3417 0.2878 0.2489 0.1747 0.1497 0.1048 

(b) 
75x130mm 
75x150mm 
100x130mm 

25Hz 10Hz 5Hz 1Hz 0.5Hz 0.1Hz 

-10°C 0.0214 0.0229 0.0248 0.0357 0.0465 0.0975 

5°C 0.2532 0.5468 0.7237 0.126 0.0499 0.0243 

20°C 0.1239 0.0806 0.0736 0.1127 0.1554 0.3187 

40°C 0.1405 0.2297 0.3083 0.4154 0.398 0.2688 

54°C 0.2872 0.434 0.4652 0.2982 0.2149 0.0945 

Cyclic Direct Tensile Tests (p-value), Ŭ = 0.05 
 

19°C/10Hz C=0.8 C=0.7 C=0.6 C=0.5 C=0.4 
 

(c) 
75x130mm 
75x150mm 
100x150mm 

0.6527 0.7147 0.7446 0.9099 0.9976 
 

(d) 
75x130mm 
75x150mm 
100x130mm 

0.5159 0.5664 0.3913 0.3091 0.0574 
 

 

5.7 End Failure and Specimen Geometry Effect on Fatigue Performance 

Predictions 

The last point of the damage characteristic curve indicates the failure at a certain pseudo 

stiffness value by observing the peak phase angle in the direct tensile cyclic tests. Because 
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the 75 mm x 150 mm and 100 mm x 150 mm specimens fractured at the ends of the 

specimens, the damage characteristic curves are shorter than for the other specimens of 75 

mm x 130 mm and 100 mm x 130 mm that fractured in the middle, as shown in Figure 39 (d). 

The failure location does not affect the form of the damage characteristic curve, but it 

changes the pseudo stiffness at the peak phase angle, which indicates the brittleness of 

viscoelastic material and the average rate of the dissipated pseudo strain energy that are both 

used as failure criteria for fatigue life predictions. 

The experimental results presented in Figure 40 (a) and (b) indicate that the end 

failures of the 75 mm x 150 mm and 100 mm x 150 mm specimens unintentionally make the 

material properties more brittle by showing higher pseudo stiffness values at the peak phase 

angle. Also, Figure 40 (b) shows that the end failures cause the G  vs. Nf envelope in a 

different slope from the middle failure tests.   



   

 

103 

 

Figure 40. Effect of end failure on two failure criteria: (a) peak phase angle and (b) G 

vs. fN . 
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derived from the bending of the pavement structure at the bottom of the asphalt pavement 

structure using the LVE material properties. For the pavement response simulations, field 

measurements of 227 MPa and 196 MPa were used as the elastic modulus values of the base 

and subgrade layers, respectively, in Wilmington, North Carolina. In addition, a single 

moving load (40 kN axle load, 758 kPa tire pressure, and 2.682 m/s loading velocity) was 

applied at the intermediate temperature of 19ºC. Second, the strain response was applied in 

the S-VECD model as a loading history input to count the number of cycles to failure until 

the internal state variable of damage accumulated at the peak phase angle as the first failure 

criterion or the G  was calculated as the second failure criterion. Details of the procedures for 

bottom-up cracking predictions can be found in the literature (16, 19).  

In this study, typical 100-mm thin and 300-mm thick pavement structures were used 

to evaluate the sensitivity caused by the end failure. Using the layered viscoelastic response 

model combined with the S-VECD model, it was observed that both specimen geometries of 

75 mm x 150 mm and 100 mm x 150 mm over-predicted the fatigue life for both pavement 

structures, because the end failure changed the slope of the power-law function. The changed 

slope led to the under-prediction of the fatigue performance below the G  value of 50 and 

over-prediction above the G  of 50, as shown in Figure 40 (b). The over-prediction is greater 

with an increase in pavement thickness that causes a longer fatigue life. Figure 41 presents 

the results for the 300-mm thick pavement simulations when using 75 mm x 150 mm and 100 

mm x 150 mm specimens. Therefore, the average G  failure criterion should be applied for 

specimens that fracture within the LVDT gauge length range so that the fatigue life can be 

predicted regardless of mode of loading and temperature. 
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Figure 41. Results of fatigue life prediction for  100-mm and 300- mm thick pavement 

structures using two failure criteria. 
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characteristics, such as different NMASs, asphalt binder performance grades (PGs), and 

percentages of RAP used in three different regions (Manitoba, North Carolina, and Alabama). 

Table 5 presents WMA Foam, Evotherm, and Sasobit, which correspond to the warm mix 

asphalt (WMA) technologies of water injection, chemical additive, and organic additive, 

respectively. These WMA technologies can be used to reduce the mixing and compaction 

temperature to save energy and reduce emissions. The test results presented in Table 5 

indicate that the current 100 mm x 150 mm geometry yields a total average of middle failure 

of 31.9%, but the new geometry of 100 mm x 130 mm improved propensity of the middle 

failure to a total average of 90.0 percent. In particular, the specimens with the 100 mm x 150 

mm geometry that included RAP fractured within the LVDT gauge lengths that were less 

than or equal to 50 percent.
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Table 5 Experimental Verification of New Specimen Geometry for Improved Middle Failure 
Direct Tensile Cyclic Fatigue Tests 100mm x 150mm 100mm x 130mm 

