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Executive Summary 

The main purpose of asphalt mixture production is the coating of mineral 

aggregates with asphalt binder within a reasonable time frame. Coating is required as 

it affects mixtures workability (e.g., lubricant effect of binder film), as well as 

durability (e.g., preventing mixtures from moisture damage). However, mixing time 

needs to be controlled since it greatly influences both plant productivity (i.e.,   amount 

of mixture produced per hour) and binder aging, which is caused by the loss in 

volatiles due to temperature and air flow during mixing. In light of this, mixing 

temperature is selected to properly reduce binder’s viscosity below a limit to ensure 

proper coating in a time frame of 90 seconds.  

Current viscosity limits used for selecting mixing and compaction temperatures 

are valid only for unmodified binders, which generally exhibit a linear Newtonian 

behavior; furthermore, the literature indicates that these limits were introduced solely 

based on practical considerations without a fundamental understanding of the physical 

and chemical processes driving the production of this material. A guideline for the 

selection of compaction temperatures for modified binders, which are nowadays very 

popular, is not available to practitioners. Mixing temperatures calculated based on 

current recommendations for viscosity limits are often higher than 150°C and they 

become even more excessive when modified binders are used. The usage of these 

temperatures raises concerns in terms of energy cost, sustainability and safety. Thus, 

transportation agencies and practitioners are currently challenged with the need of 

reducing the mixing temperatures during production without negatively affecting the 

level of coating or performance of mixtures. This can only be accomplished by 

providing a clear understanding of the main factors and variables that affect coating, 

and by showing the influence of coating on the susceptibility of asphalt mixtures to 

moisture damage. 

Reducing mixing temperatures will result in increasing viscosity.   The effect of 

increased viscosity on both coating and the adhesive bond between the binder and 

aggregates has not been properly investigated in the past.   

In this thesis, effects of coating are considered based on two different points of 

view: (a) extent of coating, which is defined as the amount of dry aggregates coated 
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by binder after mixing for a given time before compaction; and (b) the quality of 

coating which is defined as a qualitative description of the adhesive bond between 

binder and aggregate. Initially a procedure based on aggregates water absorption 

(ASTM C127 – 07) was developed for determining the extent of coating. Results from 

this procedure showed that the extent of coating is affected by low shear viscosity and 

asphalt content, but highlighted that the extent of coating is not sufficient for 

assessing moisture susceptibility of mixtures. It was determined that moisture damage 

of mixtures is more dependent on the binder-aggregate bond strength rather than the 

extent of coating. For this reason, a modified boiling test procedure based on the 

ASTM D3625 – 1996 was introduced and developed for evaluating the quality of 

coating.  Results from the modified boiling test have shown that the quality of coating 

is highly affected by low shear viscosity, binder modification, and aggregate type. 

Furthermore, a time-dependency effect of the quality of coating was observed for 

certain combinations of asphalt binders and aggregates.  The analysis of the boiling 

test results , which is based on visual inspection of aggregates surface post boiling, 

was validated using the acid – base titration procedure recommended in the UNI EN 

12697-11 2012 (E). In addition, the Bitumen Bond Strength (BBS) test (AASHTO TP 

91-12), was included in the experimental study to evaluate if the 

application/production temperature affects the moisture susceptibility of the binder-

aggregates systems. Results showed that the modified boiling test and the BBS test 

are correlated. Furthermore, the boiling procedure was validated using the Indirect 

Tensile Strength (ITS) test, (AASHTO T 283). A preliminary correlation between the 

boiling test and the ITS showed that the proposed procedure is promising for the 

evaluation of the quality of coating and can be used as a surrogate for estimating the 

susceptibility of asphalt mixtures to moisture damage. The ITS results in combination 

with the analysis from the boiling test were used to provide preliminary design limits.  

 Results from this thesis show that quantifying the extent of coating is not 

sufficient for predicting moisture susceptibility. Indeed, the quality of coating needs 

to be considered when assessing moisture damage of mixtures. Findings from the 

modified boiling test have pointed out that the quality of coating is affected not only 

by viscosity, but also by binder modification and aggregate type.  
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In summary, the developed modified boiling test can be used as a simple 

procedure for selecting mixing temperature that will ensure sufficient extent and 

quality of coating, both of which have significant effect on asphalt-aggregate mixture 

moisture susceptibility. 
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I. INTRODUCTION 

1. Background  

The production rate of asphalt mixtures is highly dependent on the mixing time 

since it affects plants productivity, defined as the amount of mixture produced by the 

plant in 1 hour [t/h]. Additionally, mixing time affects binder aging caused by the loss 

of volatiles due to air flowing and high temperature during mixing. Thus, the main 

purpose of the mixing process is the coating of aggregates with binders within a 

reasonable time frame. To achieve fully coated aggregates within a relatively short 

time frame, prior to mixing binders are heated to decrease their viscosity below a 

fixed limit and then mixed with aggregates. Thus, coating can be seen as the 

spreading process of binders across the mineral aggregates promoted by heat and the 

mechanical mixing action. However, the spreading process could be considered just 

as the starting point of the bonding that builds up between asphalt and aggregates. In 

fact, between the time after mixing and prior to compaction (i.e., Short Term 

Conditioning Time), mixtures are still at high temperature and it could be assumed 

that a significant part of the adhesion process happens in this time interval; hence, the 

mechanism of coating may include the mixing time (i.e., where spreading happens), 

as well as the short term conditioning time (i.e., where the two materials bind 

together).  The mixing temperatures used to achieve the sufficient extent of coating 

are commonly at or higher than 150°C for unmodified binders and from 160 to 175°C 

for modified binders (especially in case of polymer modification). The use of such 

high temperatures significantly increases energy consumption, thus has a significant 

impact on the cost of asphalt mixture production. The world bank estimates that a 

reduction in production temperature of 10°C saves of nearly 1 liter of fuel oil and 1 kg 

of CO2 emissions per ton of mixture produced (Hanz, 2012). In addition, when 

polymer modified binders are used, the excessive heat provided during mixing and 

storage is believed to contribute to premature polymer degradation (West et al., 2010).  

For these reasons, transportation agencies are challenged with finding methods to 

reduce mixing temperatures upon coating; however, even if a reduction in production 

temperature is needed, decreasing mixing temperatures may reduce the percentage of 

dry mix coated by binder after the short term conditioning time (i.e., defined as the 

extent of coating), worsening mixtures moisture resistance (Alavi et. al., 2011).  In 

fact, it is believed that the extent of coating could affect mixture workability as well 
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as durability; the first is influenced because the film of binder reduces friction among 

aggregates during compaction, while the second is affected because the film of binder 

around aggregates prevents water from infiltrating the binder-aggregate interface and 

causing debonding (Velasquez et al., 2012). In spite of this, the importance of the 

extent of coating on the bond strength between aggregate and binders remains unclear. 

Current mixing and compaction temperatures for unmodified binders are 

prescribed in the ASTM D 2493 – 09. The recommended viscosity range during 

mixing is 0.17±0.02 Pa•s while it is 0.28±0.03 Pa•s for compaction. These limits were 

introduced by the Asphalt Institute (AI) in the sixties, based upon the assumption that 

asphalt binder follows a linear Newtonian behavior at mixing and compaction 

temperatures determined to correspond with the aforementioned viscosity limits. It is 

assumed that within the mixing viscosity range binders will spread across dry mineral 

aggregates in a time frame of 30 to 90 seconds (Whiteoak, 1991). These ranges were 

initially applied to the Marshall Mix Design Method, but today they are still applied 

to the Superpave Mix Design. It is important to note however that these limits seemed 

to be mostly based on field experience and do not have a fundamental basis (Yildirim 

et al., 2006). Furthermore, for modified binders no viscosity ranges are currently 

available, and their mixing as well as compaction temperatures are often 

recommended by producers (West et al., 2010). In addition, nowadays more than 20 

Warm Mix Asphalt processes are available that allow reducing mixing and 

compaction temperatures through various mechanisms (Bonaquist, 2011). The 

developments of all these type of modifications that aim to target different purposes, 

allow thinking that mixing and compaction temperatures should be determined 

following a more rigorous procedure that considers also the effect of modification and 

eventually of aggregates. Moreover, since current limits were determined on 

experience of engineers, the new procedure for determining mixing and compaction 

temperatures should be based on more fundamental material properties. Based on 

these considerations, in the past few decades several studies were carried out to 

provide guidelines for selecting mixing as well as compaction temperatures of 

modified binders, but the majority of them considers solely binders property (e.g. 

viscosity, shear rate dependency), neglecting the effect of aggregate or of the affinity 

between binder and aggregates. 
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2. Problem Statement 

The problem statements are summarized as follows: 

• Mixing and compaction viscosity limits for unmodified binders do not 

have a clear fundamental basis. 

• Clear guidelines for determination of modified binder mixing temperatures 

do not exist. Current mixing temperatures often seem to be excessive, thus 

many transportation agencies are challenged with the task of reducing 

mixing temperatures needed to achieve coating. 

• It is believed that the reduction in mixing temperature (thus an increase in 

viscosity during mixing) may worsen coating and consequently mixture 

moisture resistance. Nevertheless, the importance of the extent of coating 

on mixtures moisture resistance is not well understood. Moreover, the 

effect of viscosity at mixing temperatures on the extent and quality of 

coating (which qualitatively describes the binder-aggregates bond), needs 

to be investigated.  

 

3. Research Hypothesis 

It is widely believed that the extent of coating (percent of dry mixture coated by 

binder) may guarantee moisture resistance and that proper values of viscosity during 

mixing are sufficient to achieve the required quality of coating. This thesis is based on 

the hypothesis that viscosity may explain the extent of coating but not the quality of 

coating. Achieving the target extent of coating does not ensure prevention of moisture 

damage (i.e., debonding at the binder and aggregate interface).  

 

4. Research Objective 

The main objective of this thesis is to develop a simple procedure based on a 

boiling test to evaluate the quality of coating using the coarse aggregate fraction of the 

mixtures.  
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The specific goals of this thesis are as follows: 

• Conduct a critical review of the literature regarding coating, wetting, 

mixture moisture susceptibility, binder-aggregate bond strength, and all 

other testing methods currently used in the evaluation of moisture 

resistance.  

• Develop a simple procedure based on the effect of boiling water that 

determines the quality of coating considering the influence materials (e.g., 

binder-aggregate affinity), as well as the mixtures preparation (e.g., mixing 

time, short term conditioning time).    

• Fill gaps in the current understanding of the importance of the extent of 

coating on the bond-strength between binder and aggregate 

• Evaluate if the extent of coating (e.g., currently used in practice), is a 

proper indicator of asphalt mixtures moisture susceptibility. 

• Provide an alternative criteria and specification for determination of 

mixing temperatures during mix design stage based on the quality of 

coating. 

 

5. Thesis Outline 

This thesis is structured into five main sections with the following content: 

Section I: Introduction – This section includes a short background on the 

importance of the extent and the quality of coating and on the determination of the 

current viscosity limits during mixing. The background is followed by the problem 

statement, the hypothesis and the research objectives. 

Section II: Literature Review – This section is organized in four distinct parts. In 

the first part a brief explanation of the mechanism of coating in asphalt mixes is 

presented. The second part describes the mechanism of adhesion; while the third part 

deals with asphalt mixtures moisture susceptibility. Finally several testing methods 

for determining moisture susceptibility are presented. 
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Section III: Materials and Test Methods – This section provides a detailed 

description of the proposed testing and analysis method as well as an introduction 

used to verify the results obtained from the experiment. 

Section IV: Results and Analysis – This section presents the results analyzed as 

described in the previous section. The general outcome is the effect of the viscosity at 

the mixing temperature on the quality of coating. Initially, the results of the coating 

test are presented to determine which binder properties drive the spreading process of 

binders on aggregates. Subsequently, these results are discussed highlighting the need 

to move towards a stripping test (based on boiling water). Finally, results of the 

boiling test are compared with those obtained with the Bitumen Bond Strength test 

and the Indirect Tensile Strength. Comparison between different test methods is 

presented.  

Section V: Findings, Conclusions and Recommendations for Future Work – 

Findings and conclusions obtained from this study are presented and described in this 

section. Additionally, recommendations for direction for future work are also 

presented. 
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II. LITERATURE REVIEW 

1. Coating in Asphalt Mixtures 

In asphalt mixtures, coating is defined as the spreading of binders, on mineral 

aggregates during the mixing process. It is widely believed that the extent of coating 

affects mixtures workability as well as durability. The workability is affected because 

during compaction, proper binder lubricity is provided only if binder coats the 

aggregates with a proper film thickness; on the other side, durability is affected 

because a proper film thickness of binder around aggregates prevent water from 

infiltrating the interface and debonding the binder from the aggregates (Velasquez et. 

al., 2012).  

1.1 The Mixing Process 

In the field, to achieve the extent of coating binders are heated to decrease 

viscosity and then sprayed on hot aggregates; during this process, mechanical energy 

(mixing energy), is provided to promote the extent of spreading. Also aggregates are 

heated to eliminate the natural moisture content that is believed to affect the bond 

strength between binder and aggregates; nevertheless, the effect of aggregate 

temperature and binder temperature on the binder-aggregates bond-strength has not 

been closely investigated. 

In a mixing plant, binder and aggregates are heated separately; aggregates a are 

heated in a rotating drum (Figure II.1), while binder is heated in a mixing tank were it 

is continuously agitated.  Once the viscosity of binder achieves the limit required, it is 

sprayed on the aggregates in a plug mill where they are mixed (Figure II. 2). 
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Figure II.1 – Rotating Drum for drying mineral aggregates prior to mixing  
(C.M Consulting, 2009) 

 

Figure II. 2 - Steps in a Typical Batch Plant Cycle 

The mixing time is one of the most sensitive factors in the production rate of 

bituminous mixtures and generally takes 30 to 90 seconds. In the description of the 

construction of the Michigan Road Test, Serafin et al. (1954) stated that plant mixing 

temperature were set to provide values of Saybolt Furol viscosity (AASHTO T72), 

within a range from 75 to 200 seconds Saybolt Furol (SSF) and at the midpoint of this 

range asphalt temperatures would have been from 143°C to 155°C (from 290°F to 

312 °F), (West et al., 2010); hence, it seems that the recommended range of viscosity 
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during mixing for plant produced mixtures, was provided prior to 1954, based on field 

experience. In 1962 the Asphalt Institute started to recommend the equiviscous 

principle for mixing and compaction temperatures (Y.Yildrim et. al., 2006) 

recommending values of viscosity in SSF. Afterward, in 1974 the Asphalt Institute 

switched the values to the more fundamental unit Centistokes [cts] that indicates 

absolute viscosity; the new limits were 170±20 cts for mixing temperature, and 

280±30 cts for compaction temperature and they were recommended for unmodified 

binders upon the Newtonian behavior. The current standard AASHTO T312  

recommends the same values of viscosity, but it moves from the concept of kinematic 

viscosity toward the absolute viscosity expressed in Pascal•second [Pa•s]; based on 

this, and assuming binders density equal to 1.00g/mm3, the limits become 0.17 ± 0.02 

Pa•s during mixing and 0.28 ± 0.03 Pa•s during compaction. The equiviscous concept 

was first mentioned in literature in 1954, in a paper titled “Viscosity Effect in the 

Marshall Stability Test”. In this work researchers conducted an experiment that had 

the purpose to verify the effect of asphalt consistency at the compaction temperature 

on Marshall Stability. The compaction temperature and the testing temperature were 

included among the factors considered. The conclusion drawn was that the 

compaction temperature did not have a significant influence on the mixture density 

(Fink and Lettier, 1951).  

Directly quoting (Whiteoak, 1991), it is seen that no fundamental basis and 

backing for values and choices for mixing temperatures are included, and the 

recommended values seem to be solely based on experience and qualitative 

considerations: “Bitumen should always be stored and handled at the lowest 

temperature possible, consistent with efficient use . . . to prevent auto-ignition of the 

bitumen 230°C (446°F) must never be exceeded. . . . During mixing the hot bitumen 

must be readily able to coat the dried and heated mineral aggregate, given the 

shearing conditions employed, in a relatively short period of time (typically 30 to 90 

seconds); this determines the lowest mixing temperature. Whilst the mixing 

temperature must be sufficiently high to allow rapid distribution of the bitumen on the 

aggregate, the use of the minimum mixing time at the lowest temperature possible 

should be advocated. The higher the mixing temperature the greater will be the 

oxidation of the bitumen exposed in thin films on the aggregate surface. . . . There are, 

therefore, upper and lower limits to mixing temperature. . . . These different 
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considerations combine to give an optimal bitumen viscosity of 0.2 Pa·s (2 poise) at 

mixing temperatures. . . .”. 