Mixture Information NMAS 
Binder 

 PG Grade 
% 

RAP 

Number of  
Middle 
Failure 

Number of  
Specimens 

% 
Middle 
Failure 

Number of  
Middle 
Failure 

Number of  
Specimens 

% 
Middle 
Failure 

National 
Center for 
Asphalt 

Technology 
Test Track 
in Auburn 

Control-HMA 9,5 mm PG 76-22 0 3 5 60 3 3 100 

Control-HMA 19 mm PG 76-22 0 1 4 25 1 2 50 

Control-HMA 19 mm PG 67-22 0 1 3 33 3 3 100 

Open-Graded 
Friction Course 

9.5 mm PG 76-22 0  - -  -  3 3 100 

WMA-Foam 9.5 mm PG 76-22 0 2 6 33 3 4 75 

WMA-Foam 19 mm PG 76-22 0 2 6 33 3 3 100 

WMA-Foam 19 mm PG 67-22 0 1 4 25 3 3 100 

WMA-Evotherm 9.5 mm PG 76-22 0 0 3 0 4 4 100 

WMA-Evotherm 19 mm PG 76-22 0 3 3 100 3 3 100 

WMA-Evotherm 19 mm PG 67-22 0 1 3 33 3 3 100 

RAP 9.5 mm PG 67-22 50 0 4 0 3 3 100 

RAP 19 mm PG 67-22 50 1 4 25 3 3 100 

RAP 19 mm PG 67-22 50 2 4 50 3 4 75 

RAP+Foam 9.5 mm PG 67-22 50 0 4 0 2 3 67 

RAP+Foam 19 mm PG 67-22 50 0 4 0 3 3 100 

RAP+Foam 19 mm PG 67-22 50 1 3 33 3 3 100 

Manitoba 
Institute of 

Transportation 
Field 

Construction 
In Canada 

Control-HMA 16 mm PG 58-28 0 0 6 0 5 5 100 

Control-HMA 16 mm PG 52-34 35  -  - -  4 5 80 

WMA-Advera 16 mm PG 58-28 0 0 2 0 5 6 83 

WMA-Advera 16 mm PG 52-34 35  -  - -  4 4 100 

WMA-Evotherm 16 mm PG 58-28 0 0 2 0 4 4 100 

WMA-Evotherm 16 mm PG 52-34 35  -  - -  4 4 100 

WMA-Sasobit 16 mm PG 58-28 0 0 2 0 5 5 100 

WMA-Sasobit 16 mm PG 52-34 35  --  -  - 5 5 100 

HMA-0% RAP 12.5 mm PG 58-28 0 0 2 0 4 4 100 

HMA-15%RAP 12.5 mm PG 58-28 15  - -  -  4 4 100 

HMA-50% RAP 12.5 mm PG 58-28 50  - -  -  4 5 80 

HMA-50% RAP 12.5 mm PG 52-34 50 -   - -  5 7 71 

North Carolina 

Control-HMA 9.5 mm PG 70-22 19 6 14 43 3 4 75 

WMA-Foam 9.5 mm PG 70-22 19 7 15 47 3 4 75 

WMA-Evotherm 9.5 mm PG 70-22 19 6 13 46 3 4 75 

 
     

Average 31.9 
 

Average 90.0 
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CHAPTER 6 USE OF CYCLIC DIRECT TENSION FATIGUE 

TESTS TO EVALUATE MOISTURE SUSCEPTIBILITY OF 

WARM-MIX ASPHALT CONCRETE 

In this chapter, the simplified viscoelastic continuum damage (S-VECD) material model 

combined with layered linear viscoelastic structural analysis (LVEA) is suggested to 

determine the moisture susceptibility of a hot mix asphalt (HMA) mixture and warm mix 

asphalt (WMA) mixtures with various asphalt contents. 

6.1 Materials, Mix Design, and Mechanical Testing 

LEADCAP KW-A and KW-B are polyethylene wax-type additives that play an important 

role in reducing mixing and compaction temperatures while increasing the workability of the 

production procedure. The KW-B additive is modified by an additional anti-stripping agent. 

For this study, three granite aggregate stockpiles (19~13.2 mm, 13.2~4.75 mm, and sub 4.75 

mm) and PG 64-16 binder are used. The aggregate structure for all the study mixtures is the 

coarse 19 mm nominal maximum size of aggregate (NMSA) comprised of 25% 12.5 mm, 20% 

9.5 mm, 17% #4, 12% #8, 6% #16, 7% #30, 4% #50, 4% #100, 3% #200, and 2% hydrated 

lime. The dosage rates of the KW-A and KW-B additives are 1.5% of the total asphalt binder 

weight based on viscosity and economic considerations. The HMA mixture was mixed at 

160°C and compacted at 140°C in accordance with the requirement for PG 64-16 binder. The 

HMA mixture was aged at the compaction temperature for 1 hour (referred to as short-term 

oven aging). The LEADCAP WMA mixtures were mixed at 130°C (aggregate: 130°C, 
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binder: 160°C) and compacted at 115°C. The aging temperature and conditioning time are 

115°C and 1 hour, respectively.  

All  of the Superpave mix designs were performed to meet the 4% air void 

requirement using a gyratory compactor with 100 gyrations. The optimal asphalt contents of 

each HMA, KW-A, and KW-B mixture were determined as 4.9%, 4.3%, and 4.3%, 

respectively. In order to evaluate the effects of asphalt binder content and the LEADCAP 

additive on moisture susceptibility, the KW-A mixture with 4.5% asphalt content and KW-B 

mixture with 4.9% asphalt content were also selected for testing. All specimens were 

compacted to a height of 178 mm and a diameter of 150 mm. To obtain specimens of 

uniform air void distribution, these samples were cored and cut to a height of 150 mm with a 

75 mm diameter for the dynamic modulus and CX cyclic direct tension tests.  

Two main tests were carried out in this study: (1) the dynamic modulus test was 

performed to determine the linear viscoelastic characteristics, and (2) the CX cyclic direct 

tension test was implemented to describe the viscoelastic damage characteristics. All tests 

were conducted using both moisture-conditioned and unconditioned specimens. The moisture 

conditioning procedure of AASHTO T 283 was followed. 

6.2 Fatigue Performance Analysis 

In this study, the fatigue performance of different mixtures with and without moisture 

conditioning is analyzed by combining the VECD model and the pavement response 

determined from the structural analysis of the pavement. More specifically, the strain kernel 

at the bottom of the asphalt layer under a moving load is first determined from the LVEA 
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pavement model. This strain kernel is then input to the VECD model, and the fatigue life is 

determined by applying the Cf failure criterion. The reason for this combined analysis is 

explained later using actual test data under a subsection of Discussion of Results, Fatigue 

Life Comparison at the Material Level. 

For the pavement response calculations, the LVEA model developed at North 

Carolina State University is used. This model performs three-dimensional calculations of 

stresses and strains in a layered system under moving loads. The pavement selected for this 

study has a 10 cm thick asphalt layer over subgrade with an elastic modulus of 70 MPa. The 

temperature gradient of the asphalt layer is determined by first dividing the asphalt layer into 

three sublayers. The average temperature of each of the three sublayers is determined from 

the data obtained from the Enhanced Integrated Climatic Model (EICM) for April 2004 in 

Raleigh, North Carolina. This temperature gradient results in the dynamic modulus gradient 

along the depth of the asphalt layer in the calculation of the strain kernel. 

A single moving wheel load is simulated using a contact pressure of 758 kPa, contact 

area of 0.3 m x 0.18 m, and velocity of 26.8 m/sec for a rectangular wheel load. The single 

wheel moving load is applied repeatedly to the pavement until the strain response of a 

steady-state condition is obtained. The pavement response in the steady-state condition is 

used as a repeated constant input loading history for the S-VECD model. 

6.3 Discussion of Results 

Figure 42 presents the overall flow of testing and analysis used in this study. The schematic 

illustration describes the material level testing, pavement response calculations, and digital 
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imaging analysis to evaluate the fatigue performance and moisture susceptibility of the mixes 

selected for this study. After the CX cyclic direct tension tests were completed, the tested 

specimens were split into two pieces, and the stripped areas on the fractured surfaces were 

quantified. The details on the digital imaging analyses will be discussed in Chapter 8. 

 Fatigue Life Comparison at the Material Level 6.3.1

The most common way to present fatigue data is to use the initial tensile strain and the 

number of cycles to failure (Nf) from a series of fatigue tests. Figure 43 presents such results 

from the controlled CX cyclic direct tension tests of two different mixtures with and without 

moisture conditioning. This plot clearly demonstrates the incorrect way of estimating the 

fatigue cracking resistance of different mixtures using the tensile strain versus Nf relationship. 

If the fatigue life (i.e., Nf) of each of the two mixtures with and without moisture 

conditioning is compared at a constant strain level (as shown by the dashed horizontal line in 

Figure 43), it is expected that the mixture that has been subjected to moisture conditioning 

would have a higher Nf value and greater fatigue cracking resistance than the unconditioned 

specimen. This conclusion is, of course, incorrect based on observations from actual 

pavements in service. 
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Figure 42. Overall flow chart for testing and analysis. 
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Figure 43. Traditional tensile strain-based fatigue relationships for unconditioned and 

moisture-conditioned specimens. 

Clearly then, both a material model (such as the relationship shown in Figure 43) and 

a structural model of a pavement are needed to properly evaluate the fatigue performance of 

a mixture. That is, different mixtures with different stiffness values would result in different 

tensile strain values at the bottom of the asphalt layer in a pavement structure; therefore, the 

constant tensile strain assumption represented by the horizontal dashed line in Figure 43 is 

not valid. When the mixtures with and without moisture conditioning are placed in the 

pavement, the tensile strain at the bottom of the moisture-conditioned asphalt layer would be 

greater than that with the unconditioned asphalt mixture. Therefore, the fatigue life of the 

moisture-conditioned mixture would be shorter than that of the unconditioned mixture in this 

pavement system. 
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In this study, the S-VECD material model is combined with the LVEA pavement 

structural model to evaluate the fatigue cracking resistance of unconditioned and moisture-

conditioned HMA and WMA mixtures with varying asphalt contents. The use of LVEA-

predicted pavement responses coupled with the S-VECD model is verified using field 

performance data obtained from the Federal Highway Administration Accelerated Load 

Facility (FHWA ALF). The ranking of the fatigue performance of pavement sections tested 

under the FHWA ALF project is predicted accurately by the results from the S-VECD model 

coupled with the LVEA (65). 

 Fatigue Life Comparison Using the Combined Material and Structure Models 6.3.2

Figure 44 presents a summary of the testing and analysis results for all the study mixtures. 

Figure 44 (a) presents the dynamic modulus mastercurves of all the mixtures, and Figure 44 

(b) shows the strain kernel response results of the LVEA simulation at the bottom of the 

selected pavement. Both results indicate that a low stiffness value for the KW-A mixtures 

causes high levels of transverse strain in the pavement simulation, whereas a high stiffness 

value for the KW-B mixtures leads to a low pavement strain response. These figures also 

show that the mixtures become less stiff as the asphalt content increases.
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Figure 44. Mechanical properties and predicted strain and fatigue life of study mixtures.
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Figure 44 (c) demonstrates how fast the material integrity (C) decreases as the 

damage (S) increases. The moisture-conditioned KW-A mixtures with 4.3% and 4.5% 

asphalt content and the KW-B mixture with 4.3% asphalt content show a rapid decrease in 

material integrity with an increase in damage compared to the other HMA and KW-B 

mixtures with 4.9% asphalt content. It should be mentioned that the amount of damage at 

failure is also an important factor in characterizing fatigue resistance. In Figure 44 (c), the 

last point on each curve indicates the fatigue failure. The figure shows that the moisture-

conditioned KW-A mixture with 4.3% asphalt content has an extremely small amount of 

accumulated damage at failure, whereas the unconditioned KW-A mixtures have a large 

amount of accumulated damage at failure. However, a comparison of only the damage 

characteristic curves cannot yield reliable information about the different mixturesô fatigue 

resistance, because the energy that is input by mechanical force is consumed not only in 

creating and propagating cracks in the material, but also in deforming the material. Therefore, 

it is important to include both stiffness and damage characteristics of a material when 

determining fatigue cracking resistance. 