These examples, may allow concluding that basically the current viscosity for 

mixing and compaction temperatures were introduced considering viscosity values 

just for practical reason; furthermore, these limits were based on the assumption of 

Newtonian behavior that is not always valid in case of modified binders, which 

currently make up more than the 20% of paving sales in the US. However, over the 

past decade several studies have been carried out for determining mixing as well as 

the compaction temperatures of modified binders. Bahia et al. (2001), have shown 

that the equiviscous principle based upon the Newtonian linear behavior did not 

provide  practical results on 17 of 35 binders tested because the temperature 

calculated were often higher that 165°C. Thus, researchers hypothesized that these 

binders show shear rate dependency and therefore they did not meet the assumption of 

linear Newtonian behavior. Based on this, they introduced the concept of Zero Shear 

Viscosity (ZSV), and recommended its use for defining mixing as well as compaction 

temperatures. Initially viscosity at 0.001 (1/s) were estimated fitting the Cross-

Williams model fitting curve model, and the values recommended at this shear rate 

were 3.0 Pa•s for mixing and 6.0 Pa•s for compaction. In order to simplify the 

procedure for determining both the temperatures, limits of viscosity were proposed 

also using a traditional Brookfield viscometer at a shear rate of 6.8 (1/s) as used in 

AAHTO T316; the proposed limit were 0.75 ± 0.05 Pa•s for mixing and 1.4 ± 0.10 

Pa•s for compaction. Yildrim et al. (2000), selected the shear rate of 490 (1/s) for 

mixtures compacted in the Superpave Gyratory compactor and using a rotational 

viscometer they measured the shear rate dependency of binders. Viscosity were fit to 

an inverse power curve and viscosities at 490 (1/s) were extrapolated; subsequently 

viscosities were plotted versus temperatures and mixing and compaction temperature 

range were selected targeting values respectively of 0.17 ± 0.02 Pa•s for mixing and 

0.28 ± 0.03 Pa•s for compaction. Reinke (2003), presented the steady shear flow test 

to determine mixing and compaction temperature. Using a Dynamic Shear Rheometer 

(DSR), he tested viscosities of binders over a range of shear stresses at temperature 

ranging from 76°C to 94°C. At a shear stress around 500 Pa, viscosity of modified 

binders approach the steady state. The viscosity values from 500 Pa measurements 

were plotted on a viscosity temperature log-log chart and values viscosity at 500 Pa 
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were extrapolated until 180°C. The selection of mixing as well compaction 

temperature is made on this chart using the same limits valid for unmodified binders. 

1.2 Methods for Determining Coating 

In order to determine the importance of coating and its effect on binder-aggregates 

bond strength, it is important to define an objective way that allows quantifying 

coating in a simple way. The current procedure is the AASHTO T195, is based on 

visual inspection of the coarse part of the mixture. Two other methods have been 

developed at the University of Wisconsin Madison: one is based on imaging analysis 

while the other is an indirect method that quantifies coating based on the water 

absorption of coated aggregate. Here these three methods are presented and compared. 

AASHTO T195 

The AASHTO T195 is the current procedure used to evaluate coating in HMA 

and it is based on the visual inspection of mixtures coarse fraction (R 3/8” or R #4). 

The test requires sieving the mixture soon after mixing and to inspect carefully the 

coarse aggregates one by one. Aggregates are divided in two categories, “Completely 

Coated” and “Partially Uncoated”. The criterion considered to define partial coating is 

“ If even a tiny speck of uncoated stone is noted, classify the particle as Partially 

Uncoated”.  The final outcome of the inspection is based on the following 

relationship: 

%Coated  Particle = 100 ∗
Number  of  Coated  Particle
Total  Number  of  Particle  

 

The criterion seems to be on the subjective judgment of operators; furthermore, 

this type of inspection does not allow evaluating differences among different levels of 

uncoated surfaces (e.g., particles in Figure II. 3 are equivalent according to the 

standard). 
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Figure II. 3 – Uncoated Particles 

Besides this, the procedures of sieving after mixing and the visual inspection of 

the single particle may allow considering this test time consuming and not practical. 

In light of this, two others procedures were developed to determine coating in HMA 

and WMA (Velasquez et al., 2012).  

Imaging Analysis Method 

The Imaging analysis method is based on the analysis of a grey scale image 

obtained from an RGB Image (Velasquez et. al., 2012), (Figure II. 4). Once the gray 

scale image is obtained, the histogram is computed and a threshold value is selected to 

differentiate between covered and uncovered aggregate. (Figure II. 4) 

 

(a) 

 

(b) 

Figure II. 4 – a) Gray scale image of bare aggregates, b) Histogram of gray scale 

The threshold value of intensity is chosen based on the type of aggregates; for 

instance in Figure II. 4, granite was used and the range of intensity used as threshold 

was within 140 and 180. The uncoated surface is highlighted as the ratio between the 

pixel intensity within the threshold range and the total number of particles. This 
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method may be affected by the condition of light during the acquisition, thus requiring 

standardization. Furthermore, the reflection of the light on the bright surface of binder 

may also affect the image analysis results, yielding false “uncoated” surfaces. 

Research is ongoing on the development and standardization of this test method.  

The test based on water absorption is described in Chapter III. 

Estimation of extent of coating may not be representative of the moisture 

susceptibility of mixtures; in fact, even if the condition of fully coated needs to be 

recommended, it does not provide any significant information on the affinity between 

binder and aggregates and on their moisture susceptibility. Based on this, a simple 

procedure that evaluates the quality of coating, defined as a parameter that describes 

qualitatively the bond strength between binder and aggregate, may be needed 

2. Mechanism of Adhesion 

The effect of moisture on mixtures durability is a complex phenomenon and 

allows thinking that just testing moisture damage effects in mixtures may not provide 

an accurate description of the effect of water on the binder-aggregates bond strength 

(Kanitpong et. al., 2004); hence, understanding how moisture affects the adhesive 

bond between binder and aggregates and the cohesive bond within the binder, is 

necessary for describing mixtures behavior. The mechanism of adhesion between 

aggregates and binder as well as the asphalt cohesion must be studied separately to 

develop a system of measurable properties able to describe and predict mixtures 

moisture susceptibility (Bahia et. al., 2007). Different mechanisms are involved in 

adhesion between binder and aggregates and most of these depend on the chemo-

physical interaction between the two elements; however, the mechanisms of adhesion 

can be divided into three main categories: mechanical, chemical and physical (or 

thermodynamic) adhesion. The first mechanism, named mechanical adhesion, is 

mostly related to the porosity and to the texture of aggregates: high porosity increases 

the absorbed binder improving mechanical adhesion; on the other side, aggregates 

roughness improves the “lock and key” effect that provides the mechanical interlock 

with binders (Masad et al., 2006). In addition, higher aggregates roughness increases 

specific surface which enhances wetting. The second type of mechanism, named 

physical or thermodynamical adhesion, considers surface energy in combination with 
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other material properties to predict adhesion. The third mechanism, that is the 

chemical adhesion, involves chemical interactions (e.g., acid-base interaction) 

between binder and aggregates. In this work the thermodynamical mechanism is 

described. 

 2.1 Wetting and Spreading   

To achieve the formation of resistant chemical bond between a liquid and a solid 

surface, a proper spreading of the liquid on the solid is necessary. In bituminous 

asphalt mixtures, the term coating refers to the spreading process of binder on 

aggregates. Most of the wetting phenomena are described the interaction between a 

droplet of liquid on a solid surface; when drop of liquid is placed on a solid surface, it 

can either spread across the surface to form a thin uniform film layer, or it can spread 

at different extent showing  droplet shape with different curvature (Figure II. 5), 

(Meyers, 1999). The behavior of the droplet is helpful for the comprehension of 

wettability that can be defined as the propensity of a liquid to cover a given solid 

surface rather than to stay in a compact droplet minimizing surface contact (Shanahan, 

1991). 

 

2.2 The Contact Angle 

Wetting processes are very often described using the contact angle (θ) theory. The  

contact angle (Figure II.6), is defined as the angle between the tangent to the liquid-

fluid interface and the tangent to the solid surface at the contact line between the three 

phases (Marmur, 2009); the range of the values that the contact angle assumes, 

represents the capacity of spreading of a liquid on a solid surface. 

 

Figure II. 5  - Possible shapes of a droplet on a solid surface 
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Figure II.6 – Contact angle (θ) 

 

One of the most used device in measuring contact angle is the Sessile Drop Test 

where a contact angle is measured by a goniometer using an optical subsystem to 

capture the profile of a drop of pure liquid on a solid surface (Moraes, 2011).When 

θ=0°, the liquid forms a uniform thin film on the solid surface (Figure II. 5-a), and the 

spreading may be assumed as spontaneous. When θ<90° the configuration is 

described as partial wetting and according to the value of the contact angle, different 

degrees of partial  wetting may be defined. If θ>=90°, the condition is defined as 

“non-wetting”. The relation (Equation II.1), that provides the value of the contact 

angle was introduced two hundred years ago by Young (1805) and it is based on the 

thermodynamic equilibrium of interfacial tensions which act to reduce the 

corresponding surface area (D. Que’re’, 2002). 

!"#! =
!!" − !!"
!!"

 II. 1  

Where: 

• γSV is the the interfacial tension between solid and vapor; 

• γSL is the interfacial tension between the solid and the liquid; 

• γLV  is the interfacial tension between liquid and vapor. 
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Figure II.7 – Variables in the Young equation defining Contact angle. Subscript 

G refers to Gas of vapor. 

If the spreading process happens in a vacuum, the interface with the vapor is not 

considered and the Young equation becomes the following (Equation II.2). 

!"#! =
!! − !!"

!!
 II. 2  

In Equation II. 2, it is more appropriate to refer to surface tension in the case of 

liquid and solid, and to interface tension in the case of solid-liquid interface.  The 

wettability of the liquid on a solid surface depends on the balance among these three 

force; if the cohesive forces in the liquid are higher that the adhesive (so the liquid 

surface tension is high), wetting will not occur; on the other side, if the bond between 

solid molecules and liquid molecules will be higher than the internal one of the liquid, 

wetting will occur. For most of the macroscopic systems, the Young contact angle 

represents the ideal contact angle, where wetting happens on a smooth, rigid, 

chemically homogeneous, insoluble and non-reactive surface;  it also assumed that the 

Young contact angle is independent from the geometry of the droplet (shape and 

dimension) and from the gravity (Marmur, 2009). In order to understand the physical 

meaning of the contact angle it is useful introducing the Gibbs free energy (G) that is 

a state variable of a system depending on the enthalpy (H), the entropy (S) and the 

temperature [°K] of the system; during reaction (included thermo-dynamical 

reactions), the Gibbs free energy of a system increases or decreases according to the 

type of reaction. It is important to know that for spontaneous reaction the variation of 

Gibbs free energy is negative and at the equilibrium, the Gibbs free energy is at the 

minimum. When a system achieves constant pressure and temperature, the wetting 

goes to the equilibrium when the Gibbs free energy achieves the minimum 
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configuration level (Figure II. 8); therefore the Young contact angle is related to the 

thermodynamically balanced configuration of the system. 

 

Figure II. 8 – Gibbs energy of a drop on an ideal surface (Marmur, 2009). 

Besides representing an important parameter in the quantification of wetting,  

contact angle measurements are currently the only method that allows the evaluation 

of solids surface free energy whose surface is not deformable as the liquids one. The 

contact angle theory is used with bituminous binders in order to measure surface 

tension that is fundamental descriptor of the adhesive bond between binders and 

aggregates. The Young-Dupre’ (Equation II.3) is the fundamental relationship used 

for calculating the surface free energy components of bitumen from contact angle 

measurements. 

!!!"! !+ !"#! = ! !!!"!!! + ! !!!!!! + ! !!!!!! 
II. 3  

The use of this equation with asphalt binder and three probe liquids, whose 

surface tension components are known, , it is possible computing the components of 

bitumen’s surface tension.  Hefer et al. (2006), used the Wilhelmy plate to measure 

contact angle in order to estimate bitumen free energy. 

2.3 Surface Tension 

The surface tension of materials depends on the type of molecular bonds whose 

the material is composed. Molecules and atoms at the interface often have different 
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energy and different reactivity than those in the bulk. Figure II.9 shows that the field 

force to whom is subjected a molecule in the bulk phase is uniform and the net force 

is zero; on the other side, the net force that is subjected to a molecule at the interface 

is inward toward the bulk. Interactions with the bulk phase tend to reduce the energy 

level toward a stable configuration (molecules in the bulk are in a balanced 

configuration which denotes minimum configuration energy); however, when these 

interactions are missing, as happens at the interfacial molecules, the level of free 

energy increases. The additional free energy at the surface is called “surface free 

energy”. 

 

Figure II.9 – Interaction among molecules in the bulk phase (a) and at the 

interface (Meyers, 1999) 

 

In fluids, the free surface energy is defined thermodynamically as the work 

necessary to increase the surface of one unit in a vacuum; on the other side, 

considering a mechanistic approach, the concept of surface tension (γ) could be 

introduced defining it as a force per unit of length that operates on a surface and acts 

perpendicular and inward from the boundaries of the surface, tending to decrease the 

area of the interface (Heinenz and Rajagopalan, 1997). According to this, it seems 

clear that liquids tend to resist the creation of interfaces; in fact, thermodynamically, 

the creation of an interface tends to increase the energy of the system and so, if no 

other effects are involved, the liquid tends to reduce the interface at the minimum 

extent as possible (Meyers, 1999). For solids the surface tension is commonly defined 

as the force needed to bring the freshly formed surface to its equilibrium state. The 

surface tension depends on the material bond types; basically, different atoms create 

different types of bonds hence creating different types of molecules, and the surface 
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free energy is related to the types of bonds that constitute the molecules. There are 

two different types of bonds; the first type is defined as polar bonds, while the second 

type is defined as a-polar bonds. Polar bonds are described by the Lewis acid-base 

interaction where the bonds are based on electron exchange; the acids are molecules 

that accept electors (electron-acceptor), while the bases are molecules that donate 

electron (electron-donor).  On the other side the a-polar bonds are not based on any 

type of exchange and depend on the Van der Waals forces. A-polar bonds are also 

defined as secondary bonds, and they are extremely sensitive to the molecular 

distance; in fact, if the molecular distance increases, the bond strength decreases 

proportionally to the distance to the power of 6. These bonds are proper of the liquid 

and solid states. Bituminous binders are principally made of a-polar bonds and this 

aspect can explain the dependency between the viscosity of the material and the 

temperature and he fact that they are hydrophobic. 

According to the Good-van Oss-Chaudhury (GvOC) theory, also named as acid-

base theory, the surface free energy of materials is constituted by two components 

(Equation II.4Error! Reference source not found.), the a-polar or Lifshitz-van der 

Waals component (superscript LW),  and a polar component indicated by superscript 

AB based on Lewis acid-base interactions. 

Equation II.4 shows that the Lifshitz – van der Waals component and the acid-

base component are independent. Three mechanisms contribute in the generation of a-

polar component and they are additive on a macro-scale level. They are respectively: 

the Keesom Dipole-dipole forces, the Debye Dipole-induced forces and the London 

Dispersion forces (van Oss et. al., 1987). The main contribution comes from the 

London forces because all type of materials show these types of interaction; in fact, 

these forces depend on the molecular polarizability, and, since all the molecules tend 

to be polarizable, the London forces are always present and have a significant effect 

on adhesion, surface tension, and wettability. These types of forces are attractive. On 

the other side, the acid-base component can be subdivided in two different parts 

(Equation II.5). 

!!"! = !!" + !!" II. 4  
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Where γ+ is the Lewis electron-acceptor (or acid component), and γ- is the 

electron-donor component (or base component). 

 2.4 The work of Cohesion 

Cohesion is the attraction force among molecules of the same material. The work 

of cohesion (Wc), is defined as the reversible work required to separate two surfaces 

of unit area of a single material of surface tension γ (Figure II. 10). 

 

Figure II. 10 – Representation of the work of Cohesion (Bhasin et. al., 2006) 

The work of cohesion is expressed by Equation II.6. 