Figure 44 (d) presents the prediction results from the coupled S-VECD and LVEA 

models. The strain kernel for each of the mixtures in Figure 44 (b) is input to the damage 

characteristic curve of the mixture shown in Figure 44 (c) to determine the fatigue life of the 

mixture. This coupled method ensures that both the stiffness and damage characteristics are 

accounted for in determining the fatigue resistance of a mixture. Figure 44 (d) indicates that 

the KW-A mixture with 4.3% asphalt content shows a likelihood of an unfavorable (short) 

fatigue life and unfavorable moisture susceptibility, whereas the KW-B mixture with 4.9% 



   

 

117 

asphalt content indicates a favorable (long) fatigue life and favorable moisture resistance. 

Also, the KW-B mixture with 4.3% asphalt content exhibits better fatigue performance and 

moisture resistance than the HMA mixture with 4.9% asphalt content. The moisture 

susceptibility of the KW-A mixture is found to be very sensitive to the asphalt content. The 

KW-B mixture with 4.9% asphalt content exhibits the best fatigue performance and the most 

favorable moisture resistance. This improvement over the KW-A mixture without an anti-

stripping agent demonstrates the benefits of adding the anti-stripping agent.
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CHAPTER 7 PERFORMANCE-BASED MOISTURE 

SUSCEPTIBILITY EVALUATION OF WARM ïMIX 

ASPHALT CONCRETES THROUGH LABORATORY 

TESTS 

Cyclic direct tension (CDT) tests have been used to determine the material stiffness, damage, 

and a failure criterion, which together constitute the essential components of the viscoelastic 

continuum damage (VECD) model. The simplified viscoelastic continuum damage (S-VECD) 

model was designed to reduce the computational time required by the VECD model and to 

overcome the limitations associated with the asphalt mixture performance tester (AMPT), 

such as the low capacity of the load cell.  

The results from the CDT tests allow users to predict the fatigue performance of 

asphalt mixtures under varying loading and environmental conditions from only a few tests. 

In addition, the fatigue life of asphalt pavements can be predicted when the CDT test results 

are input to a structural finite element analysis. Two levels of pavement analysis have been 

developed by the research team at North Carolina State University: 1) layered viscoelastic 

(LVE) analysis and 2) layered viscoelastic continuum damage (LVECD) analysis. Both of 

these analysis techniques perform three-dimensional moving load simulations. The LVE 

analysis calculates stresses and strains at specified evaluation points in the pavement and 

utilizes the material-level S-VECD model to determine the fatigue life of the asphalt mixture 

at each of those evaluation points. The LVECD analysis performs a more comprehensive 



   

 

119 

cracking evaluation by applying the S-VECD model for each element in the pavement 

structure and produces damage contours for the entire pavement structure.  

The objectives of this study are: (1) to investigate performance-related moisture 

susceptibility analysis methods by using the S-VECD material model coupled with LVE and 

LVECD structure analyses at two levels; (2) to develop stripping quantification procedures 

for IDT and HWTD tests using digital imaging analyses; and (3) to identify moisture 

susceptibility indicators from the CDT, IDT, and HWTD tests that best relate to the stripped 

areas in each. 

7.1 WMA Technology, Binder Modification, and Specimen Fabrication 

This study employed a control HMA mixture and five different WMA mixtures. The WMA 

technologies include Evotherm 3G that has a chemical additive, foaming, WMA-A that 

contains a chemical additive and is currently under development, WMA-B that contains an 

organic additive and is currently under development, and WMA-C that also contains an 

organic additive (different from that used in WMA-B) and is also currently under 

development. These WMA technologies can be grouped into three main categories. The first 

category is the Evotherm 3G and WMA-A chemical additives that induce a low internal 

friction of the asphalt binder using a surface-active agent, resulting in improved mixing and 

compaction at a low temperature. The second WMA technology category is foaming 

technology that uses a nozzle to spread water throughout the asphalt binder and turns the 

water into steam and small bubbles. The steam and small bubbles serve to reduce the binder 

viscosity by expanding the volume of the binder. The Foamer machine produced by 
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Pavement Technology, Inc. (PTI) was used in this study. The third WMA technology 

category is represented by the WMA-B and WMA-C mixes that contain organic wax 

additives that reduce asphalt viscosity by the lubricant effect of an oily wax when they are 

heated above the point of crystallization.  

The control HMA mixture was composed of 9.5 mm nominal maximum aggregate 

size (NMAS) granite aggregate, 19% RAP, and 6.7% (5.2% from virgin binder and 1.5% 

from RAP) PG 70-22 binder, as derived from the Superpave volumetric mix design. The 

same mix design was used for each of the five WMA mixtures. For the binder modification, 

the Evotherm and WMA-A chemical additives were added to the asphalt binder at 130C̄ at 

0.5% by weight of total asphalt. No anti-stripping agents were used for these two WMA 

mixtures. For the foamed mix, an anti-stripping agent of 0.7% by weight of total asphalt was 

added at 130̄C in the same manner as when modifying the binder of the HMA mix. Then, 2% 

water by weight of total asphalt was injected into the asphalt binder at 157C̄ using the PTI 

Foamer. In contrast to the above modifications, the organic powder type of WMA-B and the 

chip type of WMA-C were spread on top of the asphalt binder when mixing the aggregate 

at135̄C with the binder at 157̄C at 0.5% and 1.5% by weight of total asphalt, respectively. 

The temperatures of the aggregate, RAP and binder for all of the WMA mixtures at the time 

of mixing were 135̄C, 110̄C, and 157̄C, respectively. For the HMA mixtures, all the 

mixing temperatures were the same as those of the WMA mixtures except the aggregate 

temperature of 157̄C. 
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Short-term oven aging was applied to all the WMA mixtures at 117C̄ for two hours 

according to NCHRP 9-43 and applied to the HMA mix at 135̄C for four hours according to 

AASHTO R 30. The compaction temperatures of the WMA and HMA mixtures were 117C̄ 

and 152̄C, respectively. Based on the curing time study of the Double Barrel foamed 

mixture, the compacted foamed WMA mixture specimens were stored for at least 12 days of 

curing in the laboratory before testing (66). 

7.2 Performance-Based Moisture Susceptibility Laboratory Testing 

In order to apply the S-VECD model to the pavement structure analysis program, the linear 

viscoelastic material properties obtained from the dynamic modulus (DM) tests and the 

viscoelastic damage properties obtained from the CDT tests were needed to evaluate 

performance-based moisture susceptibility. The DM tests were conducted in compressive 

cyclic stress controlled mode to produce 50~75 microstrains in the LVE range in accordance 

with AASHTO TP79 and PP61. The CDT tests were conducted in tensile cyclic actuator 

displacement control mode to reach failure at approximately 1,000, 10,000, and 100,000 

cycles at 19°C and 10 Hz loading frequency. The test samples that were fractured inside the 

LVDT were used to characterize the viscoelastic damage. 

Two common specification tests, the IDT strength test and the HWTD test, were 

carried out to develop the stripping quantification procedures and to determine the moisture 

susceptibility indicators that relate to the stripped areas. The IDT strength tests were 

performed in compressive mode with a constant actuator displacement rate at 25°C. Based on 

NCHRP 9-26A recommendations, cored and cut specimens were used for the IDT tests in 
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order to overcome the high variability of air void distribution found in the strength test 

results. The number of aggregate breakage instances on the fractured surface was counted by 

visual inspection, except the areas under the loading strip (which could not be seen). The 

HWTD test was carried out in compressive mode by rolling a steel wheel on the surface of 

two gyratory specimens underwater at 50°C. The testing was stopped at either 20,000 passes 

or at a rut depth of 20 mm. 

7.3 Performance-Based Moisture Susceptibility Evaluation Methods 

Fatigue performance prediction of asphalt pavements requires consideration of the material 

characterizations with structural pavement response analysis. In this study, the S-VECD 

model is used to characterize the viscoelastic material properties with growing damage, and 

two different pavement response analysis programs, the LVE and LVECD programs, are 

utilized to model the pavement structure. The first proposed method measures the moisture 

susceptibility by predicting the ratio of the remaining fatigue life of bottom-up cracking with 

and without moisture conditioning in a simple and fast manner. The second proposed method 

investigates moisture susceptibility by comparing the damage contours (cracking potential) 

with and without moisture conditioning at the end of the long-term analysis period, which 

can simulate both bottom-up and top-down cracking in an accurate and sophisticated manner. 

 S-VECD Model Combined with Layered Viscoelastic Structure Analysis 7.3.1

One simple and fast evaluation method derives the single steady-state strain kernel that is 

caused by the bending moment in the LVE analysis at an isothermal condition at the bottom-
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central nodal point of the asphalt pavement. The strain kernel is then applied to the S-VECD 

model as a loading history input. The fatigue life is determined by determining the number of 

cycles to failure (ὔ) until the constant repeated kernel reaches the internal state variable (S) 

of the damage at failure.  

In this study, the elastic modulus values of 227 MPa and 196 MPa are used to 

represent the base and subgrade layers in sound condition, respectively. These values were 

measured from US 76 in Wilmington, North Carolina using the dynamic cone penetrometer 

(DCP) (67). The asphalt layer thicknesses of 100 mm and 300 mm are used to simulate a thin 

and thick pavement, respectively. The single temperature of 19°C was used to represent the 

spring season for this analysis. The single moving load is a rectangular contact area that is 

17.78 cm wide and 27.994 cm long, with an axle load of 40 kN, a tire pressure of 758 kPa, 

and a design velocity of 2.682 m/s.  

 S-VECD Model Combined with Layered Viscoelastic Continuum Damage Analysis 7.3.2

The LVECD analysis calculates all the stresses and strains at all the nodal points in the 

pavement structure and simulate the material integrity as crack potential. The LVECD 

program is a three-dimensional pavement structure program that can capture the effects of 

viscoelasticity, thermal stress, hourly temperature variations, hourly truck distribution, and 

moving traffic load (tire pressure, contact area shape, shear traction, and tire configuration). 

Another main feature of the LVECD program is that it can efficiently reduce computational 

time using Fourier transform-based layered analysis. Finally, the program was verified to 

simulate fatigue cracking that is due to a bending moment at the bottom of the asphalt layer 



   

 

124 

and the shear force at the edge of the tire on top of the asphalt layer by comparing the results 

to field observations (67). Additional information about the LVECD program can be found in 

the literature (68).  

In order to account for the effect of temperature variation on fatigue performance, the 

temperature data were obtained from the Enhanced Integrated Climatic Model (EICM) for 

the Wilmington area. In order to make the computational time for this study more efficient, 

one day is divided into three time segments so that constant average temperatures and traffic 

passes can be used instead of using data for every hour. All other inputs, such as the base and 

subgrade modulus values and pavement thicknesses and design loads are identical to those 

used for the LVE analysis. It was reported that the Lottman test found in AASHTO T283 is 

designed to reflect the field performance at 4 to 12 years (69), and several long-term 

pavement performance (LTPP) test sections showed a stripping problem after 12 years (70). 

In this study, it is assumed that the moisture conditioning procedure simulates 12 years of 

pavement performance in the field. Therefore, the equivalent of 1 million and 100 million 

load applications over 12 years are applied to the thin and thick pavements, respectively. 

Figure 45 presents an analysis flowchart to compare the two evaluation methods. 
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Figure 45. Analysis flowchart of performance-based moisture susceptibility evaluations. 
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7.4 Performance-Based Moisture Susceptibility Evaluation Results 

Figure 46 (a) shows the linear viscoelastic properties obtained from the DM tests. The results 

show that any reduction in the dynamic modulus value due to moisture conditioning is minor 

in the Evotherm mixture compared to the other mixtures. The damage characteristic curves 

shown in Figure 46 (b) indicate that the moisture susceptibility of the Evotherm mixtures is 

also low compared to the other mixtures by showing a small difference between the curves 

with and without moisture conditioning. This figure also shows that the pseudo stiffness 

value of the HMA is higher than that of the other mixtures. Specifically, the results show that 

the WMA-A, WMA-B, and WMA-C mixtures have an unfavorable material integrity with 

growing damage when using moisture-conditioned specimens. Another significant indicator 

that is seen from the damage characteristic curves is the brittleness or ductility that is shown 

in the pseudo stiffness at the last failure point of the curves. The higher pseudo stiffness 

value at failure indicates that the pavement is prone to fail with a lower amount of damage. 