!! = !" II. 6  
 

The work of cohesion is twice the surface tension of the material, and according to 

the definition provided, it is positive since it is done on the system. The work is 

defined as positive when it increases the energy of the system; hence, since liquids 

tend to decrease spontaneously the surface to achieve the lowest energy configuration 

as possible, the creation of two new surfaces increases the internal energy of the 

system. As previously stated, the surface energy can be defined as the work per unit 

area necessary to increase the surface in a vacuum; therefore, if work needs to be 

spent, it means that the surface free energy tends to keep the area as smaller as 

possible reducing the free energy. Based on these considerations, the surface tension 

or surface free energy may be defined also in terms of cohesion free energy (Equation 

II.7). 
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 2.5 The Work of Adhesion 

The work of adhesion is defined as the reversible work required to separate unit 

area of interface between two different materials to leave two “bare” surfaces of unit 

area (D. Meyers, 1999), (Figure II. 11). 

 

Figure II. 11 – Representation of the work of Adhesion (Bhasin et. al., 2006) 

The work of adhesion can be expressed by the following equation (Equation II.8 ). 

!! = !! + !!−!!" =!!" II. 8  

where: 

• Wa is the work of adhesion; 

• γL is the surface tension of the liquid; 

• γS is the surface tension of the solid; 

• γLS is the interface tension of the solid-liquid system; 

• WSL is the work necessary to separate the liquid solid surfaces. 

Thus, when external work is provided (Wa), it causes interfacial failure between 

binder (liquid) and the aggregate (solid). The final configuration of the system is 

made of a unit area of binder, a unit area of aggregate, while the interface between 
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binder and aggregate is lost. In terms of energy, the creation of two new surfaces 

requires work, therefore the sign of γL and γS is positive; on the other side, the system 

favorites the fracture process making work (work by the system is negative and tends 

to decrease the energy of the system), (Bhasin et. al., 2006). 

The solid-liquid interfacial tension is described by Equation II. 9.   

!!" = !!!" − !!!"
!

+ ! !!!!!! + !!!!!! − !!!!!! − !!!!!!  II. 9 ( 

And the final expression of the work of adhesion is the following (Equation II. 10) 

∆!!"
!"# =!!" = !!!"! !+ !"#! = ! !!!"!!!" + ! !!!!!! + ! !!!!!! II. 10 ( 

 This work can also be seen as the bond energy between aggregates and binder. In 

dry condition, the higher is the magnitude of the absolute value of the bond energy, 

the stronger is the adhesion between binder and aggregate (Hefer et. al., 2006). Bond 

energy is positive in case of dry condition; this means that to create debonding work 

must be provided (Masad et. al., 2005).   

2.6 The Work of Debonding 

Equation II.11 can be used to quantify the surface energy of adhesion for two 

different materials within a third medium (D. Cheng et. al., 2011); therefore the effect 

of the third medium needs to be in the balance of interfacial energies. 

∆!!"#
!"# =!!" = !!" + !!"−!!" II. 11 ( 

Equation II. 11 shows the interfacial energy of the new interfaces (Water-Binder 

and Aggregate-Binder), and in the energy components are: 

• γSW is the work done by water to create the aggregate-water interface;  

• γLW is the work done by water to create water-binder interface; 

• γLS is the work done by the system to displace the surface aggregate 

binder surface. 
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 Figure II. 12 shows the effect of the water displacement at the interface between 

bonder and aggregate.  

 
Figure II. 12 – Water displacement in three phase system (Bhasin et. al., 2006) 

Once the overall components of the surface tension of binder, aggregate and water 

are known it is possible to compute the work of debonding considering Equation II.12. 

According to Majidzadeh and Brovold (1968), in a three phases system 

constituted of aggregates, asphalt binder and water as a medium, water reduces  the 

Gibbs free energy (or free energy) of the system more than asphalt does when creates 

adhesive bonds. Furthermore in presence of water the system free energy is negative, 

which means that water displacement is thermodynamically a favorable phenomenon. 

The higher is the magnitude of the adhesion energy in wet condition, the more is the 

potential of the water to create debonding at the interface between binder and 

aggregate (Bhasin, 2006). Results of Hefer et. al, (2006), show the acid component of 

the aggregates is one order of magnitude lower than the base component. Since the 

combination of the components is acid-base, even a small increment of the acid 

component of binders could significantly improve the bond.  

3. Asphalt Mixtures Moisture Susceptibility 

Water causes different type of distress in road pavements in both bituminous 

mixtures as well as in unbounded layers (sub-base and subgrade). In HMA, the 

!!!"#
!"# = !!!!" + ! !!!"!!!" − ! !!!"!!!" − ! !!!"!!!" + ! !!! !!!  
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moisture sensitivity may be defined as the loss of mixtures mechanical properties, 

such as bearing capacity, rutting resistance, and fatigue cracking resistance, due to the 

effect of water. Bahia and Kanitpong (2004) evaluated two different types of distress 

caused by water in pavements: surface raveling and rutting. The first is defined as the 

progressive disintegration of the pavement from the surface downward caused by 

debonding of binder form aggregates; the second is defined by the accumulation of 

permanent vertical deformation due to repeated traffic loading. Rutting may be related 

to water because moisture may reduce the capacity to resist to repeated traffic 

loadings   

On the other hand, moisture damage may be defined as the loss of strength and 

durability of mixtures due to the presence of moisture at binder-aggregate interface 

(adhesive failure), or within the binder (cohesive failure) (Masad et. al., 2005). About 

the adhesive failure, the loss on bond strength at the interface may be related to the 

binder-aggregate interface or to the mastic-aggregate interface (Little and Jones IV, 

2003). Nevertheless, moisture damage in road pavements, are caused by the 

combination effect of water and traffic. One of the most visible effects of water 

(combined with traffic), on a pavement is the creation of the pot-holes on the 

pavement surface (Figure II.13) due to surface raveling. Hence, water does not only 

affect the mechanical properties of the mixtures (therefore influencing durability), it 

also has a significant effect on the functional capacities of the pavement (such as 

friction and ride comfort), and therefore on the safety. It is clear that many moisture 

damage mechanisms can be responsible for the premature failing of pavements, 

increasing maintenance and rehabilitation costs. 

 

Figure II.13 – Image of a Pothole on the pavement surface.  
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3.1. Different Mechanisms of Stripping 

Stripping is an adhesion failure caused by the loss of bond between the film of 

asphalt and aggregate surface caused by water interaction (Bahia et. al., 2007). 

Different mechanisms of stripping have been identified (Taylor and Khlosha, 1983; 

Kiggundu and Roberts, 1988; Terrel and Al-Swailmi, 1994): 

• Detachment 

• Displacement  

• Spontaneous Emulsification 

• Pore Pressure 

• Hydraulic Scour 

Detachment –this form of stripping occurs when water penetrates the film of 

binder or through the mastic to reach the surface of aggregate without breaking the 

asphalt film. The penetration of water within the asphalt or the mastic has been 

explained using the diffusion mechanism based on one-dimensional consolidation 

model of soils and a gas adsorption model (D. Cheng et. al., 2001). As consequence 

water causes detachment of asphalt from the aggregate surface reducing the adhesive 

bond due to interfacial tension. 

Displacement – in this case, the asphalt separates form the aggregate surface 

through a crack in the film of binder. This crack may be due to different mechanisms 

as incomplete coating, high angular aggregates that causes film crack, traffic cycles of 

freeze-thaw cycles that produce stress in the pavement. Different theories can be used 

to explain the effect of water in displacement; on one side, it is possible to refer to the 

chemical interaction between the polar group of water and aggregates, on the other 

hand it could be considered the effect of water on the adhesive bond energy between 

asphalt and aggregates (seen also in “detachment”). As for the chemical mechanism, it 

may be assumed that as water fills these cracks and goes in contact with the 

aggregates surface, the pH of the water changes through the effect of the polar group 

absorbed. The change in the polar components of the water at the aggregates surface, 

causes the buildup of a negatively charged double layers that attract more water 

increasing the physical separation between asphalt and aggregate (Masad et. al., 2005).  
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Spontaneous Emulsification – in this case, because of certain components of 

asphalt allow water filling and to form an inverted emulsion of droplet of water inside 

the asphalt film (Kanitpong, 2004). The emulsification triggers detachment 

mechanism once emulsion reaches the surface of the aggregates. The moisture 

damage due to this mechanism is reversible once the water evaporates (D’Angelo and 

Anderson, 2003). Researchers have shown that sometimes the presence of emulsifiers 

such as clay or additive can aggravate the formation of this inverted emulsion 

(Asphalt Institute, 1981). 

Pore Pressure - this mechanism is due to the buildup of water pressure in the 

HMA pores (in saturated condition), under to repeated traffic loadings. The buildup of 

pore pressure can cause the growth of micro cracks in the asphalt mastic or lead to 

film rupture in the asphalt binder at the interface with the aggregate. 

Hydraulic Scouring – this mechanism happens at the pavement surface where 

stripping is caused from the action of tires on a saturated condition. Basically, the 

front side of the tire provides compressive stress on the pavement surface, while in 

correspondence of the back side the normal stress distribution is of compression. 

Therefore, water is continuously pushed in the pavement (front side), and then pulled 

back; the cumulative effect of these cycles is responsible for stripping due to 

hydraulic scouring (D’Angelo, and Anderson, 2003). Although these mechanisms 

have been described separately, it seems that often they work together. Researchers 

are still debating what mechanism is dominant and how these mechanisms interact 

when happening simultaneously. 
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3.2. Factors Affecting Moisture Sensitivity  

Hicks et. al. (2003), points out different types of factors that contribute to 

Moisture-Related Distress (Table II.1). 

Table II.1 – Factors that contribute to Moisture-Related Distress  

Mix Design 

• Binder and Aggregate Physic-Chemical Characteristics  

• Binder Content (Film Thickness) 

• Air Voids 

• Presence of  Additives and Modification 

Production 

• Percentage of coated aggregate and P#200 Content 

• Plant (Mixing) Temperature 

• Aggregates Residual Moisture Content 

• Presence of Clay 

Construction 

• Density after Compaction 

• Permeability 

• Segregation 

• Field Variability 

Climate 

• Rainfall Rate 

• Freeze-Thaw Cycles 

• Desert Issues (Steam Stripping) 

Other Factors 

• Drainage 

• Rehab Strategies 

• High Truck ADT’s 

Factors in Table II.1 provide a general overview of the parameters involved in the 

mechanism of pavements moisture damage. Part of these can be taken into account 

during the design stage (structural and geometrical), as well in the mix design process; 

other of these factors may be considered among causes of moisture damage. However, 

moisture damage distresses are related to several factors that affect the pavement 

simultaneously, thus it is difficult to identify which is dominant. 
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3.2.1 Binder Physico-Chemical Characteristics 

Physical and mechanical properties of asphalt are related to its chemical and 

functional composition; the chemical composition depends on the crude oil source 

and refining methods. Bitumen maybe defined as a colloidal dispersion of high-

molecular weight hydrocarbons called asphaltenes (disperse phase or lyophobic), in a 

dispersion phase called maltenes (made of resins and oil), (Barth, 1962). The physical 

properties of asphalt depend on the concentration and the particle size of asphaltenes 

and on the nature of oils and resins that compose the dispersed medium. Defining a 

precise chemical composition of asphalt seems to be complicated since it is a product 

derivate from crude oil which contains a significantly high variability of single 

elements that constitute hydrocarbons (Merusi, 2009); in light of this a functional 

classification of its component may be more useful in understanding its behavior. This 

classification is based on solubility in solvents and on the polarity. The functional 

groups are: Saturates, Aromatics, Resins, Asphaltenes (SARA composition). Saturates 

are non-polar hydrocarbons, stable in aging that include straight-chain and branched 

alkanes, as well as cycloalkanes (naphtenes). They are the lightest weight fraction and 

provide flexibility to asphalt. Aromatics are the major portion of the medium oil, and 

they go from non-polar hydrocarbon to polar hydrocarbon. When polarity and 

molecular weight of aromatics increase they are classified as resins or asphaltenes. 

Resins are polar in nature and are peptizes for asphaltenes; this aspect means that they 

are considered to be part of the oily part but since their higher aromaticity compared 

to the other oil components, they are more adsorbed by the asphaltenes rather than the 

remaining part (Barth, 1962). Their molecular weight is lower than Asphaltenes and 

higher than Saturates and Aromatics. Asphaltenes are high polar molecules with the 

highest molecular weight. Their concentration in asphalt significantly affects 

mechanical properties (e.g. viscosity), and it seems that they are the asphalt 

component that bonds with aggregates. On the other side, along with resins, 

asphaltenes are polar molecules that readily accept water. Therefore, it seems that the 

higher is the polar components in binders, the more readily polar bonds with water are 

created.  

Considering chemical interaction, carboxylic acids contained in asphalt are polar 

and they strong adhere to the aggregates; despite this, they are easily removed in 
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presence of water (Robertson, 2000). Petersen (1992), observed that asphalt that 

contain ketones and nitrogen are least susceptible to the debonding effect of water. 

3.2.2 Aggregate Physico-Chemical Characteristics 

Different properties of aggregates are involved in the mechanism of adhesion. 

Aggregate shape affects mechanical adhesion; in fact, increasing the angularity of 

aggregates, the physical “lock and key” effect reduces the sliding of aggregates within 

the film of binder (E. Masad et. al., 2005). Moreover, increasing angularity and 

roughness of aggregates, their specific surface increases improving wetting. On the 

other hand, an excess of angularity, may cause crack in the film of binder allowing 

water to fill in the interface (displacement). Porosity, as well roughness and angularity 

improves mechanical adhesion. Another factor that should be considered is the dust 

content that in high concentration does not favorites adhesion. 

 The chemistry of aggregates, and especially of their surface, is fundamental for 

the chemical mechanism of adhesion. The most significant distinction that can be 

made is between hydrophobic aggregates and hydrophilic aggregates. It is common to 

consider that acidic aggregates are hydrophobic while basic aggregates are 

hydrophilic. However, granite is assumed to be hydrophilic because it is mostly 

composed by silica that is negatively charged. These negative charges lead to 

repulsion with negative charges found in the film of crude oil and to a beading effect 

between water-wet solid and oil. On the other side, limestone is considered 

hydrophobic; in fact it has a net positive charge on the surface that preferentially 

binds with the negative charges found in the crude oil film (Kanicky et al., 2001).  

Hydrophobic aggregates show a better moisture resistance than the hydrophilic 

aggregates; in fact, their basic nature allow them to stay closer to the equilibrium with 

the acidic asphalt than becoming more basic creating bonds with water. On the other 

side, hydrophilic (like granite) aggregates show worse resistance to moisture because 

of higher acidity; therefore they are closer to chemical equilibrium bonding with 

water as a basic material. 
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3.2.3 Asphalt Film Thickness  

Lytton, cited in Masad et. al. (2005), used micromechanics to determine the 

failure type based on the film thickness. He observed that with thicker films, the type 

of failure is mostly cohesive; while for thinner film thickness the type of failure is 

adhesive. Since the film thickness is dictated by mixtures volumetric as gradation an 

asphalt content, both the types of failure are possible.  

3.2.4 Air Void Distribution and Permeability 

Masad et. al., (2005), determined that there are values of air voids and 

permeability at which mixtures have the lowest resistance to moisture damage; the 

author defines this volume of air voids as pessimum air voids. Researchers proposed 

that small air voids size combined with low permeability do not allow water to 

permeate easily reducing the infiltration; on the other hand, mixtures with large air 

voids make easier water to drain out. At the pessimum air void size, water fills in the 

mixture and it is difficult for it to drain out, increasing the risk of moisture damage. 

4. Determination of Moisture Susceptibility in Asphalt Mixes 

The developments of laboratory test able to identify moisture sensitivity in asphalt 

mixes started during the 1920’s. Two main categories of tests can be identified: tests 

on loose mixtures and tests on compacted mixtures. The first type of testes is carried 

out on aggregates coated with asphalt, they are generally cost effective and simple; on 

the other side, this type of test does not allow to consider the effect of compaction 

(provided by construction as well as traffic), the effect of the pore pressure and the 

effect of the density (air voids). Nevertheless, they may be considered as reliable 

prediction of the moisture sensitivity of the mixture. Test on compacted mixtures 

allow consideration of the effects previously cited, but on the other hand they are 

more time and consuming. Moraes (2010) has listed the most common test performed 

on loose, as well as on compacted mixtures (Table II. 2). Test methods used in the 

present study are described in more detail in chapter 3. 
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Table II. 2 – Moisture Sensitivity Tests on Loose Mixes (Moraes, 2010) 

Test Moisture Damage 

Boiling Method 
Fully coated gravel aggregates with melted asphalt. Boiling 
adhesion is obtained from the remaining percentage of 
coated area (not stripped by water). 