The pseudo stiffness value at failure of all the WMA mixtures with moisture conditioning is 

lower than that of the HMA, which may be evident of a longer fatigue life. The strain kernels 

shown in Figure 46 (c) and (d) are derived for the pavement responses of the 100 mm and 

300 mm pavements used in the LVE analysis and using the linear viscoelastic modulus. 

Therefore, the amplitude of the strain kernel is strongly related to the dynamic modulus 

values. The higher the dynamic modulus value, the lower the strain kernel value. 

By combining the linear viscoelastic properties, material integrity, damage, and 

brittleness, the final fatigue life can be predicted. Figure 47 (a) and (b) show that the fatigue 
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life ratio of the Evotherm mixture is almost identical to that of the HMA mixture, whereas 

the WMA-A, WMA-B, and WMA-C mixtures show more moisture susceptibility than the 

other mixtures. Figure 47 (c) and (d) present the IDT test results that indicate that all of the 

WMA mixtures could not meet the failure criterion of 0.8 (71), and the HWTD test results 

show that only the Evotherm and HMA mixtures meet the failure criterion based on the SIP 

criterion of 10,000 passes (5). These results conflict with the fatigue life predictions derived 

from the CDT tests. The failure criteria of the IDT and HWTD tests were designed for 

conventional HMA mixtures. Therefore, for future study, these criteria and/or the moisture 

conditioning procedure may need to be modified for the WMA mixtures based on their field 

performance. Figure 48 and Figure 49 present the final damage contour comparisons with 

and without moisture conditioning using the S-VECD model combined with the LVECD 

analysis for 12-year-old pavements of 100 mm and 300 mm thicknesses. The bars beside the 

pavement simulation results indicate the degree to which the damage factor is related to the 

cracking potential. For both pavement thicknesses, the HMA and Evotherm mixtures show 

less moisture susceptibility than the WMA-A, WMA-B, and WMA-C mixtures, which are 

the same results as the fatigue life results. The results for the 100 mm pavement simulation 

show that both initial cracking and the complete cracking propagation potentials are observed 

for the WMA-A, WMA-B, and WMA-C mixtures, whereas the results for the 300 mm 

pavement simulation show only the initial cracking potential for bottom-up cracking and top-

down cracking due to moisture damage for the WMA-A, WMA-B, and WMA-C mixtures. 

The problem with the LVECD approach to moisture susceptibility evaluation is that moisture 

damage does not occur throughout the entire layer in the field as it is modeled in the LVECD 
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program. In future, the moisture damage gradient along the pavement depth, time, and 

climate needs to be studied to match the field observations.
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Figure 46. Mechanical test results: (a) dynamic modulus, (b) damage characteristic curve, and (c) strain kernel at the 

bottom of 100 mm pavement and (d) 300 mm pavement. 
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Figure 47. Mechanical test results: (a) final fatigue life ratio of 100 mm pavement and (b) 300 mm pavement, (c) tensile 

strength ratio of IDT test, and (d) stripping inflection point of HWTD test. 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

HMA Evotherm Foam WMA-A WMA-B WMA-C

Mixtures

1
0

0
 m

m
 P

a
v

e
m

e
n

t 
S

im
u

la
ti

o
n

 (
N

f)

Without Moisture Damage

With Moisture Damage
0.78

0.74 0.56
0.45

0.43 0.44

(a)

1.E+00

1.E+03

1.E+06

1.E+09

1.E+12

1.E+15

HMA Evotherm Foam WMA-A WMA-B WMA-C

Mixtures

3
0

0
 m

m
 P

a
v

e
m

e
n

t 
S

im
u

la
ti

o
n

 (
N

f) Without Moisture Damage

With Moisture Damage
0.89

0.86
0.75

0.67 0.65 0.65

(b)

0

100

200

300

400

HMA Evotherm Foam WMA-A WMA-B WMA-C

Mixtures

In
d

ir
e

c
t 

T
e

n
s

il
e

 S
tr

e
n

g
th

Without Moisture Damage

With Moisture Damage
0.96

0.75

0.73
0.55

0.47 0.57

(c)IDT Tests

Failure Criterion: 0.8

0

4000

8000

12000

16000

20000

24000

HMA Evotherm Foam WMA-A WMA-B WMA-C

Mixtures

S
tr

ip
p

in
g

 I
n

fl
e

c
ti

o
n

 P
o

in
t 

>20,000
HWTD Tests (d)

Failure Criterion: 10,000



   

 

131 

 

Figure 48. Damage contour (cracking potential) comparison of 100 mm pavements without and with moisture 

conditioning. 
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Figure 49. Damage contour (cracking potential) comparison of 300 mm pavements without and with moisture 

conditioning.
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CHAPTER 8 DEVELOPMENT OF STRIPPING 

QUANTIFICATION PROTOCOL THROUGH DIGITAL 

IMAGING ANALYSES 

In order to evaluate these laboratory testsô abilities to represent the amount of moisture 

damage, the fractured and scoured surfaces used for the mechanical tests are quantified using 

digital imaging analyses and compared against the predicted fatigue performance and 

mechanical properties determined from these tests. 

8.1 Cyclic Direct Tension Test 

After running the CX cyclic tests, the stripped area of a fractured surface can be measured by 

making visual observations based on the selection of fine mesh and a numerical pixel 

counting method. Visual observation using the mesh selection method is an accurate but 

time-consuming approach to determine the stripping percentage. Figure 50 (a) presents an 

original image taken from a digital image scanner, and Figure 50 (b) presents a stripping 

quantification result of 36.6% from the fine mesh selection method using Count tool in 

analysis in the Adobe Photoshop program. The numerical pixel counting method is a simple 

and fast approach to count pixels that are related to stripping, but the threshold value for the 

grayscales should be determined to distinguish the stripping and non-stripping areas on the 

fractured surfaces.  
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Figure 50. Percentage of stripping determined by fine mesh selection: (a) original image, 

(b) 44 x 44 fine mesh on original image. 

JPEGs, BMPs (óbitmapsô), GIFs (graphics interchange formats), and TIFFs (tag 

image file formats) are commonly used digital image formats. Among these formats, JPEG 

images are the most commonly used because they can present millions of colors and 

compress data to create small images. The downfall of JPEG files, however, is that they lose 

quality when they are saved. BMP images provide high image quality; as the name suggests, 

they present a map containing many óbitsô of an image. Because BMP files do not compress 

the image, no image loss occurs through any sort of modification process. GIF files are 

useful only for basic color usage, such as internet icons. TIFF files are used for a perfectly 

detailed image of a massive image size. For this study, in order to satisfy the need for high 

image quality and minimize the possibility of image loss, the BMP format is selected to 

quantify the stripping area.  

(a) (b)
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One BMP image file consists of pixels that describe actual objects or landscapes. 

With an increase in the number of pixels, the quality of the picture increases. Each pixel in a 

BMP file contains color or gray information. The grayscale with 8 bits has only one layer 

that consists of 256 different states of grays (0: perfect black and 255: perfect white). By 

determining a threshold value within the grayscale, white and black pixels can be 

distinguished. Thus, the stripping area of a fractured surface can be quantified by counting 

the number of white pixels, and asphalt binder can be quantified by counting the number of 

black pixels. Because of the simplicity of the associated numerical analysis and image quality, 

the 8-bit grayscale mode is selected for counting the white and black pixels. The BMP RGB 

color file is converted to 8-bit grayscale mode using the RBG2Gray function in MatLab. The 

gray states (0~255) of a scanned surface can be seen for each pixel also using Matlab.  

 Percentage of Stripping Quantification Protocol 8.1.1

The protocol used in this study to quantify the percentage of stripping in the fractured 

specimens is as follows. A digital image scanner is utilized instead of a camera to maintain a 

constant image size of the fractured surfaces and to maintain the quality of the BMP RGB 

color files. First, the glued steel end plates are cut from the specimens that have fractured 

during the CX cyclic tension testing. Second, a thin transparent glass plate is placed on the 

area to be scanned so that it protects the scanned area from damage caused by the sharp 

surface of the fractured specimen. Third, a box is placed over the fractured specimen on the 

scanner to block any outside light. Fourth, the surface of the fractured specimen is scanned 

into a BMP RGB color file. Fifth, the scanned image of the fractured surface is inspected to 
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calculate the actual stripping percentage using the mesh selection method. Sixth, the BMP 

RGB color file is converted to 8-bit grayscale mode using the RBG2Gray function in the 

MatLab program. Seventh, threshold values are determined that distinguish the black (asphalt 

binder) and white (stripped area) pixels on the fractured surface by matching the stripping 

percentage results obtained from the visual mesh selection method. Eighth, after determining 

the threshold values for all the mixtures, regenerated images with gray states of 0 (black) and 

240 (white) are compared with the original images, as shown in Figure 6. Finally, the 

stripping percentages can be calculated rapidly using a pixel counting method.  

 Mesh Selection Method by Visual Observation 8.1.2

First, the original scanned RGB color images of the fractured surfaces are imported into the 

Adobe Photoshop program. Second, after drawing fine grids (44 cells in the horizontal 

direction and 44 cells in the vertical direction) on the image file, the cells, which include 

stripping, are selected manually and counted using count tool in the program. Finally, the 

stripping percentages are calculated using the ratio of the number of total mesh components 

on a fractured surface to the number of mesh components that include stripping. Because the 

fractured surface is a circular area 75 mm in diameter and the image file is a 75 x 75 mm 

square area, the total number of mesh components of a fractured surface is estimated as 

1520.53 by using the ratio of square to circle areas. 
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 Pixel Counting Method by Numerical Analysis 8.1.3

First, the gray states between 0 and 255 on the scanned surface are shown for each pixel 

using MatLab. Second, the number of pixels in a fractured specimen surface can be counted 

by extracting the background of a grayscale of 255 (perfect white) from an image file in 

MatLab. The grayscales of the fractured surface were observed as between 20 and 240. Third, 

the number of pixels in the stripping area of the surface can be counted by using the gray 

states that fall between the threshold value and 240. Finally, the stripping percentages are 

calculated using the ratio of the total number of pixels on the fractured surface to the number 

of pixels that include stripping. The method used in determining the threshold grayscale 

value is described in the follows. 

The approach taken to determine the grayscale threshold value for the percentage of 

stripping calculation is shown in Figure 51. The threshold value is changed systematically in 

the digital images obtained from the fracture surfaces of all the mixtures to develop a series 

of curves, shown in Figure 51. Then, the percentages of stripping determined from the 

manual visual mesh selection method for the different mixtures are used to find the 

corresponding grayscale values using the curves shown in Figure 51. The average of the 

corresponding grayscale values obtained from the different mixtures is 63. This threshold 

value is used in the numerical pixel counting method to determine the percentage of stripping 

values for the different mixtures. These values are plotted in  Figure 52 along with the 

percentage of stripping values determined from the visual mesh selection method. Those 

values from the two methods compare reasonably well, indicating the validity of using the 

grayscale value of 63 as the threshold value. Additional analysis using threshold values 
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between 50 and 70 provides a consistent stripping percentage ranking order. Finally, Figure 

53 illustrates the analyzed stripping percentages using the pixel counting method and the 

determined threshold value of 63. The comparison between the original image and the 

regenerated image consists of only two gray states of 0 (asphalt binder) and 240 (stripped 

area). It can be seen that the stripped areas are captured reasonably well using the threshold 

value of 63. However, this value would change depending on the type of aggregate and 

binder used in a particular mixture. Therefore, the digital imaging analysis method presented 

in this study needs to be applied to a wide range of mixtures to develop a database for 

threshold values. 