Literature Kennedy et al., 1984 

Chemical 
Immersion 

Method 

Determination of adhesion of asphalt to aggregate by means 
of boils loose mix in water. Increasing concentration of 
sodium carbonate (Na2CO2), numbered 0 to 9 and referred 
to as the Riedel and Weber (R&W) number. 

Literature Road Research Laboratory, 1986 

Dynamic 
Immersion Method 

Immerse asphalt loose mix in water followed agitation. As 
the period of agitation increases, the degree of stripping 
increases. 

Film 
Stripping 

Method 
Immerse asphalt loose mixes in water followed by rotation. 
The results are reported in terms of the percent total 
aggregate surface stripped. 

Literature LC 25-009, 2002 

Methylene 
Blue 

Method Attempts to identify the harmful clays and dust available in 
the fine aggregate. 

Literature International Slurry Seal Association, 1989 

Net 
Adsorption  

Method 
Asphalt is adsorbed onto aggregate from a toluene solution. 
Water is introduced into the system, and amount of asphalt 
remaining on aggregate surface is calculated. 

Literature Curtis et al., 1993 

Pneumatic 
Pull-off 
Strength 

Method  Measures bond strength of asphalt applied to aggregate 
substrate as a function of time exposed to water. 

Literature Meng, 2010; Moraes et al., 2010; Youtcheff e& Aurilio, 
1997 

Rolling 
Bottle 

Method 
Aggregate chips are coated with asphalt and covered with 
water in glass jars under agitation. Periodically the coated 
of the particle is visually estimated. 

Literature Isacsson & Jorgensen, 1987 

Static 
Immersion 

Method 
Immerse asphalt loose mix in water. Total visible area of 
the aggregate is estimated as either less than or greater than 
95%. 

Literature AASHTO T182, 2007 

Surface 
Energy 

Method 
Cohesive bond strength within asphalt and adhesive 
bonding between asphalt and aggregate are related to the 
surface energy of asphalt and aggregate. 

Literature Bhasin, 2006; Cheng et al., 2002 

Surface 
Reaction 

Method 
Calcareous or siliceous will react with acid and create a gas. 
This gas will generate a pressure proportional to the  
mineral surface of aggregate exposed to the acid. 

Literature Ford et al., 1974 
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Table II. 3 – Moisture Sensitivity Tests on Compacted Samples 

Test Moisture Damage 

Environmental 
Conditioning 
System (ECS) 
with Resilient 

Modulus 

Method 

A membrane-encapsulated specimen is subjected to 
cycles of temperature repeated loading, and moisture 
conditioning. The air permeability and dry resilient 
modulus are determined after is placed inside the ECS 
load frame. 

Literature Al-Swailmi & Terrel, 1994 

Environmental 
Conditioning 

System  

Method The proposed test are dynamic modulus, repeated axial 
load, and static axial creep test. 

Literature NCHRP Projects 9-19, 9-29 and 1-37 

Flexural 
Beams Test 

with Moisture 
Conditioning 

Method 
Moisture conditioning of flexural fatigue beams to 
evaluate effects of moisture damage on fatigue cracking 
performance of asphalt concrete mixes.   

Literature  Shatnawi et al., 1995 

Freeze-Thaw 
Pedestal Test 

Method 

Conducted on asphalt mix with uniform aggregate sizes. 
The specimen is placed on a stress pedestal with water. 
The number of freeze thaw cycles to induce cracking 
indicates moisture susceptibility of HMA. 

Literature Hicks, 1991 

Hamburg 
Wheel 

Tracking 

Method 
Measures the combined effect of rutting and moisture 
damage by rolling a steel wheel across the surface of an 
asphalt concrete specimen that is immersed in hot water. 

Literature Aschenbrener, 1995 

Immersion-
Compression 

Method 
Compressive strength is measured on dry and wet 
specimens. Average strength of wet specimens over that 
of dry specimens is the moisture sensitivity of the mix. 

Literature AASHTO T165, 2006; ASTM D1075, 2007 

Marshall 
Immersion 

Method 
Conditioning Phase is identical of immersion- 
compression test. However Marshall Stability is used as 
a strength parameter. 

Literature Stuart, 1986 

Modified 
Lottman 
Indirect 
Tension 

Method 

Compares the indirect tensile strength test results of a 
dry sample and a sample exposed to water/freezing 
/thawing. Test results are reported as a tensile strength 
ratio. Samples saturation, test temperature and loading 
rate are different than the original Lottman Test. 

Literature AASHTO T283, 2003; Tunniclif & Root, 1984 

Moisture 
Vapor 

Susceptibility 
Method  

Two Specimens are prepared and compacted. The 
surface of each compacted specimen is covered with an 
aluminum seal cap, and a silicone sealant is applied 
around the edges. An assembly with a felt pad, seal cap, 
and strip wick is prepared to make water vapor available 
to the specimen. The assembly is left in an oven, and 
tested in the Hveem stabilometer. A minimum value of 
Hveem stability value is required. 
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Literature California Test 307 developed in late 1940’s  

Original 
Lottman 
Indirect 
Tension 

Method 

Conditioned and dry specimens are both tested for 
tensile resilient modulus and tensile strength using 
indirect tensile equipment. The severity of moisture 
sensitivity is judged on the basis of the ratio of test 
values for conditioned and dry specimens 

Literature Lottman, 1982 
Tunnicliff-

Root 
Method Similar to the Modified Lottman test. 

Literature Tunnicliff & Root, 1984 
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III. Materials and Test Methods  

1. Materials Selection 

This section presents the materials used in this research: Table III.1 shows the 

materials used in the boiling test; Table III.2 shows the materials used in the Bitumen 

Bond Strength (BBS) Test and Table III.3 shows the materials used for the 

comparison between the boiling test and the Indirect Tensile Strength (ITS) Test.   

Table III.1 – Materials used in the Boiling Test  

Material # Levels Description 

Binder Modification 5 • None – PG 64-22 
• 2% Plastomer 1 
• 2% Plastomer 2 
• 4.0% Plastomer 3 
• 1% Elastomer 1+ 

0.17PPA 
• 3.5% Elastomer 2 
• 2% CWM 

Aggregate 2 • Limestone 
• Granite 

  

Table III.2 – Materials Used in The Bitumen Bond Strength (BBS) Test 

Material # Levels Description 

Binder Modification 4 • None – PG 64-22 
• 2% Plastomer 1 
• 1% Elastomer 1 + 

0.17PPA 
• 2% CWM 

Aggregate 1 • Limestone 

In the BBS only the Limestone was used due to limited availability of grante. 

Testing plates (Figure III. 1) were obtained cutting rocks that came from the same 

quarry of the crushed material.  
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Figure III. 1 – BBS Testing Plate 

Table III.3 – Materials used in Indirect Tensile Strength (ITS) Test 

Material # Levels Description 

Binder Modification 6 • Binder 1 (Control) 
• Binder 2 (3.5% Elastomer 2) 
• Binder 3 (4% Plastomer 3)  
• Binder 4 (4.5% Plastomer 4) 
• Binder 5 (4.5% Plastomer 4+Anti-

stripping) 
• Binder 6 (Elastomer 2+ Plastomer 

4 + Anti-stripping) 
Aggregate 1 • Granite 

1.1 Binder Modification 

Since asphalt modification has become in the past twenty years common practice, 

it may be useful to provide a brief description of each modifier used in this 

experiment. 

Elastomeric Polymers – This type of polymer modification is the most widely 

used in US, in fact about the 64% of US Highway Agencies use thermoplastic 

polymers as binder modification.  Basically, results of the modification depend on the 

molecular architecture of the polymer, on the amount of polymer used and on the 

blending process with asphalt binder. Thermoplastic elastomer (most widely used), 

tend to form dipole or hydrogen crosslinks; the amount of polymer used depends on 

the polymer type, on the target required from the modification and on the type of 

blending. Elastomers improve binder strength and binder elasticity reducing the 

accumulation of permanent deformation, even at high energy levels (high temperature 

or high stress-strain level). In this experiment the elastomer used was a terpolymer 

which is a polymer made of three monomers. It reacts with the asphaltenes component 
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of the binder increasing the stiffness and improving the elastic response. The Poly-

phosphoric acid was used as catalyst to accelerate the reaction with the base binder. 

Plastomeric Polymers - These types of modifiers is not widely used as the 

elastomers (10% of US Federal Highway Agencies). Thermoplastic plastomers 

become softer on heating and get harder when they are cooled. The mechanical effect 

they provide to binders is different than the one provided by thermoplastic elastomers. 

They increase binders’ viscosity and increase binder stiffness below a specific melting 

point. In this condition they form a 3-D network that resists deformation and provides 

elasticity. Unlike Elastomer which create primary bond crosslinks that endure at high 

temperatures, even within the mixing and compaction range of asphalt binders, 

plastomer networks disintegrate above a relatively lower melting point, above which 

viscosity and elasticity reduce significantly..  

Warm Additive – The main purpose of the Warm Mix Technologies to decrease 

bituminous mixtures production and compaction temperatures. There are more than 

20 Warm Mix Processes currently used in United States (Bonaquist, 2011), and they 

generally are based on different type of mechanism (Hanz, 2012). In this experiment 

it was used a Chemical Warm Modifier (CWM), or Additive, that is a combination of 

surfactant and chemical wax; it is delivered as pellet and it blended with binders in 

concentration of 1-2%. The surfactant reduces the surface tension promoting 

aggregates coating and uses the creation of inverse micelles that help in compaction; 

on the other side, wax above its melting point reduces binder viscosity. The 

combination of the surfactant and the wax improves coating and compaction at lower 

temperature.  

Once the effect of different types of binder modifications is considered, the 

concentration of modifier represents an important factor. Generally, when the effect 

of different polymers is compared, their concentration is based on the achievement of 

the same increase in binder Performance Grade (PG); that is the final PG is fixed and 

the concentration of polymer used is the one that allow gaining the number of bump 

grades necessary to target the final PG (starting from the same base binder). In this 

work, a consideration like this one was not possible because polymer were compared 

also with chemical warm additive that generally do not allow any grade bump. Based 

on this, the concentration of the chemical warm additive was selected based on the 
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common practice with this additive and the same concentration was used with 

Plastomer 1 and Plastomer 2; on the other side the concentration of elastomer 1 was 

based on a previous characterization of this material as part of another project were it 

was seen that concentration higher than % would have allowed significant high 

temperature to achieve low viscosity values. For what concerned the concentration of 

Elastomer 2 and Plastomer 3, their concentration was already selected under another 

project therefore it was maintained in this work for comparison purpose. 

1.2 Aggregate Type 

In this work two aggregates types were used to determine the effect of aggregate 

on the quality of coating. The types of aggregates used were: 

• Limestone (Figure III. 2), from Halquist Sussex, Milwakee (WI). 

• Granite (Figure III. 3), from Mosinee (WI) 

 The effect of aggregates on the different adhesion mechanisms was explained in 

Chapter II. As previously discussed, in this experiment the size of aggregates used 

was the retained to sieve #3/8”. Two aggregate properties were provided by 

contractors, the water absorption (n [%]) (ASTM C 127 – 07), and the specific gravity 

(Gsb [1]), (ASTM C127 – 07) (Table III.4). The specific gravity is represented by the 

ratio between the aggregate density and the water density to a specific temperature. 

The selection of these two aggregate types, was made because besides showing 

different properties as water absorption, specific gravity and texture they present also 

different mineralogy (Limestone mostly composed by CaCO3, while Granite mostly 

made of SiO2), and different surface chemistry (Limestone -> Hydrophobic, Granite -

>Hydrophilic). Nevertheless, texture, mineralogy and surface chemistry were not 

measured and their differences are assumed from literature (R. L. Lytton et al., 2005; 

J.L. Kanicki et al., 2011; D. Cheng et. al., 2011; R. Little et al., Masad et al., 2006). 

Another factor that should be considered is the aggregates dust content, to avoid the 

effect of extra fine particles on results, before mixing, aggregate were washed and 

dried overnight. 
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Table III.4 – Physical Characteristics of the Aggregates used in the Boiling Test 

 
Figure III. 2 – Limestone.  

(Gsb=2.720; n=0.9%) 

 
Figure III. 3 – Granite.  

(Gsb=2.642; n=0.3%) 

2. Water absorption method to determine coating. 

The development of a procedure based on the boiling test to determine the quality 

of coating was generated from the preliminary results of the indirect water absorption 

method to evaluate the extent of coating. For this reason, before presenting the 

experimental plan and the testing procedures used, a description of this method is 

provided. 

The standard reference for this test is the  ASTM C 127 – 07 “ Standard Method 

for Density, Relative Density (Specific Gravity), and Absorption of Coarse 

Aggregate”. The purpose of this method is to evaluate the extent of coating using 

water absorption as a quantitative parameter; the test assumes, and it was also shown, 

that in the timeframe of the experiment binders do not absorb water.  To make the 

testing procedure less time consuming, this test was supposed to be performed on 

loose mixtures using the Gmm sample (Gmm is the theoretical maximum density of 

the mixture once air voids are removed from the volume); however, it was observed 

that the fine part of the mixture, which retained water, made difficult the achievement 

of the Saturated Surface Dry (SSD) condition. Afterwards, the same sample used in 

the current standard for determining coating AASHTO T 195, was used, but it was 

seen that the mortar that coats the coarse particles, retains water due to its rough 

surface and does not allow differentiating the water effectively absorbed and the water 

retained (Velasquez et. al., 2102). Therefore the test sample was made of coarse 

aggregates and binder. Results of the test are based on the basic concept that the more 

the aggregates are coated, the lower the sample’s water absorption; hence, for fully-

coated aggregate the water absorption value is close to zero. 
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A description of the method follows: 

• Sample Preparation. The procedure is based on the AASHTO T 312 

Standard used for determining density of mixtures. 1kg of bare aggregates 

(R3/8”) is mixed with four design asphalt content by weight (0.9%; 1.4%; 

1.9%; 2.4%) for each mixing temperature (i.e., needed because of lost of  

asphalt during the mixing process and because the asphalt content may 

affect the extent of coating). Prior to mixing, aggregate are washed with 

water to remove extra-fine particles that may affect the coating, afterwards 

aggregate are dried to eliminate residual moisture.  The mixing 

temperature is based on viscosity values measured according to AASHTO 

T 316. Once samples are taken out from the oven, they are let cooling and 

then the dry weight is acquired. 

• Testing. The testing procedure follows the ASTM C 127 – 2007 method 

for determining coarse aggregates water absorption. The soak time is 1 

hour. Once water is removed, the wet weight is acquired under the 

Saturated Surface Dried (SSD) condition; the surface of the sample is 

dried with a towel for approximately 1 minute. Water absorption (n) is 

computed according to Equation III. 1 . 

! =
!!"# −!!"#

!!"#
∗ !"" III. 1  

• Results. Water the value of water absorption is reported in a chart in 

function of the real asphalt content that is the asphalt the effectively sticks 

to the aggregate during mixing and curing, an example of which is 

provided in Figure III. 4. On the same chart is shown also the value of bare 

aggregate obtained with the same soaking time and the aggregate size of 

1Kg. 
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Figure III. 4 – Results of Coating Test based on Water Absorption  

Water absorption values show that the extent of coating is influenced by viscosity 

as well as the asphalt content; furthermore, it seems that for asphalt content higher 

than 1.5% the extent of coating is achieved even at different values of viscosity.  

This test method to determine coating was developed to represent an alternative to 

the current procedure to determine coating in Hot Mix Asphalt (AASHTO T 195), 

that is subjective time consuming. The comparison of results shows that the two 

testing methods are in agreement (Figure III. 5).  
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Figure III. 5 - Comparison in function of the mixing temperature between 

coating determined with the AASHTO T195 and the indirect absorption method. 

Figure III. 5 shows that once the number of coated particles increases, the water 

absorption decreases. Furthermore, both the methods, the AASHTO T195 and the 

indirect absorption method, show that for the same binder coating could depend on 

the mixing temperature (Velasquez et. al., 2012). Based on these results, it may be 

concluded that the water absorption test is a proper and objective method to determine 

the extent of coating. However, analysis of results shows that the solely evaluation of 

the extent of coating does not provide any significant information for predicting 

mixtures moisture sensitivity; in fact the distinction among uncoated mixtures, coated 

mixtures or partially coated mixtures does not provide any information on the bond 

between aggregate and binder. Cuciniello and Bahia (2013), using a boiling test have 

shown that samples with the same extent of coating mixed at two different 

temperatures show significant differences in quality of coating. Based on this, it 

seems that considering the only extent of coating as an indicator of moisture 

susceptibility could not provide reliable results. 
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3. Experimental Plan 

In this thesis a procedure on a boiling test that evaluates the quality of coating was 

developed. The experimental part of this thesis is organized in five Experiments based 

on different test methods. Here follow a brief description of the five experiments 

presented in the same chronological order as the have been carried out.  