 

Figure 51. The way to determination of threshold value. 
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Figure 52. Stripping Percentage using visual mesh selection and numerical pixel count. 
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Figure 53. Comparisons between original images and digital images analyzed with 

threshold value 63. 
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8.2 Indirect Tension Strength and Hamburg Wheel Tracking Device Tests 

It is well known that the visual observation of stripping can serve as significant evidence in 

evaluating the moisture susceptibility of asphalt concrete. In Chapter 8.1, the fractured 

surfaces used in CDT tests were successfully quantified used by employing two different 

methods: pixel counting and visual mesh selection. The pixel counting method identifies the 

pixels in 256 different gray states in a scanned image file of the fractured surface and then 

classifies those states into two states by determining a threshold value among the gray states 

using MatLab. The visual mesh selection method counts the number of fine mesh elements 

that are contained in a stripped area by clicking on each mesh element in the scanned image 

file using a count tool in the Adobe Photoshop program. 

In this section, the IDT and HWTD tests were used to develop the stripping 

quantification procedure. The difficulty of the IDT tests is determining the threshold value 

from three different failure modes, and the difficulty of the HWTD tests is scanning the 

scoured surface of the tested specimens that have a hump of lateral movement at the edge of 

the wheel path.  

 Stripping Quantification Protocol of IDT and HWTD tests 8.2.1

Instead of using one threshold value, the IDT test requires two threshold values to quantify 

stripping by differentiating the aggregate breakage areas and asphalt mastic failure surface 

areas from the stripped areas. First, the fractured surface used in the IDT test must be 

scanned to obtain a bitmap (BMP) pixel-based format for the digital imaging file. The BMP 

format is used because it does not allow any image loss throughout the analysis process. 
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Second, the first threshold value (threshold value 1) needs to be determined such that the 

aggregate breakage (white) areas can be distinguished from the stripped (gray) areas as well 

as the asphalt mastic (black) failure by matching the aggregate breakage percentage results 

obtained from the visual mesh selection method. Third, the pixels related to the aggregate 

breakage area in the image file need to be excluded for the next step. Fourth, the second 

threshold value (threshold value 2) needs to be determined such that the stripped areas (gray) 

and the asphalt mastic failure (black) areas are distinguishable by matching the stripping 

percentage results obtained from the visual mesh selection method. Fifth, the final stripping 

percentages can be calculated using the two threshold values by differentiating the aggregate 

breakage areas and asphalt mastic failure surface areas from the stripped areas.  

The digital imaging analysis of the HWTD test results is almost the same as for the 

CDT test results, but the HWTD test needs a new threshold value to quantify the stripping 

due to the nature of permanent deformation testing. Because the stripped areas are on rutted 

surfaces, all of the scanned images for the HWTD tests are lighter than those for the CDT 

tests due to the gap between the stripped area and the platen of the scanner. The main 

difficulty of scanning the tested samples is the humps that are caused by the lateral 

movement of the permanent deformation. In order to scan the scoured surface as closely as 

possible to the platen, the hump needs to be cut vertically using a saw, and then the humps 

can be easily removed by hand. The stripping quantification procedures for all of the tests are 

described in Figure 54. 



   

 

143 

 

Figure 54. Stripping quantification procedures for CDT, IDT, and HWTD tests. 
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 Stripping Quantification Results of Laboratory Tests 8.2.2

By adjusting the threshold value that differentiates the stripped areas and non-stripped areas, 

the stripping percentage changes. As shown in Figure 55, the threshold value can be 

determined by matching the stripping percentage results measured from the visual mesh 

selection method. 

Figure 55 (a) and (b) show a way to determine the threshold value that distinguishes 

the black (asphalt mastic) and white (stripping) pixels for the CDT and HWTD test results. 

Figure 55 (c) and (d) present a method to determine two threshold values to quantify the 

stripped areas of the IDT tests. The threshold value 1 in Figure 55 (c) distinguishes the 

aggregate breakage (white) areas and the non-aggregate breakage (black) areas. After 

excluding the aggregate breakage area in the image file, the threshold value 2 in Figure 55 (d) 

can be determined to differentiate the asphalt mastic (black) and the stripped (white) areas by 

following the same procedure shown in Figure 55 (a) and (b). As a result, the average 

threshold values for the CDT, IDT, and HWTD tests are derived as 63, 68 (111), and 85, 

respectively. 

 Figure 56 shows the final quantified stripping results for the CDT, IDT, and HWTD 

tests. The figure shows that the stripping percentages from the IDT tests are lower than those 

of the other tests because another failure mechanism causes the aggregate to break.
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Figure 55. Determination of threshold values for numerical analysis.
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Figure 56. Final quantified stripping results for the CDT, IDT, and HWTD tests and 

their relationships. 
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images of IDT test, the aggregate breakage areas are reproduced as the perfect white state (a 

gray state of 255) and the stripped areas are recreated as a gray state (a gray state of 65).
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Figure 57. Comparisons between original images of CDT tests and digital images analyzed with threshold value 63: (a) 

HMA  and (b) Evotherm. 
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Figure 58. Comparisons between original images of CDT tests and digital images analyzed with threshold value 63: (c) 

foaming and (d) WMA -A. 
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Figure 59. Comparisons between original images of CDT tests and digital images analyzed with threshold value 63: (e) 

WMA -B and (f) WMA -C.
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Figure 60. Comparisons between original images of HWTD tests and digital images 

analyzed with threshold value 85: (a) HMA  and (b) Evotherm. 
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Figure 61. Comparisons between original images of HWTD tests and digital images 

analyzed with threshold value 85: (c) foaming and (d) WMA -A. 
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Figure 62. Comparisons between original images of HWTD tests and digital images 

analyzed with threshold value 85: (e) WMA-B and (f) WMA -C. 
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Figure 63. Comparisons between original images of IDT tests and digital images 

analyzed with threshold value 68 and 111: (a) HMA  and (b) Evotherm. 
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Figure 64. Comparisons between original images of IDT tests and digital images 

analyzed with threshold value 68 and 111: (c) foaming and (d) WMA -A. 
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