Experiment 1 – Evaluation of the effect of low shear viscosity, binder 
modification and aggregate type on the quality of coating determined with a 
boiling test. 
 

• Test – The procedure was developed from the Boiling Test (Based on ASTM 
D3625- 96), but several part of the standard were modified. 

• Purpose  
o Develop a boiling test procedure to evaluate the quality of coating. 

o  Determine the effect of Binder Modification, Aggregate Types and  

Viscosity on the quality of coating 

• Outcome – Percentage of uncoated aggregates surface after boiling described 

by visual inspection. 

• Expected Findings  - If low shear viscosity explains the quality of coating, 

different combination of modified binder – aggregates mixed at the same low 

shear viscosity should provide similar uncoated surface post boiling (at least 

within the experimental error); otherwise modification and aggregate type 

influence the quality of bond. 
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Experiment 2 – Evaluation of the effect of the mixing time and of the short-term 
conditioning time on the quality of coating determined with a boiling test. 
 

• Test – Same as Experiment 1 
• Purpose   

o Based on the experimental procedure developed in Experiment 1, this 

experiment aims to evaluate the effect of the Mixing Time and of the 

Short Term Conditioning Time on the quality of coating  

• Outcome – Percentage of Aggregates Uncoated Surface After Boiling Based 

on Visual Inspection. 

• Expected Findings – The concept is the same as of Experiment 1, but in this 

case rather than the effect of materials, the effect of the construction process 

on the adhesive bond is valued. 

 

Experiment 3 – Validation of visual inspection used in the boiling test 
 

• Test – Acid Base Titration (UNI EN 12697 – 11 (2012) ) 

• Purpose  

o Validate the results of the visual inspection using acid-base titration.  

• Outcome – Volume of Consumed Acid after reaction with uncoated 

aggregates surface after boiling. 

• Expected Findings – Results of titration represent a more rigorous (but less 

practical) way to quantify the uncoated surface after boiling. Based on this 

conclusion drawn with this method should be the same as those related to the 

visual inspection.  

 

Experiment 4 – Comparison between the Boiling Test and the Bitumen Bond 
Strength Test 
 

• Test – BBS Test (AASHTO Designation TP 91-12) 
• Purpose  

o Evaluate the effect of the application temperature on the loss in bond 

strength due to moisture conditioning. This test is carried out to 

compare the boiling test with another moisture sensitivity test on loose 

mixtures commonly used. 

• Outcome – Bond strength [MPa] before and after moisture conditioning. 
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• Expected Findings – In this experiment the application temperature is not 

selected according to the equiviscous principle, therefore if the bond strength 

is driven just by viscosity binders are not expected to provide the same 

results; in fact, the main purpose of this experiment is to evaluate whether the 

adhesive bond strength between binder and aggregates improves once the 

application temperature is increased (therefore viscosity is reduced). 

 
Experiment 5 – Comparison between the Boiling Test and the Indirect Tensile 
Strength Test (AASHTO T283 – 2003) 
 

• Test – Indirect Tensile Strength (ITS) 
• Purpose  

o Evaluate the effect of the application temperature on the loss in bond 

strength due to moisture conditioning. This test is carried out to 

compare the boiling test with another moisture sensitivity test on loose 

mixtures commonly used. 

• Outcome – Bond Strength [MPa] before and after moisture conditioning. 

• Expected Findings – In this experiment the application temperature is not 

selected according to the equiviscous principle, therefore if the bond strength 

is driven just by viscosity binders are not expected to provide the same 

results; in fact, the main purpose of this experiment is to evaluate whether the 

adhesive bond strength between binder and aggregates improve is the 

application temperature is increased.  

 

4. Experiment 1  

4.1 Boiling test - Testing Procedure 

This test is based on the standard procedure ASTM D3625 – 96 (2005) “Effect of 

Water on Bituminous-Coated Aggregate Using Boiling Water”; however in this thesis 

a modified procedure of the test was used.  Here follow a description of the testing 

method. 

 



53 

 

• Sample Preparation. Prior to mixing, aggregate are washed to remove 

extra-fine particles (dust), and dried overnight in the oven to remove the 

residual moisture. For each sample, 1 kg of bare aggregate is mixed with 

3.0% by weight; in fact, use of such amount of binder allows coating 

aggregate independently from viscosity (Figure III. 4), hence prior to 

boiling all the samples have the same extent of coating. Mixing as well as 

short term conditioning temperatures are established according on what 

described above. The mixing time and the short term conditioning time are 

considered as factors in this experiment, therefore their value will change 

according to the experimental design. In the experimental design presented 

in Table III.4 the mixing time is 90 second and the short term conditioning 

time is 2h±5min as recommended by AASHTO R30. 

• Testing 

1. 200 gr of coated aggregates are conditioned in the oven at 90°C for 

1 hour. 

2. After conditioning, aggregates are submerged in boiling water for 

20 min ± 1min. The sample is poured in a metal basket that avoids 

the contact of the sample with the hot plate surface at the bottom of 

the container (Figure III. 6) 

3. Aggregates are removed from boiling water and cooled at room 

temperature. 

 

 
Figure III. 6 – Boiling Test Equipment 
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• Results. The visual inspection, the estimation of the degree of bitumen 

coverage post boiling was determined using the scale provided in the UNI 

EN 12697-11 2012 (E) Annex A (Figure III. 7). In this work, another level 

was added for defining particles completely stripped that did not show any 

bitumen coverage (0%).  

 

Figure III. 7 - Scale of the degree of bitumen coverage post to boiling according 

to UNI EN 12697-11 2012 (E) Annex A 

 

A sample of 200 g of material is composed of an average of 90±6 particles 

(for limestone), and 101±6 particles (for granite); for each combination 

two replicates are considered. Particles are visually inspected one by one 

and the degree of bitumen coverage is determined according to the scale in 

Figure III.7. For each sample it is possible to obtain a histogram that 

shows the distribution of coverage (e.g. Figure III.8), where the horizontal 

axis is referred to the uncoated surface post boiling.  

 
Figure III.8 – Relative Frequency Distribution of Degree of Bitumen Coverage 
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Based on the results of the uncoated surface distribution, for all the samples it is 

possible to define an index that describes the quality of coating post boiling called 

Coating Index (Equation III. 2). 

!. !. [%] =
!! + !!!!

! ∗ ∆!!! − ∆! ∗ !.!
!

!!!

 III. 2 ( 

where: 

• ni – number of particles in the ith category represented by the amount of 

uncoated surface after boiling (i=[1-8]); 

• N – sample size;  

• Δ – Category label (Δ(1)=0, Δ(2)=5, Δ(3)=10, Δ(4)=20, Δ(5)=40, 

Δ(6)=60, Δ(7)=80, Δ(8)=100; this represents the percentage of uncoated 

surface post boiling. 

This index represents mathematically the area under the cumulative curve of 

frequencies (Figure III.9); the Coating Index varies from 0 (completely uncoated 

surface) to 100 (fully coated surface).  

 

Figure III.9 – Surface Underneath the Frequency Cumulative Curve  
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3.2 Experimental Design – Experiment 1 

The different factors and levels considered in Experiment 1 are presented in  

Table III.  5 

Table III.  5 - Experimental Design Experiment 1 

Factor Levels Level Description 

Modification 5 

• Base (Control Binder) – PG 64-22 

• 1% Elastomer 1+0.17%PPA 

• 2% Plastomer 1 

• 2% Plastomer 2 

• 2% CWM 

η(0.01 [1/sec])  

@Mixing Temperature  
3 

• 0.17 [Pa*s] 

• 1.0 [Pa*s] 

• 3.0 [Pa*s] 

Aggregate Type 2 
• Limestone 

• Granite 

Total Combinations 30 

 

4.3 Factors considered in Experiment 1 

1. Viscosity @ 0.01 [1/s] at the mixing temperature 

Viscosity is the fundamental binders’ property used for mixing as well as 

compaction temperatures. Unmodified binders show generally linear Newtonian 

behavior within the common range of mixing temperatures used (145°C÷155°C), 

therefore, during mixing, their viscosity is independent from the shear rate. On the 

other side, within the same range of temperature, and even higher, modified binders 

(primarily Polymer Modified Binders), may show Non-Newtonian behavior and their 

viscosity depends on the shear rate; based on this, and since this method aims to be 

used with unmodified as well as modified binders, the range of viscosity considered is 

referred to a defined shear rate.  The choice of the shear rate interval to consider relies 

on results of the coating test based on water absorption (Figure III.10). 
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Figure III.10 – Effect of the curing time on the extent of coating 

Results in Figure III.10 are related to two different binders (Binder 1 and Binder 

2), mixed at the same temperature with the same type of aggregate. For each binder-

aggregate combination two samples were prepared; after mixing one sample was 

cured for two hours in the oven (at a temperature 10°C lower than the mixing one), 

while the other sample was cooled at room temperature. Looking at coating 

determined in terms of water absorbed, it seems that the curing time (or short term 

conditioning time), provides a significant effect on the extent of coating; in fact, upon 

the same mixing temperature and the same asphalt content, cured samples show a 

value of water absorption that is about a half of the non-cured one. So, it seems that 

binder coats mineral aggregate both during mixing but also significantly during the 

short term conditioning time without mechanical action (0 shear rate); hence the 

viscosity at low shear rate is considered as binder property that affect the extent of 

coating.  

On the other side, this thesis aims to define the effect of viscosity also on the 

quality of coating. The selection of the shear rate to consider still relies on results in 

Figure III.10. Water absorption values show that more that 50% of the extent of 
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coating is achieved at shear rate equal to 0; therefore, since the extent of coating may 

be the initial stage of the adhesive bond builds up, it can be assumed that the bond 

start building up when no shear is provided, therefore the adhesive bond may be 

independent from shear rate. This aspect allows considering that besides the extent of 

coating, also the quality of coating is affected by low shear viscosity. These 

considerations are supported also by another aspect: a reduction of 50% of water 

absorption (as shown by results), means the 50% of available volume is occupied by 

absorbed binder. Binder absorption is one of the mechanisms that affect mechanical 

adhesion; therefore at least this part of the adhesive bond strength builds up without 

shear rate.  In this work mixing temperatures were selected considering viscosity 

values at a shear rate of 0.01 (1/s); three levels of low shear viscosity were 

considered: 0.17 Pa•s, (currently recommended by Superpave Mix Design Method), 

1.0 Pa•s and 3.0Pa•s. The other two viscosity limits were chosen in order to provide a 

difference in mixing temperature of more than 10°C between two levels.   

2. Modification 

Modification is considered an important factor in this work. On one hand, this 

aspect needs to be considered because of the widely usage of modified binders in the 

current practice. In fact, in the past twenty years, the use of modified binders has 

grown with a rate of 4% yearly, and nowadays it is estimated that they make up more 

than the 20% of the asphalt sales in United States of America (West et al., 2010). Four 

types of modification were included in this work, one warm mix additive, two types 

of plastomers and one elastomer (with poly-phosphoric acid as catalyzer); a base 

binder was used as control point. The base binder was a PG 64-22, the concentration 

of the warm additive and of the two plastomers was 2% by weight while the 

concentration of the elastomer was 1% by weight plus 0.17% of acid as catalyzer. 

Future development may also consider the modifier concentration as a factor to be 

considered. All the modified binders were mixed with coarse aggregate at the same 

three levels of viscosity. The purpose of this work was not to compare different 

asphalt modifiers at the same level of viscosity to evaluate which provide the best 

results;  but rather, it was the evaluation of the low shear viscosity during mixing 

viscosity on the bond strength between the binder (modified) and the aggregate for 

different modifiers; in fact, the determination of the quality of coating based on the 
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effect of boiling water may represent a more reliable and rigorous method to 

determine the mixing temperature for modified as well as unmodified binders. This 

point is crucial for polymer modified binders whose mixing temperatures are provided 

generally by producers based on experience and lead often to significant high mixing 

temperatures (160-170°C). In light of this, this work aims to point out if certain types 

of modifiers can provide an acceptable quality of coating even at lower temperatures 

than those commonly used. 
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3. Aggregate type  

Aggregates are the solid phase in the mechanism of adhesion described in Chapter 

II, therefore their effect on the quality of coating needs to be considered. Different 

types of aggregates properties may affect the mechanism of adhesion as mechanical 

adhesion, chemical adhesion and physical (or thermodynamical) adhesion. For each 

mechanism, different properties may be measured. The extent of coating depends also 

on the specific surface of aggregates which is related also to the aggregate size; for 

reducing differences in specific surfaces among the same aggregate type particles and 

between different types of aggregates, in this experiment aggregate R 3/8” were used. 

4. Extent of Coating  

Cuciniello and Bahia (2013), have shown that the extent of coating depends on 

binder’s viscosity during mixing and binder’s film thickness depending on asphalt 

content, gradation and type of aggregates; besides this, their results show that 

viscosity seems to affect more significantly the quality of coating than the film 

thickness. Based on this, for not confounding the effect of low shear viscosity with 

poor extent of coating, all the samples were prepared to have the same extent of 

coating prior to boiling. This was done using an asphalt content that would have 

allowed coating even at high viscosity levels. Moreover, testing the moisture 

sensitivity of partially coated samples would be quite meaningless because in the field 

partially coated mixtures (or coated less than the 95%), are rejected. Therefore, it may 

be assumed that prior to boiling all the samples had the same extent of coating. 

4.4 Determination of the mixing temperature – Dynamic Shear Rheometer (DSR) 
Bob and Cup 

Mixing temperatures for each binder are determined according to low shear 

viscosity values (shear rate of 0.01 [1/sec]). In this experiment low shear viscosity 

was measured using the Bob and Cup device in the Anton Paar® Dynamic Shear 

Rheometer (DSR), (Figure III.11) 
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Figure III.11 – Bob and Cup Device used for measuring viscosity to a 

shear rate of 0.01 (1/sec) 

The values of viscosity used in this experiment were 0.17 Pa•s, 1.0 Pa•s and 3.0 

Pa•s. A frequency sweep was carried out on each binder at three different 

temperatures: 100°C, 130°C, 160°C. Results were plotted on a (T[°C]; log η [Pa•s]), 

plane where the values of temperature were interpolated form the curves. For binders 

that show shear rate dependency or high viscosity level, it was necessary using one or 

two more values of temperature. The mixing temperatures provided by this method 

are in (Table III.6). Short term conditioning temperatures are 10°C lower that the 

mixing temperatures. 

Table III.6 – Equi-viscous Binders Mixing Temperatures 

Final Mixing Temperature [°C] @0.01 [1/sec] 

η [Pa•s] Base Elastomer 1 Plastomer 1 Plastomer 2 CWM 

0.17 158 185 164 166 155 

1.0 124 155 145 127 121 

3.0 103 137 134 119 99 
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5. Experiment 2 

5.1 Boiling Test Procedure 

The boiling test procedure is the same as the one described in Paragraph 4.1. Also 

the visual inspection and the mixing temperature selection are the same as those used 

in Experiment 1. 

5.2 Experimental Plan – Experiment 2 

The experimental table with the different factors and levels considered are listed 

in Table III.7. 

Table III.7 - Experimental Design Experiment 3 

Factor Levels Level Description 

Binder Source 1 Flint Hill PG 64-22 

Modification 4 

• Base (Control Binder) – PG 64-22 

• 1% Elastomer 1+0.17%PPA 

• 2% Plastomer 1 

• 2% CWM 

η(0.01 [1/sec]) 

@Mixing Temperature  
1 • 1.0 [Pa•s] 

Aggregate Type 2 • Limestone 

Mixing time 2 
• 1.5 [min] Current Procedure 

• 6.0  [min] 

Short Term 

Conditioning Time 
2 

• 2.0 [h] Current Lab. Procedure 

• 4.0 [h] 

Total Combinations 32 
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5.3 Factors considered in Experiment 2 

1. Mixing Time  

The mixing time is considered as a factor for two reasons:  

• Verifying if increasing the mechanical energy provided during the mixing 

process promotes the quality of coating. 

• Considering eventual nonlinear Newtonian behavior of modified binders. 

The first reason can be explained considering that the spreading and the binding of 

binder on aggregates not a spontaneous phenomenon therefore to make it happen 

work needs to be provided. During mixing two different types of work are provided, 

the thermal one due to heat, and the mechanical one due to the mixing action. Based 

on this, it may be possible that increasing the amount of mechanical energy, it could 

be possible achieve the same spreading (and so the same extent of coating), even 

providing less thermal energy (so at lower temperatures). 

The second reason can be explained that sometimes for modified binders, the 

assumption on linear Newtonian behavior is not valid and certain types of modified 

binders may show shear rate dependency behavior as shear thinning. If the mixing 

process is assumed to be a high shear rate process, increasing the mixing time may be 

useful to verify if this shear rate dependency may provide any effect or not (especially 

for polymer modified binders). This assumption needs to be investigated for both the 

extent. 

2. Short term conditioning time 

The short term conditioning time is considered as a factor because it could be 

possible that increasing the amount of thermal energy provided after mixing can 

increase the adhesive bond between binder and aggregates. This consideration is 

based also on the fact that the extent of coating is significantly affected by the short 

term conditioning time (Figure III.10). However, it is not well known if the creation 

of the adhesive bond is time dependent or not. Studies of surface energy using the 

contact angle measurements use a solid surface at room temperature, but during 

mixing and short term conditioning time, the aggregates surface is hot and 
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continuously provides thermal energy to binders. Based on this, the system may not 

be at the equilibrium and the adhesive bond energy computed at the equilibrium may 

be different than the one produced during mixing and curing (short term conditioning 

time).  

 

6. Experiment 3  

Even if the visual inspection in Experiment 1 as well as 2 was carried out 

following a precise scale, results still may be affected by the subjectivity of the 

operator in judging the degree of coverage. Based on this, in this thesis results of the 

visual inspection were validated using the acid-base titration methodology 

recommended in the UNI EN 12697 – 11 (2012) (Part E). The validation procedure 

was used with samples of Experiment 1, just considering limestone aggregate. The 

test is based on the fact that when Hydrochloric (HCl) acid reacts with Calcium 

Carbonate (CaCO3) and dissolves the mineral according to the following reaction: 

2223 2 COOHCaClHClCaCO ++→⋅+  

The more Calcium Carbonate is involved in the reaction, the more HCl is 

consumed (therefore the pH of the solution increases). In this work the amount of acid 

consumed was measured using titration and samples were ranked according to the 

volume of base necessary to neutralize the acid; the lower is the volume of base 

necessary to neutralize the acid, the less is the surface that was exposed to the acid. 

Figure III. 12 shows the different steps of the procedure: a) after boiling, once the 

sample is cooled and dried at room temperature, it is put in contact with an amount of 

acid equal to the sample’s weight and let to react for 1 hour; b) after reaction the 

solution is poured in a graduated cylinder; c) the base used for neutralizing the 

solution was Sodium Hydroxide (NaOH); d) a volume of 25 ml of solution is 

neutralized with the base and the volume of base is recorded. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure III. 12 – Titration Procedure used for results validation. 

Since the sample preparation procedure required in the UNI EN 12697 – 11 

(2012) Part E was different that the one used in this work, the reaction time between 

the acid and the samples was increased to one hour, and the calibration curve was not 

considered. Results of the validation confirmed the same conclusion drawn with the 

visual inspection. 

7. Experiment 4  

In this experiment, the BBS Test was used to compare the boiling test with 

another moisture sensitivity test on loose mixtures widely used.  

7.1 Bitumen Bond Strength (BBS) Test 

The standard reference for the BBS Test is the AASHTO “Determining Asphalt 

Binder Bond Strength by Means of the Binder Bond Strength (BBS) Test”, AASHTO 

TP-91-11. The sample application temperature prescribed in the test is 145°C; in this 

experiment two application temperatures were used to evaluate the effect its effect on 

the bond strength.  
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The BBS device is comprised of a portable pneumatic adhesion tester, pressure 

hose, piston, reaction plate and metal pull-out stub (Figure III. 13, Figure III. 14). 

 

Figure III. 13 – BBS Test 

Apparatus Components 

(Moraes, 2010) 

 

Figure III. 14 – BBS Apparatus Scheme 

(Moraes, 2010) 

In order to begin testing, the piston is placed over the pull-out stub and the 

reaction plate is screwed onto it. Subsequently, the pressure hose blows compressed 

air into the piston and a pulling force is applied to the specimen using a metal stub. 

Once failure occurs, two different scenarios are considered: 

• The failure happens in the film of binder and it is supposed to be for 

cohesive strength. 

• The failure happens at the binder-aggregate interface and it is supposed 

to be for adhesive strength. 

Adhesion and cohesion are fundamental properties that the BBS test is not able to 

detect; in light of this, the failure mode in this test is estimated qualitatively 

differentiating failure in the binder for cohesive strength from failure at the binder-

plate interface for adhesive strength. Moraes (2011), validated results of Bitumen 

Bond Strength Test (BBS Test), using surface free energy values obtained from 

contact angle measurements.   
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The pull-off tensile strength is calculated According to Equation III.3 

!"#$ =
!" ∗ !" − !

!!"
 III. 3  

Where: 

• Ag is the contact area of Gasket with reaction plate [mm2] 

• Bp is the burst pressure [MPa] 

• Aps is the area of the pull stub [mm2] 

• C is the piston constant 

The burst pressure is the pressure measure in the piston, not at the interface 

between the stub and the sample. The surface of the pull stub in contact with the 

binder specimen is rough to prevent the failure happens between the pull stub surface 

and the sample; the roughness of the surface provides mechanical interlock and a 

lager surface area improving the adhesion between the sample and the stub (Figure III. 

15- a) 

 

(a) 

 

(b) 

 

(c) 

Figure III. 15 – BBS Stub figures (Moraes, 2010) 

  The diameter of the pull stub is 20mm (Figure III. 15- b) and it is surrounded at 

the edge to control the film thickness of the sample. The thickness of the edge is 

800µm. The geometry is the results of recent studies carried out in order to improve 

the repeatability of the test (Canestrari et al., 2010; Meng, 2010).  

The effect of moisture on the bond strength is determined in terms of reduction in 

Pull-off tensile strength after water conditioning due to immersion of the aggregate-

binder system in water bath for different conditioning times. The outcome which 

points out the loss of bond strength is expressed by Equation III. 4. 
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7.2 Experimental Plan – Experiment 3 

Here follow the experimental plan used in Experiment 4  

Table III.  8 – Experimental plan Experiment 4 

Factor Levels Level Description 

Binder Source 1 Flint Hill PG 64-22 

Modification 4 

• Base (Control Binder) – PG 64-22 

• 1% Elastomer 1+Catalyst 

• 2% Plastomer 1 

• 2% CWM 

Application 

Temperature  
2 

• 105°C 

• 145°C 

Aggregate Type 1 • Limestone 

Conditioning 2 
• Dry 

• Wet (96 Hours Moisture 
Conditioning at 40C) 

 

7.3 Factors considered in Experiment 4 

1. Application Temperature 

The application temperature was selected as factor to evaluate its effect of the 

reduction of the bond strength caused by water. Differently, from the boiling test 

where mixing temperature were chosen upon equiviscous condition, in this 

experiment two temperature were selected for all binders: 145°C is the standard 

application temperature used in the test for HMA, while 105°C was selected just a 

significant lower temperature than the traditional one.  
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2. Modification 

Since this test was used as comparison with the boiling test, the same modifiers 

used in Experiment 1 and 2 were used. Since the application temperature was not 

selected based on the equiviscous principle, the same rank obtained with the boiling 

test could not be expected; nevertheless, the purpose of this test is not comparing 

binders but it is to evaluate for each binder which effect has the application 

temperature (therefore the viscosity), on the bond strength.  

8. Experiment 5  

8.1 . Indirect Tensile Strength (ITS) Test 

The standard reference for this test is the AASHTO T283 (2003); this test is 

carried out on compacted mixtures and the moisture sensitivity of the mix is measured 

in terms of loss of tensile strength. In this work, this test was not directly carried out, 

but results obtained from other project at the University of Wisconsin- Modified 

Asphalt Research Center (UW-MARC) were used for validation. 

The Indirect Tensile Strength is measured by loading the sample along the 

diametrical vertical plane until failure happens along the plane perpendicular to the 

loading one. The tensile strength is computed using the maximum load achieved 

during the test according to the following formula (Equation III. 5): 

!" =
! ∗ !

! ∗ ! ∗! III. 5 ( 

Where: 

• St - is Tensile Strength (psi); 

• P - is the Maximum Load (lb); 

• t - is the sample thickness (in); 

• D - is the sample diameter (in). 

The parameter used for evaluating the moisture sensitivity is the Tensile Strength 

Ratio (TSR) [%], computed as the ratio between the tensile strength of moisture 

conditioned sample and the dry (control) sample (Equation III. 6). 
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8.2 Experimental Plan – Experiment 5 

The experimental plan used in Experiment 5 is presented in Table III.9  

 

Table III.  9 – Experimental plan Experiment 5 

Factor Levels Level Description 

Binder Source 1 Flint Hill PG 64-22 

TSR Values [%] 3 

• 29 

• 45 

• 71 

Mixing Temperature  1 • 155°C 

 

8.3 Factors considered  in Experiment 5 

The ITS test was used in this thesis to compare the boiling test with moisture 

susceptibility test carried out on compacted mixtures. In compacted mixtures, 

moisture damages are represented by a combination of different mechanisms (see 

Chapter II). The correlation between boiling test results and TSR value may be used 

for different purposes: 

• To evaluate the reliability of the boiling test compared with a mixture 

testing; 

• To determine which may be the effect of the detachment of the film of 

binder from aggregate surface on the overall loss in tensile strength in 

mixtures;  

• To provide limits to boiling test results. 
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IV. Results and Analysis 

In this section results of the experiments are presented and discussed. The results 

are used to support the study hypothesis and achieve the following objectives, as 

previously discussed: 

• Develop a simple procedure that allows determining binder-aggregate 

bond strength under the effect of boiling water and considering production 

conditions (e.g., effect of the mixing time and of the short term 

conditioning time). 

• Fill gaps in the current understanding of the importance of the extent of 

coating on the bond-strength between binder and aggregates. This could 

influence the current practice clarifying if looking only at the extent of 

coating may be effective in the prediction of mixtures moisture resistance. 

• Provide an alternative criteria and specification for determination of 

mixing temperature during mix design stage based on the quality of 

coating. 

Statistical analysis of results was carried out and presented to support the analysis 

of the findings. 

1. Results of Experiment 1  

Following this section the results of Experiment 1 (Table IV.1, Table IV.  2).  

Table IV.1 – Results of the visual inspection of limestone samples post boiling 
(C.I. = Coating Index)  

 3.0 [Pa•s] 1.0 [Pa•s] 0.17 [Pa•s] 

Binder C.I [%] St.Dev%] C.I.[%] St.Dev[%] C.I.[%] St.Dev[%] 

Base 48.8 6.9  64.5 1.6 84.0 3.7 

Plastomer 1 61.6 3.9 73.7 3.2 88.3 3.9 

Plastomer 2 59.5 5.1 80.0 4.1 95.5 0.2 

Elastomer 1 98.4 0.1 98.4 1.2 97.9 0.7 

CWM 54.3 8.3 49.2 4.9 79.9 4.5 
*Viscosity is measured to a shear rate equal to 0.01(1/s) 
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Table IV.  2 - Results of the visual inspection of granite samples post boiling   
(C.I. = Coating Index)  

 3.0[Pa*s] 1.0[Pa*s] 0.17[Pa*s] 

Binder C.I [%] St.Dev%] C.I.[%] St.Dev[%] C.I.[%] St.Dev[%] 

Base 33.2 1.6 57.8 0.9 68.6 0.8 

Plastomer 1 56.5 3.4 54.8 3.1 83.4 2.2 

Plastomer 2 49.7 1.8 62.2 0.6 83.0 0.4 

Elastomer 1 99.5 0.1 99.7 0.1 99.6 0.3 

CWM 83.9 0.2 76.5 9.2 85.2 3.5 
*Viscosity is measured to a shear rate equal to 0.01(1/s) 

Coating Index results from Table IV.1 and Table IV.  2 seem to be reliable and not 

affected by significant variability. Furthermore, results show that different modifiers 

allow different levels of quality of coating based on viscosity. In order to show more 

clearly these differences and to determine the effect of viscosity and modification on 

the quality of coating, values in Table IV.1 and Table IV.  2, are presented in Figure 

IV.1 and Figure IV.2. 
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Figure IV. 1 - Coating Index post boiling limestone 

 

  

Figure IV. 2 - Coating Index post boiling granite 

Results in Figure IV. 1 (limestone), and in Figure IV. 2 (granite), show that low 

shear viscosity at the mixing temperature is not sufficient for predicting mixtures 

moisture sensitivity; in fact, different modified binders mixed at the same viscosity 
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show different values of coating index. All the binders, except for Elastomer 1, seem 

to improve moisture resistance by increasing the mixing temperature. Herein follow 

the analysis for each binder: 

 Base: Quality of coating increases with the decreasing of viscosity. Results on 

limestone, show an increase of coating index from 3.0 Pa•s to 1.0 Pa•s; however the 

amount of stripped surface seems to be not acceptable in both cases. At 0.17 Pa•s, the 

stripping effect of the boiling water seems to be lower compared with the other two 

viscosity levels, but stripping may not be considered as negligible (especially on 

granite were the coating index is lower than 70%). Based on this, it seems that with 

this base binder, the bond strength with both the aggregate types increases, decreasing 

the viscosity needed for mixing; however, the trend indicates that even if high mixing 

temperature were used, the quality of coating of the base binder may not reach 

sufficient quality to resist moisture damage. 

Plastomer 1: The bond strength between binder and aggregate improves with 

decreasing low shear viscosity. Results with limestone (Figure IV. 1), show that the 

quality of coating at 3.0 Pa•s and 1.0 Pa•s improves compared to the base binder, but 

this improvement becomes less significant at 0.17Pa•s (the difference shown seems to 

be in the order of the standard deviation). On the other hand, results for granite 

(Figure IV. 2), show that the plastomer improves the quality of coating at 3.0 Pa•s 

compare to the base binder, but at 1.0Pa•s, the effect of modification seems to be not 

so significant; at 0.17 Pa•s, the modified binder performs better than the control one. 

Nevertheless, coating index values at 3.0 Pa•s and 1.0 Pa•s, with both the aggregates,  

show that the amount of stripped surface could not be considered acceptable; thus it 

seems that to improve moisture resistance for this modified binder, it needs to be 

mixed at lower viscosity levels (higher mixing temperature). However, even if there is 

an improvement in moisture resistance increasing the mixing temperature, the value 

of the coating index at 0.17 Pa•s (on both the aggregate types), stripping level seems 

not sufficient to resist to moisture damage. However, temperature dependency of the 

plastomer modified binder is not surprising since their adhesive bond energy (as well 

as mechanical properties), may be affected by the lower melting temperature of the 

polymer.  
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Plastomer 2: The quality of coating as defined by low shear viscosity seems to 

indicate that by increasing the mixing temperature, the amount of stripped surface 

decreases (results on both the aggregates show this). Results on limestone, show that 

at 3.0 Pa•s as well as 1.0 Pa•s, the quality of coating is comparable with the one of the 

other plastomers (Plastomer 1), but at a viscosity value of 0.17 Pa•s, the amount of 

stripped surface is lower (C.I. = 95.5%). Results on granite show the same 

improvement in the quality of coating with temperature, but  a comparison with 

limestone results highlights that samples with granite have a higher moisture 

susceptibility (even at 0.17Pa•s). Nevertheless, also with this binder, it seems 

necessary to go to higher temperature to improve the quality of coating. The same 

concept of dependency on melting temperature may be valid also for this plastomer. 

Elastomer 1: This binder does not show any temperature dependency on the 

quality of coating on both aggregate types. Coating Index values at each viscosity and 

on each type of aggregate, indicate that this binder could potentially significantly 

improve moisture resistance of mixes. As PPA (acid) is used as a catalyzer in the 

addition of Elastomer 1 it is unclear whether the apparent improvement is due to the 

polymer or the acid. To answer this question, the boiling test was repeated with both 

aggregate types, considering 3.0 Pa•s as viscosity using base binder modified just 

with 0.17 % of PPA (Figure IV. 3). Results show that the improvement in quality of 

coating could be due more to the combined effect of the polymer and acid, rather than 

the acid individually.  
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Figure IV. 3 - Effect of 0.17% of PPA on Coating Index 

 

Table IV.3). Results show that at 98°C Elastomer 1 has the highest value of 

stiffness, and this may explain why water is no able to create debonding; if it is 

supposed that water diffuses in binders (Cheng et al., 2003), it seems that this 

diffusion could be proportional to binders stiffness. Based on this, if the diffusive 

process is limited, it may be possible that water is not able to migrate to the interface 

to create debonding.  

 

Table IV.3 - Values of binders stiffness at boiling water temperature 
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G*(98°C 0.1Hz) 
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To support this idea, the effect of the boiling water just on binders was 

investigated; binders were boiled for 20 minutes and G* was measured after boiling 

(Figure IV. 4). Results shows that 20 minutes at 98°C increases significantly the 

modulus of the Elastomer 1 binder, while does not affect the stiffness of the other 

binders. These results show that the low sensibility to boiling water shown by 

Elastomer 1 may be explained by its stiffness that prevents water from getting to the 

interface causing debonding. It is not clear if the aging effect may be due to boiling 

water or the heat provided during boiling; however, future work should address this 

question and considering also the effect of stiffness and aging in moisture 

susceptibility. Further evidence is needed to verify these observations.   

 

Figure IV. 4 - Binders G* @98°C (0.1Hz), after boiling 

 

Also viscosity of binders at the boiling temperature was considered (Table IV.4); 

however, results show that although at 100°C the viscosity of the two plastomers 

modified binders is higher than the one of Elastomer 1, they show a worse quality of 

coating than the Elastomer 1 binder.  
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Table IV.4 – Values of low shear viscosity at 100°C 

Binder Base Plastomer1 Plastomer2 Elastomer1 CWM 

η100°C (0.01 1/s) 

[Pa*s] 
4.0 87.7 105.2 31.6 3.3 

Nevertheless, the evaluation of which is the binder property that influences the 

most the quality of requires a more rigorous analysis. 

CWM:  This binder shows the most significant aggregate interaction; in fact, it 

seems that results on limestone (Figure IV. 1) show temperature dependency of the 

quality of coating, but on the other side, results with the granite (Figure IV. 2) show a 

behavior similar to Elastomer 1 but with lower values of coating index. Results with 

limestone, show temperature dependency when viscosity is decreased from 1.0 Pa•s to 

0.17Pa•s, where the coating index rises from 49.2% to 79.9%; on the other side, it 

seems that going from 3.0 Pa•s to 1.0 Pa•s does not affect the quality of coating; 

moreover,  these result highlight that even if CWM is considered a warm mix additive 

which among its properties includes the improvement of spreading and bonding just at 

lower temperature, to reduce moisture sensitivity mixing at high temperature is 

needed. The value of coating index at 0.17 Pa•s (79.9%), still allow thinking that there 

could be problem in stripping. On the other side, results on granite, show that the 

same coating index can be achieved within a wide range of temperatures, therefore on 

this type of aggregate and in this range of temperatures, the adhesive bond may not be 

temperature dependent. Furthermore, if binder rankings are considered, the CRW with 

limestone performed the worst, but with granite its results improved considerably.   

The following three figures show the effect of aggregates on the quality of coating. 
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Figure IV. 5 - Comparison of Coating Index values of each modifier on limestone 

and granite @3.0Pa•s 

 

 

 

Figure IV. 6 - Comparison of Coating Index values of each modifier on limestone 

and granite @1.0Pa•s 
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Figure IV. 7 - Comparison of Coating Index values of each modifier on limestone 

and granite @0.17Pa•s 

 

Results in in Figures IV. (5,6,7) show that the effect of aggregates on the overall 

moisture susceptibility depends on the affinity with the binder used. For example, 

Plastomer 1, Plastomer 2 and the base binders show better results with limestone 

rather than with granite and this difference is particularly noticeable at 1.0 Pa•s. This 

aspect may be explained with the fact that limestone is basically hydrophobic so it is 

more affine with water rather than with binder; furthermore, limestone shows also 

higher porosity (higher water absorption), and this can improve mechanical adhesion.    

On the other side, results with CWM show that this warm additive provides better 

results on granite probably because of a chemical reaction between the surfactant (in 

the additive) and the aggregates surface. The level of detail of this test does not allow 

highlighting any effect of aggregates on Elastomer 1; in fact, results show that once 

the binder is able to create a strong bond, aggregates may not influence the adhesive 

bond (at least considering these two types of aggregates). 

To quantify the effect of each factor considered in Experiment 1 a statistical 

analysis was performed (Table IV.5). 
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Table IV.5 – ANOVA Table Experiment 1 

Factor Levels F-Value P-Value 

Aggregate (A) 2 8.62 0.00645** 

Viscosity (V) 3 182.71 <2.2e-16*** 

Modification (M) 5 187.06 <2.2e-16*** 

Int. (A-V) - 0.07 0.93 

Int. (A-M) - 45.25 4.602e-12*** 

Int. (V-M) - 22.39 1.911e-10*** 

Int. (A-V-M) - 4.53 0.001182** 

Results of ANOVA table (Table IV.5), show that viscosity, modification and 

aggregate type affect the quality of coating. Viscosity and modification show the 

same p-value that is also the lowest.  On the other side, the p-value of aggregates 

points out that their effect is important but seems to be less significant than the 

viscosity and modification. The p-value of the interaction between modification and 

aggregate highlights that the just selection of less water susceptible aggregates may 

not reduce the mixture moisture sensitivity, but the affinity binder-aggregate needs to 

be considered (this was also shown by results). Nevertheless, observations about 

aggregates need more testing. The interaction between viscosity and modification 

seems also to be significant and this should not be surprising since different modifiers 

react differently with temperature (e.g., different melting point), therefore the bond 

they create is temperature susceptible.  

1.1 Discussion of Results of Experiment 1 

The purpose of this work was not ranking binders in terms of moisture sensitivity 

but it was to compare the quality of coating of different types of binders on different 

aggregates, upon the same level of low shear viscosity. Results show that in most of 

the cases, reducing viscosity (increasing mixing temperature), the quality of coating 

improves. On the other side, results of this experiment have shown that besides 

viscosity, also binder modification and aggregates type have a significant effect on the 

quality of coating and therefore, also these factors should be considered in the 

determination of the mixing temperature upon durability. Nevertheless, all the binders 

tested (except for Elastomer 1 and CWM on granite), have shown to increase the 

quality of coating once the mixing temperature was increased (viscosity was 
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decreased). The two plastomers show improvement of quality of coating upon the use 

of high temperature; the warm mix additive also enhances its adhesive bond with 

rising the temperature on limestone but it does not show this temperature dependency 

on granite (at least within the range of temperatures used). The elastomer 

modification provides excellent results even at lower temperatures than those 

commonly used with Polymer Modified Binders (PMB); hence, the adhesive bond of 

this binder seems to not require high level of thermal energy to achieve satisfactory 

results. These aspects are statistically supported by the importance of the interaction 

between modification and viscosity. 

To summarize, the boiling test could be considered as a simple and reliable test 

useful in predicting, at least preliminary, mixtures moisture sensitivity. Results show 

that the moisture sensitivity depends on viscosity, binder modification and aggregate 

type; hence, selecting the mixing temperature upon durability solely from viscosity 

may not be sufficient. Furthermore, the temperature dependency of the quality of 

coating is a depends on material and most of the binder tested have shown to improve 

moisture resistance increasing temperature; this aspect highlights the fact that perhaps 

the use of high mixing temperatures is needed. 

. 
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2. Results of Experiment 2 

In this experiment all the binders were mixed at 1.0 Pa•s. Herein follows the 

boiling test results on the evaluation of the effect of mixing time and short term 

conditioning time on the quality of coating (Figure IV. 8).  

 

Figure IV. 8 - Comparison of Coating Index post boiling with different Mixing 

Time (1.5 min-6 min) and Short Term Conditioning Time (2h – 4h). 

Results show that the time dependency of quality of coating is material (binder) 

dependent. In order to define the effect of Mixing Time and Short Term Conditioning 

Time, and their interaction, a full-factorial (2 factors, 2 levels), was carried out for 

each binder on the Coating Index values. Here follows the ANOVA Tables of each 

binder (Table IV.6 - a, b, c, d). 
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Table IV.6 (a) – ANOVA Analysis on the effect of Mixing Time and Short 

Term Conditioning Time on the Quality of Coating (Base Binder) 

Factor Levels F-Value P-Value 

Mixing Time 2 13.245 0.02198* 

Short T. C. Time 2 13.245 0.02198* 

Int. (MT-STCT) - 7.650 0.05050. 
(***) α=0.001; (**) α=0.01; () α=0.1 

 

Table IV.6 (b) - ANOVA Analysis on the effect of Mixing Time and Short Term 

Conditioning Time on the Quality of Coating (Plastomer 1) 

Factor Levels F-Value P-Value 

Mixing Time 2 0.318 0.60308 

Short T. C. Time 2 38.688 0.0034** 

2Int. (MT-STCT) - 1.588 0.2761 
(***) α=0.001; (**) α=0.01; () α=0.1 

 

Table IV.6 (c) - ANOVA Analysis on the effect of Mixing Time and Short Term 

Conditioning Time on the Quality of Coating (Elastomer 1) 

Factor Levels F-Value P-Value 

Mixing Time 2 0.774 0.429 

Short T. C. Time 2 0.095 0.773 

Int. (MT-STCT) - 0.854 0.408 
(***) α=0.001; (**) α=0.01; () α=0.1 

 

Table IV.6 (d) - ANOVA Analysis on the effect of Mixing Time and Short Term 

Conditioning Time on the Quality of Coating (CWM) 

Factor Levels F-Value P-Value 

Mixing Time 2 57.409 0.00163** 

Short T. C. Time 2 1.242 0.32746 

Int. (MT-STCT) - 21.923 0.00943** 
(***) α=0.001; (**) α=0.01; () α=0.1 
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The trend of results (Figure IV. 8), as well as the statistical analysis (Table IV.6 – 

a, b, c, d), support that the effect of the mixing time and the short term conditioning 

time is material dependent. Here follows comments on the analysis for each binder. 

Base: The statistical analysis (Table IV.6 – a), shows that the mixing time and the 

short term conditioning time provide an effect on the quality of coating. However, 

results (Figure IV. 8), show that except for a slight increase of the Coating Index once 

a curing time of 4 hours is considered, in the other cases the time dependency of the 

quality of coating does not seem to be significant. 

Plastomer 1: According to the statistical analysis (Table IV.56 – b), it seems that 

the short term conditioning time may improve the quality of coating. Nevertheless, the 

coating index increases of about 12 points but it is always less than 90%. This may 

allow considering the effect of mixing and curing, but the amount of stripped surface 

is not acceptable. Although this binder has shown shear rate dependency (shear 

thinning) (Figure IV. 9), the effect of the mixing time was negligible. This may 

happen because the viscosity used was 1.0 Pa*s (corresponding to a temperature of 

145°C), and at this viscosity value the binder show a negligible shear rate dependency.  

 

Figure IV. 9 - Viscosity Profile Plastomer 1 

Elastomer 1: No shear rate dependency was observed for Elastomer 1 modified 

binders at any condition or temperature. This aspect may be explained by the fact that 

this binder, already in Experiment 1, has shown an excellent quality of coating 
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providing an uncoated surface post boiling always very close to 0%. Based on this, 

probably the effect of mixing time and short term conditioning time may be or 

negligible because the binder performs that well, or it could be that the test cannot 

detect their effect since the boiling water is not able to strip the film of binder from 

aggregate surface.  

CWM: Although this binder does not show any shear rate dependency (Figure IV. 

10), the coating index enhances increasing the mixing time (Figure IV. 8); this may be 

explained assuming that the warm additive can lower the viscosity of the binder along 

the time of mixing and the promoting the spreading of binder on aggregates. The short 

term conditioning time is not statistically influent. 

 

Figure IV. 10 -  Viscosity Profile CWM 
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3. Results of Experiment 3 

The validation of the visual inspection results was carried out on the boiled 

limestone samples of Experiment 1. The initial volume of acid is 25 ml, after the 

contact with samples post boiling part of the acid was consumed. Here follow the 

final volume of acid (determined with the titration method), after the reaction with the 

samples (Table IV.7). 

Table IV.7 – Values of Final Volume of Acid after 1 hour of reaction with 

samples post boiling (F.A. – Final Volume of Acid) 

 3.0 [Pa•s] 1.0 [Pa•s] 0.17 [Pa•s] 

Binder F.A [ml] 
St.Dev. 

[ml] 

F.A. 

[ml] 

St.Dev. 

[ml] 

F.A 

[ml] 

St.Dev. 

[ml] 

Base 14.8 0.8 16.9 0.1 19.1 0.2 

Plastomer 1 16.0 0.4 16.6 0.2 21.5 0.2 

Plastomer2  13.6 0.3 18.8 0.0 20.6 0.3 

Elatomer1 23.7 0.1 23.7 0.2 22.7 0.0 

CMW 18.1 0.8 17.6 0.1 20.6 0.2 

The higher the final volume of acid is, the lower is the uncoated surface after 

boiling. A preliminary analysis of data, show that the elastomer modified binder has 

the highest value of final volume of acid and that mostly for all binders, the final 

volume of acid increases rising the mixing temperature; these considerations are in 

agreement with the results of the visual inspection. 

Figure IV. 11 shows results presented in Table IV.7, while Figure IV. 12 shows 

results of the visual inspection. Results show that the validation process carried out on 

limestone samples is in agreement with results of the visual inspection. The final 

volume of acid values (proportional to the uncoated surface), has shown that there is a 

temperature dependency of the quality of coating and that this is also affected by the 

modification used.  

. 
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Figure IV. 11 – Final volume of acid after 1 hour of reaction with samples post 

boiling (Initial Volume of Acid (HCl) = 25ml).  
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Figure IV. 12	  -‐	  Trend of the Coating Index [%] at three different viscosity levels.	  
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Figure IV. 11 and Figure IV. 12 show a similar ranking of binders except for the 

chemical warm additive (CWM); this may happen because the surfactant probably 

inhibits the reaction between the cation (CO3)2- , that is the cation of CaCO3, and the 

anion H+ of the acid; hence, even if the aggregate surface results stripped, the 

surfactant polar heads binds with cations from the aggregate surface, affecting their 

reaction with positive hydrogen ions of the acid and reducing the variation of pH. 

Nevertheless, if results of the CWM are not included (according to what already 

affirmed), in the correlation between Coating Index and Final Volume of Acid seems 

to be reliable (Figure IV. 13); this aspect allow assuming that the visual inspection 

used in this thesis can be considered effective.  

 

Figure IV. 13 - Correlation between Coating Index and Final Volume of Acid. 

 

To support this aspect and further validate the visual inspection, a statistical 

analysis (Table IV.8) was carried out to evaluate which factors the validation method 
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Table IV.8 – ANOVA Table Experiment 3 

Factor Levels F-Value P-Value 

Modification (M) 5 85.722 3.685e-07*** 

Viscosity (V) 3 55.383 8.742e-06*** 

Int. (V-M) - 9.134 0.001613** 
(***) α=0.001; (**) α=0.01; () α=0.1 

Results from the statistical analysis show that modification and viscosity are 

significant factors determining the amount of uncoated surface after boiling; in fact, 

the p-values related to these two factors are significantly low. This fact supports 

findings from the visual inspection (Table IV.5); thus, results from titration allow 

considering the visual inspection method as reliable. 

 The use of acid-base titration was used basically to quantify the amount of 

stripped surface, although a closer observation of data may allow presenting another 

point of discussion (Figure IV. 14). 

 

Figure IV. 14 - Variation of the final volume of acid with low shear viscosity 

(Comparison with Bare Aggregate). 
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4. Results of Experiment 4 

In this work, the BBS test was used to make a preliminary comparison between 

Pull off Tensile Strength (POTS) values and boiling test results. The main purpose of 

this comparison was to evaluate the effect of application temperature on variation of 

the bitumen bond strength caused by water conditioning. Table IV.9 provides a 

description of the outcomes of the BBS Test presented in Table IV.10 and in Table 

IV.11. 

Table IV.9 – Legend for interpretation BBS Test results 

POTSDry – Pull-off Tensile Strength Dry Condition 

POTSWet – Pull-off Tensile Strength Wet Condition (96h moisture conditioning time) 

Failure Type – C (Cohesive Strength); A (Adhesive Strength); - (Failure between 

binder and stub) 

ΔPOTS – Variation of Pull-off Tensile Strength due to moisture conditioning 

 

 

 
 

Results show that the final volume of acid after 1 hour of reaction with bare 

aggregates (2.55ml), is significantly lower than those samples that have shown high 

extent of stripped surface. On one side, this aspect may be explained with the fact part 

of binder is still on the surface of aggregates reducing the amount of calcium 

carbonate that reacts with the acid; on the other side, it may be also possible the 

reactivity of the stripped surface is not the same as the bare surface. In light of this, it 

could be possible that part of binder components remains on the aggregates surface 

and thus it seems that different asphalt component build different adhesive bonds. 

These conclusions need further investigation, however, the analysis of the residual 

component of binder on aggregates could highlight what functional group, or 

chemical component of binders, builds stronger bond. 
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Table IV.10 – Results of the BBS Test (Application Temperature 105°C) 

 
POTSD 
[MPa] 

St.Dev. 
[MPa] 

Failure 
Type 

POTSW 
[MPa] 

St.Dev. 
[MPa] 

Failure 
Type 

ΔPOTS 
[%] 

Base 2.7 0.1 C 1.3 0.1 C 50.6 
Plastomer1 2.8 0.1 C 1.7 0.2 A 40.7 
Elastomer1 2.5 0.1 C 1.4 0.1 C 43.8 

CWM 2.4 0.1 C - - - - 
Base* 2.7 0.1 C 1.1 0.2 C 61.3 

* Moisture Conditioning Time 1 week 

Table IV.11 - Results of the BBS Test (Application Temperature 145°C) 

 
POTSD 
[MPa] 

St.Dev 
[MPa] 

Failure 
Type 

POTSW 
[MPa] 

St.Dev. 
[MPa] 

Failure 
Type 

ΔPOTS 
[%] 

Base 2.7 0.0 C 1.3 0.1 C 52.4 
Plastomer 1 2.9 0.1 C 2.0 0.2 C 29.6 
Elastomer 1 2.6 0.1 C 1.6 0.1 C 39.1 

CWM 2.3 0.1 C - - - - 
Base * 2.7 0.0 C 1.5 0.2 C 44.4 

* Moisture Conditioning Time 1 week 

POTS values in dry condition are shown in Figure IV. 15 for each binder tested. 

Looking at results, it seems that the application temperature does not provide any 

effect on the Pull-off Tensile Strength in dry condition; in fact the POTS value at the 

two temperatures is within the variability of the test. 

 
Figure IV. 15 - Pull-off Tensile Strength samples in dry condition 
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Dry	  105C	   2.7	   2.8	   2.5	   2.4	  

Dry	  145	   2.7	   2.9	   2.6	   2.3	  

0.0	  

0.5	  

1.0	  

1.5	  

2.0	  

2.5	  

3.0	  

Pu
ll	  
off

	  T
en

si
le
	  S
tr
en

gt
h	  
[M

Pa
]	  

Dry	  105C	   Dry	  145	  



93 

 

On the other side, Figure IV. 16 shows results related to the POTS after 96 hours 

of water conditioning (@40°C), while Figure IV. 17 shows the variation in POTS due 

to water according to Equation III.4  This figure represents the effect of water on the 

degradation of the bond strength.  

 

Figure IV. 16 - Pull-off Tensile Strength after 96 hour moisture conditioning 

(Base 1 week – 1 week moisture conditioning) 

Base	  	   Plastomer	  1	   Elastomer	  1	   Base	  1Week	  
105C	   1.3	   1.7	   1.4	   1.1	  

145C	   1.3	   2.0	   1.6	   1.5	  
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Figure IV. 17 - Variation of Pull-off tensile strength due to 96 hours of moisture 

conditioning (Base 1 week – 1 week moisture conditioning) 

 

Looking at results, the following comments can be made for each binder: 

• Plastomer 1: In the boiling it has shown temperature dependency of the 

quality of coating; on the other hand, BBS test results are not in 

disagreement with this, in fact the variation of POTS due to water 

conditioning is lower at 145°C rather than at 105°C. This statement is also 

statistically supported by the t-paired test result (p-value=0.039); 

furthermore, at 145°C binders shows a cohesive strength failure (which is 

preferable), while at 105°C it shows an adhesive strength failure, that 

means failure at the interface binder aggregate (Figure IV. 18). 

Base	  	   Plastomer	  1	   Elastomer	  1	   Base	  1Week	  
105C	   50.6	   40.7	   43.8	   61.3	  

145C	   52.4	   29.6	   39.1	   44.4	  

0.0	  

10.0	  

20.0	  

30.0	  

40.0	  

50.0	  

60.0	  

70.0	  

PO
TS
	  R
a.

o	  
[%

]	  

105C	   145C	  



95 

 

 
(a) 

 
(b) 

Figure IV. 18 - a) Adhesive failure at 105°C;  

b) Cohesive failure at 145°C. 

 

• Elastomer 1: Results show that the application temperature does not 

provide any significant effect on the variation of the POTS; in addition 

this is statistically supported (t-paired test p-value=0.2887). At both the 

temperature the binder shows cohesive failure, and there is a difference 

in POTS variation could be considered almost negligible; on the other 

side, boiling test results show that there was not temperature dependency 

of quality of coating at mixing temperature (viscosity). Thus, it may be 

concluded that also for this binder boiling test results and BBS results 

are not in disagreement. 

• Base: The variation of the bond strength of the base binder shows 

temperature dependency. Considering a conditioning time of 96 hours, it 

seems that the application temperature could not provide any effect (t-

paired test p-value=0.6582); this aspect may be due to the fact that 96 

hours of conditioning was not enough time to observe any effect. In fact, 

increasing the conditioning time to 1 week (Figure IV. 17), it seems that 

the bond strength at an application temperature of 145°C is less affected 

by water conditioning than the one at 105°C (t-paired p-value=0.0027 

statistically different). This result is in agreement with boiling test 

results. Increasing the conditioning time could be considered acceptable 

because here binder were not ranked (so all of them have to be tested 

under the same condition), and because the purpose of the test was the 
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evaluation of the effect of application temperature on the loss of bond 

strength. 

• CWM: BBS test results did not allow drawing any definitive conclusion 

because even after the tests were repeated two times, in all cases wet 

failure happened at the binder-stub interface (Figure IV. 19). Thus due to 

the failure at the metal interface no conclusion could be derived with 

regards to the binder-aggregate bond. 

 
(a) 

 
(b) 

Figure IV. 19 – a) Failure at the binder-stub interface at a) 105°C; at b) 145°C 

It is known that BBS results may be affected by binder stiffness; for this reason 

results need to be normalized at the iso-stiffness conditions (Figure IV. 20).  

 

Figure IV. 20 - Variation of Pull – off tensile strength at iso-stiffness conditions 

 

Elastomer	  1	   Base	   Plastomer	  1	  
105	  °C	   48.25	   87.28	   95.17	  
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The normalization relations are listed and described in the AASHTO TP 91-11 

standard. The comparison between the ΔPOTS at the iso-stiffness condition values 

and the Coating Index (C.I.) was made considering an application temperature of 

145°C since Plastomer 1 and Elastomer 1 showed values of viscosity out of the range 

of viscosity where the Coating Index was measured. In addition, the values of C.I. 

used to to compare with the ΔPOTS were estimated from data collected at different 

viscosities.  The viscosity values each binder achieved at the BBS application 

temperature (145°C) are as follows.  Therefore the C.I. values for each binder at these 

viscosity were used in the correlation shown in Figure IV.21.   

• Base Binder @ 0.4 Pa•s C.I.=78.6% 

• Elastomer 1 @ 1.8 Pa•s C.I=99.2% 

• Plastomer 1 @ 1.0 Pa•s C.I=73.7% 

 

Figure IV. 21 - Comparison between ΔPOTS and Coating Index upon 

equiviscous as well as iso-stiffness conditions. 

As shown in Figure IV. 21 results of the boiling test, in terms of the Coating Index 

(higher is better), and of the BBS test upon iso-stiffness and equiviscous conditions, 

in terms of ΔPOTS (lower is better), provide the same ranking of binders.  
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5. Results of Experiment 5 

In this section a comparison between boiling test results and Tensile Strength 

Ratio values are presented (Table IV.12).  

Table IV.12 – Comparison between TSR and Coating Index   

Binder Mix. Temp. [°C] TSR [%] C.I. [%] 
Binder 1 155 29 68.6 
Binder 2 155 45 80.5 
Binder 3 155 71 98.9 

The comparison between TSR values and Coating Index is used as mixture 

validation procedure for recommending limits to boiling test results. Results from the 

preliminary analysis (considering the initial 3 binders), have shown that the testing 

conditions of the boiling test were not enough severe to provide a reliable correlation 

between TSR and C.I. In fact, looking at results in Table IV.12, shows that even if 

Binder 3 has a C.I. of 98.9%, the TSR value is 71%. For this reason, it was chosen to 

extend the boiling time from 20 minutes to 60 minutes (after a few trial and error 

testing), to provide a testing configuration reliable as well as practical. Table IV.  13 

shows results of the comparison between C.I. and TSR using the 60 minutes boiling 

procedure and including more binders in the experiment.  

Table IV.  13 – Comparison Coating Index vs TSR 

Binder Mix. Temp. [°C] TSR [%] C.I. [%] 
Binder 1 155 29 38.9 
Binder 2 155 45 60.1 
Binder 3 155 71 87.0 
Binder 4 155 44 61.8 
Binder  5 155 87 92.3 
Binder 6 155 84 77.8 

In addition Figure IV. 22 shows the trend between the TSR values and the Coting 

Index values listed in the table. 
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Figure IV. 22 - Trend between C.I. and TSR 
 

Results show that the correlation between the two tests is very promising; a 

boiling time of 60 minutes could be proper to correlate boiling test results with 

mixtures properties. Based on this correlation, it seems that a proper recommendation 

for a threshold limit for the Coating Index could be 75%.  Also the following criterion 

could be used: 

• If C.I. > 75% run TSR test 

• If C.I. <75% reject. 

It should be recognized however that sample size is too small and, before 

proposing reliable limits, further testing with more aggregates and binders  are needed. 

5.1 Discussion of Results from Experiment 5 

Results from the Indirect Tensile Strength (ITS) test were used as mixture 

validation for boiling test results; moreover, the mixture testing results were used in 

defining an acceptance limit for boiling test results. Analysis of results allows making 

a few summary comments: 

• The ITS Test is carried out on compacted samples and aims to evaluate 

mixtures moisture sensitivity through the reduction of tensile strength 

(TSR) due to moisture. Moisture damage in compacted mixtures does 

not include just stripping as a failure mechanism, and the loss in tensile 
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strength by itself may not be sufficient in understanding which is the 

most influential damage mechanism.  

• Boiling test is carried out on loose mixtures made of only coarse 

aggregates coated with binder (the effect of mastic cannot be 

considered); the effect of boiling water may show the moisture 

sensitivity in terms of uncoated surface post boiling (stripped surface), 

but other factors such as pore pressure and fracture propagation in 

mastic are not considered.  

• Results from mixture validation have shown that a boiling time of 20 

minutes was not severe enough to provide a reliable correlation between 

boiling test results and TSR values. Based on this, the boiling time was 

extended to 60 minutes and results have shown a promising trend. For 

this reason, the boiling test developed in this study can be considered an 

effective procedure for selecting the mixing temperature and for 

predicting mixtures moisture susceptibility due to lack of coating. 

• From these results a threshold value for the Coating Index could be 

selected at 75%. However, before recommending a proper limit, further 

testing, including different aggregates, different binder sources and 

different modifications, is needed.  
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V. Findings, Conclusions and Recommendations for Future Work 

The extent of aggregates’ coating in an asphalt mixture has been generally related 

to susceptibility to moisture damage. Practitioners select values of viscosity during 

mixing to achieve adequate coating. The results presented in this thesis showed that 

viscosity may explain the extent of coating but not the quality of coating, and that the 

extent of coating alone cannot be used to estimate moisture damage in asphalt 

mixtures. Based on the experimental results obtained, this work recommends that the 

selection of mixing temperatures should be based on the quality of coating, and not 

only on the extent of coating. A surrogate test to measure quality of coating such as 

the modified boiling test is proposed in this thesis. The following section provides a 

summary of main findings of this study.  

1. Summary of Findings  

• Results of a comprehensive experimental program indicated that the 

modified boiling test can be used as a simple procedure for a preliminary 

estimation of mixtures resistance to moisture damage. The visual 

inspection carried out following a scale of reference as part of the 

modified boiling test procedure were validated using a rigorous and 

proven titration method (UNI EN 12697 – 11, 2012). 

• This thesis introduced the “Coating Index” as a reliable parameter that 

quantifies the quality of coating. It must be noted that in the boiling test, 

the strength of bonding between binder and aggregate is not directly 

measured, but is indirectly assessed through the degree of the resistance 

of de-attachment of the binder–aggregate by boiling water (i.e., instead 

of strain energy, thermal energy is applied to the aggregate-binder 

system).  

• The extent of coating is required but not sufficient in determining the 

susceptibility of asphalt mixtures to moisture damage. Providing 

sufficient initial coating does not guarantee resistance to water-induced 

debonding at the binder-aggregate interface. In this thesis, the samples 

used in the boiling test were initially fully coated but water was able to 

strip the film of binder in several cases. Thus, the “quality of coating” 
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from the boiling test needs to be considered for a full moisture damage 

evaluation. 

• Low shear viscosity at the mixing temperature has significant effect on 

the quality of coating (i.e., on the stripping resistance). However, it is 

not the only parameter that should be considered. Results from this 

thesis have clearly pointed out that the type of modification has an 

important effect as viscosity, and that the interaction between aggregate 

and modification type needs to be considered. These experimental 

observations indicate that asphalt mixture moisture resistance depends 

on the overall interaction of its constituents, and that viscosity by itself 

may not be useful for estimating the bond strength. This observation 

deserves further research. It needs to be noticed, that the binder 

Elastomer 1 has shown the highest value of G* at the boiling water 

temperature; in addition, results of G* on boiled binder show the aging 

effect due to boiling water provides a significant increase in complex 

modulus in binder Elastomer 1. Therefore the effect of binder aging 

during production of mixtures on moisture sensitivity needs to be 

considered.  

• The effect of Mixing time and short term conditioning on the quality of 

coating has shown to be material dependent. 

• Results from the validation process of the visual inspection of the 

boiling test using acid treatment have shown that the stripped aggregate 

surfaces post-boiling do not have the same reactivity with the reference 

acid as the bare fresh surface. This observation indicates that 

components of the binder still remain on the aggregate surface, changing 

the reactivity of the mineral with the reference acid; thus water 

displacement may affect only certain binder components (i.e., depending 

on the type of bonds). 

• Boiling and BBS test results were found to be in good agreement upon 

adjusting for iso-stiffness and equiviscous conditions. The temperature 

dependency of the quality of coating as well as the variation of the bond 
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strength due to moisture was shown in both tests to depend on the binder 

modification used.   

• To provide a reliable comparison between the boiling test results with 

Tensile Strength Ratio (TSR) values, the boiling time was increased to 

60 minutes, instead of 20 minutes. This boiling time has shown to be 

severe enough to correlate boiling test results with mixtures 

performances. Although the trend between the C.I. and the TSR is very 

promising, before recommending a proper limit for the C.I., further 

testing is needed.  

• The modified boiling test can be considered as a valuable procedure 

used in a preliminary stage of the mix design to estimate moisture 

susceptibility (i.e., possibly by representing a mixing temperature 

threshold), as a more rigorous method in determining the mixing 

temperature. 

3. Limitations 

The modified boiling test is performed on loose mixes and therefore it does not 

allow considering all the mechanisms involved in the moisture damage of compacted 

asphalt mixtures, therefore a preliminary, but reliable, prediction of moisture 

susceptibility can be provided by this test. The boiling test was designed as a practical 

design tool that can be used for assessment of the extent and quality of coating.  

In this work, the effect of mastic was not considered. However, the effect of water 

on mastic may play a significant role in the moisture damage of asphalt mixtures. 

4. Recommendations for Future Work 

• Consider mineral fillers as a factor and expand the experimental matrix 

to include mastics rather than asphalt binders coating the coarse 

aggregate. 

• Evaluate closely the relation between binder stiffness and boiling test 

results.  
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• Evaluate the effect of boiling water on binder aging to evaluate if 

increasing the aging during the production process could influence 

binder stiffness reducing water diffusion through the binder’s film. 

• Apply the concept of equi-viscous (at low shear) application temperature 

in the BBS test and evaluate the effect on the reduction in bond strength.  

• Further investigate the remaining asphalt components on the aggregate 

surface after the boiling test and determine their importance on the 

moisture susceptibility of asphalt mixtures.  
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